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Nanomechanical mapping of soft materials
with the atomic force microscope: methods,
theory and applications

Ricardo Garcia

Fast, high-resolution, non-destructive and quantitative characterization methods are needed to develop

materials with tailored properties at the nanoscale or to understand the relationship between

mechanical properties and cell physiology. This review introduces the state-of-the-art force

microscope-based methods to map at high-spatial resolution the elastic and viscoelastic properties of

soft materials. The experimental methods are explained in terms of the theories that enable the

transformation of observables into material properties. Several applications in materials science,

molecular biology and mechanobiology illustrate the scope, impact and potential of nanomechanical

mapping methods.

1 Introduction

The atomic force microscope (AFM)1 has greatly contributed to

our current understanding of soft materials and their physical,

chemical and biomolecular interactions.2–11 Mapping at high-

spatial resolution the mechanical properties of heterogeneous

interfaces is one of the key achievements of AFM. In this review

nanomechanical mapping and nanomechanical force spectro-

scopy have the same meaning. Those terms are used inter-

changeably to define the field of AFM-based methods that

generate maps of mechanical properties with nanoscale spatial

resolution.

Several factors drive the evolution of this field. In materials

science, the engineering of heterogeneous materials demands

techniques to map with high-spatial resolution and quantitative

accuracy the mechanical properties of the resulting interfaces.7

In mechanobiology,12 time-resolved maps of mechanical inter-

actions are necessary to fully understand cell differentiation and

growth. Finally, the capabilities of AFM to generate atomic-scale

resolution images of a variety of solid–liquid interfaces13 demand

fast and accurate methods to map tip–surface forces.

Nanomechanical force spectroscopy involves a variety

of scientific backgrounds from applied physics to physical

chemistry; from molecular biology to mechanical engineering.

It involves also a diversity of goals ranging from those of

academia to those of industry. Those factors have produced a

wealth of experimental methods and applications. At the same

time, those factors have contributed to establish a loosely

connected field.

The AFM is a mechanical microscope that transforms the

interaction force acting between a sharp tip and a sample

surface into the displacement of a cantilever-tip transducer

(Fig. 1). The capability of the AFM to generate mechanical

properties maps of soft materials was recognized more than

25 years ago by Hansma and co-workers14,15 In fact, one of the

early achievements of AFM was the nanoscale characterization

of polymer interfaces in their native state.16,17 Since then, a

large variety of methods have been proposed, improved and
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applied to characterize soft materials.18–26 Some of the earlier

methods such as force–volume4,14,18,19 and AFM phase-imaging16,17

are still evolving while the applications of other methods have

declined.26

The main goal of this review is to introduce the experimental

approaches, the theoretical background and the capabilities

of the most advanced AFM-based methods to map at very

high (o10 nm) or high-spatial resolution (10–100 nm) the

mechanical properties of soft materials. Soft materials are

loosely defined as materials with an elastic modulus within

the 100 Pa to 10 GPa range. Cells, proteins, polymers, bio-

polymers or liposomes are some examples of soft materials.

An advanced nanomechanical mapping method should have

the following features: (i) high-spatial resolution; (ii) quantita-

tive accuracy; (iii) independent of the tip’s properties; (iv) data

acquisition in the high-speed range (Z1 frame per s) and

(v) suppression of cross-talk between topography and material

properties.

The review is divided in four sections. The first section

introduces the scientific context. It provides a classification of

nanomechanical force spectroscopy methods in two main

categories, force–distance curve and parametric methods. The

second section presents the theoretical concepts needed to

understand the relationship between the AFM observables

and the mechanical properties of a material. Elastic, inelastic

and viscoelastic properties are considered. The relevance of

finite element method and molecular dynamics simulations to

interpret nanomechanical maps are also discussed. A special

sub-section is devoted to introduce the challenges posed by the

characterization of the mechanical properties of living cells.

The third section describes the most widely used nano-

mechanical mapping methods, among them force–volume,

bimodal AFM, AFM phase-imaging and contact resonance.

This section is illustrated by several applications in materials

science, surface science or cell biology. The last section provides

an analysis of some fundamental and open issues. It examines

some of the technological challenges that are likely to shape the

evolution of the field.

2 Classification of nanomechanical
mapping methods

The AFM measures the mechanical properties of a surface

either by recording the interaction force with respect to the

tip–surface distance (Fig. 1b) or by measuring the effect of the

interaction force on some parameters of the tip’s oscillation

(Fig. 1c).

A plethora of AFM-based methods has been proposed to

generate spatially-resolved maps of mechanical properties.

Initially, the methods were classified according to the AFM

mode used to generate a topographic image, quasi-static

(off-resonance) or dynamic (on-resonance). This classification

scheme is useful but incomplete because it does not inform on

how mechanical properties are obtained.

A summary of the nanomechanical mapping methods is

presented in Fig. 2a. The methods might be classified according

to different features such as the quantitative character, the type of

observable or the ratio between the resonant frequency and the

modulation frequency. The most distinctive classification comes

from how values of mechanical properties are obtained. Force–

distance curves methods record a force–distance curve on each

point of the surface (Fig. 2b). In parametric methods, some

observables such as the amplitude, the phase or the frequency

shifts are recorded on each point of the surface (Fig. 2c).

An analytical theory transforms those observables in terms of

parameters of the interaction force.

2.1 Force–distance curve methods

A force–distance curve (FDC) provides the dependence of the

force with respect to the tip–surface distance on each point of

the surface. Force–distance curves are determined either by

Fig. 1 AFM, force–distance curves and observables. (a) Scheme of an heterogenous interface made of regions of different composition and

morphology. (b) Force–distance curve. (c) Driving force (blue) and tip’s oscillation in the presence of a force (black). Definition of phase shift.

(d) Scheme of the distances and deflections in an off-resonance AFMmeasurement. (e) Scheme of the distances and deflections in an on-resonance AFM

measurement.
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driving the cantilever at a frequency well below its fundamental

resonance (off-resonance) or at a frequency that coincides or is

very close to its fundamental resonance (on-resonance). Fig. 3

shows some theoretical force–distance curves. The force might

also be represented with respect to time by knowing the wave-

form of the tip–surface distance.

In an off-resonance method the deflection is recorded while

the tip–surface distance is modulated at a frequency much

smaller than the fundamental resonance. The postulate of force

spectroscopy27 is applied to transform deflections into forces.

The resulting FDC is fitted to a contact mechanics model (see

below). Force–volume (FV)4,14,15,18,19 is by far the most common

AFM-based force–distance curve method. Force–volume is

implemented in most commercial AFMs under different

names.28 In the early days, the modulation frequencies were

of a few Hz which led to identification of quasi-static and

off-resonance methods.

On-resonance methods can also be used to generate force–

distance curves.29–31 In this case, the cantilever is excited at its

fundamental resonance. A FDC might be determined by mea-

suring and processing the Fourier components of the force

while imaging29,30 or by recording amplitude and phase-shift

distance curves.31

2.2 Parametric methods

In a parametric method an analytic model relates the observa-

bles to some mechanical properties. Parametric methods are

associated with the excitation and/or detection of the cantilever

deflection at one or several of its resonances and/or a multiple

of the fundamental resonance (higher harmonic). Resonances

are properties of the mechanical system while an harmonic

is an integer multiple of the drive frequency.20 Bimodal

AFM20,32 or contact resonance AFM33 are examples of para-

metric methods.

3 Theory of nanomechanical force
spectroscopy. Equation of motion

The aim is to introduce the theory or theories that enable the

transformation of observables into mechanical properties of a

sample. A theory for AFM-based mechanical measurements

involves three main steps, the equation of motion, the model

for the interaction force and the solution of the equation of

motion for a given model. Fig. 4 schematizes some tip–sample

interfaces.

3.1 Equation of motion

A nanomechanical force spectroscopy measurement involves

the relative displacement of the tip with respect to the sample

surface. The motion of a cantilever-tip system is based on

the Euler–Bernoulli equation for a continuous and three-

dimensional beam.31,34–36 If the tip is attached at the free end

of the cantilever and the interaction force acts on the tip, the

Fig. 2 Classification of nanomechanical mapping methods. (a) The scheme is based on howmechanical properties are obtained. (b) Scheme of a force–

distance curve method. Off-resonance methods lie to the left of the dashed line. On-resonance methods lie to the right of the dashed line. (c) Scheme of

nanomechanical mapping by using a parametric method. A, f and f are, respectively, the amplitude, phase shift and resonant frequency of the tip. Those

parameters depend on the sample properties.
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Euler–Bernoulli equation can be approximated by the Newton

equation for a point-mass system.35 Unless otherwise stated,

the tip’s displacement, oscillation or deflection refers to the

one of the cantilever-tip system.

3.1.1 On-resonance equation. The equation of motion, for

a tip that is excited by a driving force tuned at its first resonance

or close to it, is the standard equation of amplitude modulation

AFM31,37 (AM-AFM). Let’s remind that tapping mode and ampli-

tude modulation are different names for the same dynamic AFM

method.31 The equation that describes AM-AFM is given by33,37,38

Fts d tð Þð Þ ¼ kzþmo0

Q
_zþm€z� F0 cosot (1)

the solution includes two terms, a transient and a steady-state

solution.31 The transient term oscillates at the resonant frequency

but decays exponentially as exp[�(o0/2Q)t]. The steady-state

solution in the absence of higher harmonic components is given by

z = z0 + A cos(ot � f) (2)

where F0 and A are, respectively, the amplitudes of the driving

force and tip’s oscillation; o ( f = o/2p), o0 = (k/m)2 are,

respectively, the angular frequencies of the driving force and

the first resonance (fundamental mode); j is the phase shift

between the driving force and the tip’s response; k and Q are

the force constant and quality factor of the cantilever-tip system

(fundamental mode); z and z0 are, respectively, the instanta-

neous and the mean deflections. The effective mass m is about
1
4 the total mass of the cantilever-tip system.35 The cantilever

deflection z(t) is measured with respect to its rest (undeflected)

position (Fig. 1e).

3.1.2 Off-resonance equation. If the tip is driven by a force

tuned at a frequency far lower than its 1st resonant frequency

(fundamental mode), it is convenient to replace the driving

force in eqn (1) by a modulation term in the tip–sample

distance, then27

Fts d tð Þ; _d tð Þ
� �

¼ kzþmo0

Q
_zþm€z (3)

d(t) = zc + z(t) + Amg(omt) (4)

d(t) is the instantaneous distance between tip and sample;

g(t) represents the waveform that modulates the tip–surface

distance (triangular, sinusoidal or any other); zc, Am and om

are, respectively, the probe height, the amplitude and the

angular frequency at which the distance is modulated

(Fig. 1d). Eqn (3) indicates that, in general, Fts does not coincide

with kz. The implications of this result to measure forces are

described in Section 5.

Fig. 3 tip–surface interaction forces. (a) Hertz model. The interaction is elastic and the force is repulsive upon contact. (b) DMT model. The interaction is

elastic. Upon contact, the long-range van der Waals attractive force gives rise to the adhesion force. (c) SLS viscoelastic model. The interaction force

depends on the direction of tip’s motion. The interaction forces are shown as function of the distance and time.
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4. Theory of nanomechanical force
spectroscopy: contact mechanics
models

The mechanical properties measured by an AFM are usually

explained in terms of continuum mechanics models (Fig. 4a

and b). In general, the interaction force has conservative or elastic

Fcon and non-conservative or inelastic Fdis contributions.39 The

total work involved in the deformation of a material can be

separated into the energy stored elastically in the deformation

of the material and the energy dissipated as heat through viscous

losses or surface adhesion hysteresis. Then, as a first approxi-

mation the force can be decomposed into39,40

Fts = Fcon + Fdis (5)

4.1 Elastic tip–sample deformations

To determine the deformation produced by an elastic tip on an

elastic sample the first is to establish the constitutive equation

between the stress and the strain. For a linear, homogenous and

isotropic elastic material, the stress–strain equation is given by41–43

sijðtÞ ¼
E

3 1� 2nð ÞullðtÞdij þ
E

1þ n

uijðtÞ �
1

3
ullðtÞdij

� �

(6)

where sij(t) is the stress tensor, uij(t) is the strain tensor and dij is

Kronecker’s delta; ull indicates the trace of the strain tensor.

The material (sample) is described by a set of two independent

parameters, such as the Young’s (elastic) modulus E and the

Poisson ratio n. Any elastic constant can be expressed as a function

of any two others. Therefore, the constitutive expression could also

be expressed in terms of the bulk modulus K and the shear

modulus G.42

For a tip–sample interface is common to introduce the

effective elastic modulus (also called reduced elastic modulus)

Eeff.

1

Eeff

¼ 1� n
2

E
þ 1� nt

2

Et

� 1� n
2

E
(7)

where the subscript t indicates the elastic constants of the tip.

The effective elastic modulus takes into account the fact that

both the sample and the tip have finite elastic constants.

Therefore, elastic deformations occur both in the sample and

the tip and the total deformation the sum of the sample and the

tip’s deformations;47 however, for soft materials, E { Et.

To apply eqn (6) to AFM data requires to introduce a set of

boundary conditions about the geometry of the interface and

the spatial components of the stress. For example, the contact

region between the tip and the sample must coincide with the

Fig. 4 Models and simulations of tip-soft material interfaces. (a) Definition of the main interfacial parameters; a is the radius of the projected contact

area; h is the sample thickness; r is the radial coordinate; f (r) is the shape of the contact. (b) Axisymmetric tip geometries. From left to right and top to

bottom, cylinder, cone, sphere and nanowire. (c) Scheme of a tip-linear viscoelastic material (SLS) interface. (d) FEM simulation of the deformation of a

fiber embedded in a soft matrix. Adapted with permission from ref. 67. Copyright 2019 American Chemical Society. (e) MD simulation of the deformation

of an IgG antibody domain by a carbon nanotube tip. Image provided by R. Perez and J. G. Vilhena. (f) Ab initio MD simulations of the deformation

induced on a sexithiophene chain by a silica tip. The force produces the bending of the head molecular groups and its transmission through the whole

chain. Color code for atoms: oxygen (red), sulphur (yellow), carbon (grey), hydrogen (white) and silicon (light brown). Reprinted with permission from

ref. 78. Copyright 2009 Institute of Physics.
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shape of the tip (Fig. 4a). However, it is beyond the scope of this

review to introduce the relevant boundary conditions and their

mathematical implications. That information can be found

elsewhere.44 The boundary conditions enable to transform

the stress–strain constitutive equation into a force–indentation

integral that only involves the vertical component of the stress.

Some analytical solutions of this integral were developed by

Hertz and Boussinesq in the late XIX century,43,45 this is, well

before the AFM was invented. The formalism developed by

Sneddon46 is valid for any axisymmetric tip acting on a semi-

infinite elastic material, in particular, for a flat cylinder, a cone

and a paraboloid of revolution. The latter solution converges to

Hertz model for a half-sphere.43,46

Sneddon’s results can be formulated into a compact expres-

sion of the force as a function of the indentation I for any

axisymmetric tip

Fts(I) = aEIb (8)

where a is a parameter that depends on the tip’s geometry and

the Poisson’s ratio and b is a parameter that depends on the

tip’s geometry.

Sneddon theory implies several assumptions. Namely,

(1) the deformation in is the elastic regime; (2) the deformation

is small with respect to the radius of the projected contact area;

(3) the force is applied perpendicular to the surface, this is,

there are not shear forces. and (4) the sample is semi-infinite.

Tables 1 and 2 show, respectively, the coefficients needed to

calculate the force as a function of the indentation and

the contact radius for the tip–sample geometries shown in

Fig. 4b. The contact radius is calculated for semi-infinite and

a layer of thickness h (see Section 5). In Table 2 the coefficient

a0 = �1.7795 is obtained for a layer which is fixed to a rigid

support. Table 3 shows the definitions of the most common

quantities in nanomechanical mapping.

4.2 Inelastic tip–surface deformations

An inelastic deformation is associated with a non-conservative

interaction. In AFM, a non-conservative force implies with

some loss of the tip’s energy.39 Non-conservative interactions

are generated by a variety of processes that might depend on

the material properties, the tip and/or the environment. For

example, non-conservative interactions are involved in force-

induced atomic or molecular reorientations, rupture of ligand-

receptor bonds, interdigitation, the formation of a liquid more

generally, in any exchange of atoms and molecules between the

tip and the sample surface.

Four processes either acting individually or simultaneously

dominate the non-conservative interactions measured in a

tip-soft material interface: velocity dependent processes and

viscoelasticity, rupture of molecular bonds, surface adhesion

hysteresis and mass exchange between tip and sample.

Some of the tip’s energy is also lost by displacement of the

surrounding fluid (air, gas or liquid) during the tip’s motion.

This gives rise an extended hydrodynamic damping process

which is proportional to the velocity and scales with the inverse

of the quality factor. Each mode has a distinctive spatial shape;

therefore, the hydrodynamic damping depends on the mode.20

This process is unrelated to the sample’s mechanical properties.

Nonetheless, it must be taken into account to balance the total

energy in an oscillation cycle.31

4.2.1 Viscoelastic interactions and models.. Many soft

materials are viscoelastic, this is, they show a mechanical response

that combines the elastic response of a solid and the viscous flow

of a liquid. A distinctive feature of a viscoelastic material is that

the response to a mechanical force or deformation is not instanta-

neous. In many cases, a viscoelastic process shows a dependence

on the velocity and the history of the deformation.

The development of a viscoelastic description of the

response of a material based on AFM data can be divided in

two main steps. First, it requires a viscoelastic model. This

can be achieved either by using mechanical-equivalents or

analogues based on a combination of spring and dashpots

elements (Fig. 4c) or by using continuum mechanics theories.

The second step requires the determination of the interaction

force from the observables.

The viscoelastic correspondence principle48 simplifies the

theoretical effort of expressing the tensorial stress–strain equa-

tion of a viscoelastic material into an equation of the force as a

function of the indentation. This principle transforms the elastic

parameters into relaxation functions. It can be shown that for an

incompressible material (n = 0.5) the force is49

FðI tð Þ; tÞ ¼ a

ðt

0

cEðt� t 0Þ d
dt 0

Iðt 0Þb
� �

dt 0 (9)

where the elastic modulus E has been replaced by an operator that

contains the compressive relaxation function cE(t). Eqn (9) shows

that the force is a function of time, the indentation history, and

the relaxation function of the material. To solve the above

equation requires an explicit expression for the relaxation

function.

4.2.2 Three-dimensional Kelvin–Voigt model. Linear visco-

elastic models facilitate the qualitative and semi-quantitative

Table 1 Coefficients to determine the force

Tip’s geometry a b

Cylinder 2a

1� n
2ð Þ

1

Cone 2 tan y

p 1� n
2ð Þ

2

Half-sphere 4
ffiffiffi

a
p

3 1� n
2ð Þ

1.5

Table 2 Radius of the projected area of contact (A = pa2)

Tip’s geometry
Contact radius
(semi-infinite system)

Contact radius
(layer of thickness h)

Cylinder of radius R R R
Cone (half-angle y) 2 tan y

p
I

2 tan y

p
I 1� 2a0 tan y

p2h
I

	 


Half-sphere of
radius R

ffiffiffiffiffiffi

RI
p

ffiffiffiffiffiffi

RI
p

1� 2a0
ffiffiffiffiffiffi

RI
p

3ph

	 


.
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understanding of the viscoelastic response of many of the

materials.42 The Kelvin–Voigt (KV) model combines a linear

elastic spring in parallel with a linear dashpot (viscous

element).42 Its relaxation function is given by

CKV(t) = E + 3Zd(t) (10)

where d(t) is the Dirac delta function; Z is the shear viscosity

coefficient; Z is related to the compression or Trouton’s coeffi-

cient of viscosity by ZE = 3Z.49

The application of the KV model to AFM requires introduc-

ing the geometry of the tip and an estimation of the contact

area. This has been accomplished by using Hertz contact

mechanics. This is the basis of the 3D-KV model, which is

obtained by solving en 9 with the relaxation function (eqn (10)),

then49

F(I,t) = aI(t)b�1[EI(t) + 3bZİ(t)] (11)

which for a sphere of radius R gives (see Table 1)

Fts I ; dI=dtð Þ ¼ 4

3

E

1� n
2

ffiffiffiffi

R
p

I3=2 þ 6

1� n
2

ffiffiffiffiffiffi

RI
p

Z _I (12)

4.2.3 Standard linear solid model (SLS). The one-

dimensional representation of the SLS model42,50 is made of a

spring either in series with a Kelvin–Voigt element or in parallel

with a Maxwell element. The relaxation function is given by

CSLS tð Þ ¼ E1 þ E2 exp �E2t

3Z

� �

(13)

where E1 and E2 are the elastic’s moduli, respectively, at low and

high frequencies. For this model there is not a closed-form

analytical solution for the dependence of the force with the

indentation.

4.2.4 Three-dimensional power-law rheology. The relaxa-

tion function of a power-law rheology model51 is given by

CPLR ¼ E0

t

t0

� ��w

(14)

where E0 is the apparent elastic modulus at time t0, w is the

power-law exponent and t0 is a timescale factor which is set

to 1 s.51 The exponent describes the viscoelastic behavior of the

material. It takes values between w = 0 (elastic material) and

w = 1 (Newtonian liquid).

For a conical tip of half-angle y and a tip’s displacement

modulated by a waveform, it is deduced52

FðtÞ ¼ 8 tan y

3p
2v2t2

t

t0

� ��w
G 1� w½ �
G 3� w½ � (15)

where G is the gamma function and v the tip’s velocity.

4.2.5 Surface adhesion hysteresis. Surface adhesion hyster-

esis implies that work needed to separate two surfaces is always

greater than the originally gained by bringing the surfaces

together.45 This process implies that the surface energy of the

system g has two different values, one for the approach ga and

the other the retraction gr. In the framework of the Derjaguin–

Muller–Toporov theory,53 the interaction force including

adhesion is

F Ið Þ ¼ 4

3

E

1� n
2

ffiffiffiffi

R
p

I3=2 � 4pRg (16)

4.3 Relationship between deflection, distance and

indentation

The above analytical equations express the force as a function

of the indentation (deformation) produced by the tip. However,

the main AFM observable is the tip’s deflection. Therefore,

some additional eqns are needed to transform the deflection

into instantaneous tip–sample distances and indentations.

The indentation is defined as

I = �d(t) for d r 0 (17)

where d is the instantaneous tip–sample distance. In off-

resonance experiments (Fig. 1d) the instantaneous distance is

determined by eqn (3). In an on-resonance experiment, the

instantaneous distance is given by (Fig. 1e)

d(t) = zc + z(t) + A cos(ot � f) (18)

The determination of the contact point between the tip and the

sample demands some special considerations when imaging

very soft materials such as cells.54

Table 3 Common quantities in nanomechanical mapping

Material property Symbol Definition

Young’s or elastic or
stretch modulus

E Elastic quantity. Proportional factor between the stress (force per unit of area) and the strain
(change of length per unit of length) in an uniaxial deformation.

Shear or torsional modulus G Elastic quantity. Proportional factor between the shear stress and shear strain.
Poisson’s ratio n Elastic quantity. Ratio between lateral and longitudinal deformations.
Relationship between
elastic quantities

E = 2G (1 + n)

Interfacial stiffness Elastic quantity. Slope of a force–distance curve. It is a pseudo material property because
it depends on the geometry.

Complex modulus E* = E0 + iE00 Viscolastic quantity.
Storage modulus E0 Viscoelastic quantity. Real component of the complex modulus. It is proportional to the

average energy stored per unit of volume of the material during a cycle of deformation.
Loss modulus E00 Viscoelastic quantity. Imaginary component of the complex modulus. It is proportional

to the energy dissipated per unit of volume of the material during a cycle of deformation.
Loss tangent tanf Ratio between the loss and storage moduli.
Viscosity coefficient Z Proportional factor between the shear stress and the velocity of shear.
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4.4 Simulations

Analytical solutions of the integral equation eqn (9) are avail-

able for a few combinations of viscoelastic models, distance

modulation waveforms and tip geometries. This limitation has

motivated the introduction of the computational methods to

describe in a self-consistent manner the tip–sample viscoelastic

interactions and the associated deformations.55,56

Computational solutions enable to explore the dynamic

behaviour of complex models. This task is helped by the

existence of two numerical codes dForce57 and VEDA58 that

enable to simulate the response of a dynamic AFM for a variety

of sample models. Numerical simulations have been applied to

determine the force based on a SLS response and to compare it

with experiments performed with an amplitude modulation

AFM on elastomers and polycarbonate samples.56

4.4.1 Finite element method simulations. Finite element

method (FEM)59 is very useful to visualize the deformations

generated by the tip on a variety of elastic and viscoelastic

models. The simulations facilitate the understanding of the

role the tip geometry on the mechanical response of a material.

FEM simulations are also useful to test the theoretical models

proposed to determine the force exerted on an AFM experiment.

In those comparisons, the forces given by the FEM simulations

are considered to provide the true behavior of the viscoelastic

material.

In a FEM simulation, the tip–sample interface is discretized

in mesh units (Fig. 4d). The accuracy of the simulations

depends on the number of mesh units. Ideally, for a high-

spatial resolution mechanical measurement small mesh units

of 1–2 nm in length should be used. In addition, the tip radius

must be several times larger than the maximum indentation

to avoid convergence problems. FEM simulations were used

to understand AFM experiments performed on cells60–67 and to

describe the elastic response of a virus.68,69

4.4.2 Molecular dynamics simulations. Molecular dynamics

(MD) and atomistic simulations have been extensively applied to

explain atomic-scale resolution images obtained by scanning

probe microscopy methods.70–77 MD simulations have also been

used to test the equations of continuum contact mechanics in

nanometer scale contacts.74 Large-scale molecular dynamics (MD)

simulations have also been applied to study the adsorption of

proteins on surfaces.75 Those studies provide information about

preferential adsorption sites and insight into the biomolecule-

surface interactions and their effect on the apparent topography

of the biomolecule.76

In the context of nanomechanical force spectroscopy, MD

simulations are helpful to address three relevant aspects. First,

to explain the mechanical response of a biomolecule under the

deformation exerted by the tip (Fig. 4e and f).76,77 Second,

to understand the intramolecular mechanisms of energy

dissipation.78 Finally, to assess the capability of AFM to distin-

guish between the mechanical response of the different

domains or subunits of a protein.

It should be noted that the time-scales of MD simulations

(0.1–10 ns) and AFM experiments (0.1–100 ms) are still sepa-

rated by a few orders of magnitude. This gap might set some

limitations in the comparisons between measurements and

MD simulations.

5 Theory of nanomechanical force
spectroscopy: living cells

Living cells, in particular, eukaryotic cells pose some challenges

to the imaging and mapping capabilities of a force microscope.

Currently, the best images of eukaryotic cells obtained by

AFM have a spatial resolution in the 100 nm range.11,67,79–81

Those values are modest if they are compared with the spatial

resolution achieved on other biological systems such proteins

(B1 nm)24 or protein fibers.82 Mapping with accuracy the

elastic modulus of a cell is also challenging because several

factors contribute to the error in the measurement.44,83

To address and eventually overcome those issues requires

understanding the role of the main factors that control the

imaging and mapping of the cell’s mechanical properties.

5.1 Softness, viscoelasticity, finite-thickness and

incompressibility

Living eukaryotic cells are among the softest materials on earth.

Some mammalian cells show an elastic modulus value below

1 kPa range.84,85 In general, an eukaryotic cell is about 4 orders

the magnitude softer than a single protein (B50 MPa),24 six

orders of magnitude softer than polystyrene (B2 GPa)86 and

about eight orders magnitude softer than silicon (B150 GPa).87

Under the same applied force (say 300 pN), the best AFM image

of a eukaryotic cell has a spatial resolution of about 100 nm,

this is, about 3 orders of magnitude worse than the one

obtained on a rigid crystalline surface (B0.1 nm).

An eukaryotic cell might be considered as a solid system

made by plasma membrane that encloses a variety of solid

elements such as single proteins, molecular motors, protein

filaments, DNA, organelles and a nucleus immersed in an

aqueous solution. A moving solid element in a liquid involves

viscoelastic interactions. Viscoelasticity is an intrinsic feature

of the mechanical response of a cell,51,84,88,89 therefore AFM-

based measurements should always be described in terms of

viscoelastic models.49,52,90–97

A single cell is a heterogeneous, anisotropic and finite-

thickness material (Fig. 5a and b). Currently, there is not a

well-accepted contact mechanics model that captures the struc-

tural complexity of an eukaryotic cell.84 In addition, the theory

to explain how the cell’s mechanical properties influence the

cantilever’s deflection and the tip’s indentation is just

emerging.52,93,96

Modeling the mechanical response of a cell is greatly

simplified by considering that cells are incompressible

(n = 0.5) and are locally isotropic. The first assumption is

supported by the mass densities of HeLa cells and fibroblasts

which are, respectively, 1.08 and 1.14 g cm�3. Those values are

close to the water mass density (1 g cm�3). The mass of the

above cells was obtained from micromechanical resonator

experiments.98 The second assumption implies that the cell
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membrane and cytoskeleton deform axisymmetrically when

indented by axisymmetric tips. To what extent this assumption

captures the local properties measured by AFM experiments

is currently under debate.11,66 The heterogeneity of a cell is

captured by considering it as a layered system (membrane,

cortex, cytoplasm and nucleus). This approximation simplifies

and facilitates FEM simulations.60,66,67

5.2 Bottom-effect correction for an elastic and fine-thickness

layer

The softness, finite thickness and incompressibility of an

adherent cell imply that the force exerted by the tip on the cell

is influenced by the stiffness of the solid support. This effect is

unavoidable. It implies that any compressive force measure-

ment on an adherent cell bears the influence of the solid

support (Fig. 5c). This observation makes semi-infinite contact

mechanics models such as Sneddon or Hertz unsuitable to

describe quantitatively the forces, deformations and mechanical

properties of a cell.

Bottom-effect correction theories aim to determine the true

Young’s modulus of a very soft material deposited on a rigid

support from a force–distance curve.44,65,99 Those theories for

elastic and finite-thickness materials are firmly established.

They have been validated by finite element model simulations.44,65

In addition, FEM simulations show the need of using bottom-effect

corrections. Some simulations showed that the elastic modulus

value deduced by fitting a FDC curve to a semi-infinite model could

be off by a factor 2 to 10 from the expected value.44

Chadwick and co-workers proposed the first bottom-effect

correction expression for the force exerted by a spherical probe

on a finite-thickness elastic layer.99 A more general theory that is

valid for any axisymmetric tip was developed by Garcia and Garcia.44

Ros and co-workers have extended the bottom-effect correction for

the case of cells deposited on a soft matrix.65

The force exerted by an axisymmetric probe on an elastic

and finite-thickness layer deposited on rigid support can be

expressed as a sum of the force exerted on a semi-infinite

system with the same elastic parameters than the layer and a

correction term that accounts for the finite-thickness the is

given by44

F = Fsemi-infinite + Fcorrection (19)

In particular for a cone of half-angle y the force is given by44

F Ið Þ¼ 8tany

3p
EI2þ0:721

8tan2 y

3ph
EI3þ0:650

8tan3 y

3ph2
EI4þO

I5

h3

� �

(20)

Eqn (20) reveals that the force scales with the projected contact

radius (see Table 2) and the sample thickness h. For the same

thickness, the effect of the solid support on the apparent

viscoelastic parameters decreases by decreasing the tip’s half

angle. This result indicates that sharper tips should be used to

measure nanomechanical properties of cells.

Fig. 5c shows the competition between the bottom effect, the

indentation and the contact area for the force exerted by a

nanowire tip on a soft elastic layer (E = 4 kPa; h = 2.5 mm)

deposited on a rigid support.44 To visualize the bottom effect

contribution we have calculated the force exerted by the same

probe on a semi-infinite sample (discontinuous curves). The

bottom effect plays a major factor in the determination of the

force whenever the contact radius and sample thickness are

within the same order of magnitude. The implication for cell

nanomechanics is that the use of sharp and high-aspect ratio

Fig. 5 (a) Optical microscope side-view of a cardiomyocyte cultured on a Petri dish. The red signal comes from the fluorophores attached to actin fibers

while the blue signal comes from the fluorophores inside the nucleus. Image provided by C. Marquez-Lopez and J. A. Bernal. (b) Scheme of a living

cell-tip interface in a liquid environment. The cell thickness depends on the lateral position. (c) Force–indentation curve for nanowires of different R.

The discontinuous lines show the force curves produced by the same probe on a semi-infinite sample. For R = 50 nm, the force curves given by the semi-

infinite model and the bottom effect elastic theory are nearly identical. Layer, E = 4 kPa, h = 2.5 mm; semi-infinite material E = 4 kPa. Adapted with

permission from 44. Copyright 2018 Elsevier. (d) Experimental (red) and theoretical force–distance curves (blue and green) obtained on a living NIH 3T3

fibroblasts. Reprinted with permission from ref. 52. Copyright 2020 Royal Society of Chemistry.
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probes significantly reduces the influence of the solid support

in the determination of the force. This result might be counter-

intuitive. It challenges some earlier recommendations to

perform elastic modulus measurements on cells.64,83 An earlier

bottom-effect correction for the force exerted by a conical tip on

an elastic material100 does neither agree with eqn (20) nor with

FEM simulations.44,65

It has been proposed that the surface tension of cells could

explain the apparent increase of the elastic modulus of an

adherent cell.101 This hypothesis is not supported by experi-

mental data. It is also in conflict with the bottom-effect theory

introduced above and FEM simulations.44,65

5.3 Bottom-effect correction for a viscoelastic and fine-

thickness layer

An eukaryotic cells is a finite-thickness viscoelastic material.

Therefore, bottom-effect elastic corrections introduced in the

previous section sever as the starting expressions to develop

their viscoelastic counterparts. A viscoelastic response intro-

duces a dependence on the deformation history. In other

words, the contact area for the same deformation will depend

on whether the tip is approaching or withdrawing from the

sample surface.

Analytical bottom-effect viscoelastic corrections have been

deduced for some viscoelastic models.52 The theoretical approach

combines bottom-effect elastic corrections,44 the correspondence

principle between elastic and viscoelastic deformations,48 and

Ting’s method to determine the force as a function of the deforma-

tion history.102

In particular, for a power-law rheology model,52 the force for

the tip approaching towards the cell is given by (Fig. 5c),

FðtÞ ¼ 16 tan y

3p
v2t2

t

t0

� ��w
G 1� w½ �
G 3� w½ �

þ 0:721
16 tan2 y

ph
v3t3

t

t0

� ��w
G 1� w½ �
G 4� w½ � þO

v4t4

h2

	 


(21)

where G is the gamma function and O is a function that

includes the higher order correction terms. The forces deduced

from eqn (21) were compared to FDCs obtained on living

fibroblast cells (Fig. 5d).53 The agreement obtained between

experiments and eqn (21) validates the theory and the power-

law rheology model to describe the response of fibroblasts to

compressive forces.

6. Force–volume

Force–volume (FV) is widely used to measure mechanical

properties at the nanoscale. It is a feature included in the

applications modules of many commercial AFMs.28 A force–

volume map combines a topographic image of the surface with

the acquisition of one (or several) force–distance curves on each

point (pixel) of the surface (Fig. 6a). FV has experienced

significant changes in the last few years, however, some of

the features enunciated by Hasnma and co-workers14,15 about

25 years ago and later conceptualized by the schemes provided

by Heinz and Hoh4 remain unchanged.

The first implementations of force–volume used a triangular

waveform to modulate the tip–surface distance.14 Triangular

waveforms are still very common because they offer a straight-

forward relation between distance and time (d = vt). However,

they might introduce some side-effects. First, a triangular

waveform contains a large number of higher harmonics.

Higher harmonics could be coupled to some of the mechanical

resonances of the AFM. This coupling might complicate the

interpretation of the data. Second, the velocity has a dis-

continuity at the turning point which might introduce some

artefacts at moderate or high frequencies. Those issues

motivated the introduction of sinusoidal waveforms.103–106

Two recent developments enhanced the application cap-

abilities of force–volume. First, the determination of rheological

properties by processing spatially-resolved FDCs67,107,108 is poised

to have a significant impact in the determination of viscoelastic

properties at the nanoscale. Second, the use of biofunctionalized

tips has opened new applications in mechanobiology and

sensing.109,110

6.1 Force–volume methodology

Force–volume is an off-resonance AFM method. It provides arrays

of spatially-resolved FDCs (Fig. 6a). A force–distance curve is

acquired by recording the cantilever deflection as a function of

the relative tip–surface distance. Initially, the tip and the sample

surface are far apart which implies that the interaction force is

negligible. Then, the tip (surface) is continuously displaced towards

the surface (tip) until the force reaches a pre-fixed value.

A force–distance curve includes two sections, approach and

retraction (Fig. 6b). Each section includes regions dominated

by long-range attractive and regions dominated by short-range

repulsive forces (Fig. 3b). The approach and retraction sections

of the FDC might not coincide (force hysteresis). In fact, the

presence of hysteresis in a FDCs is very common. Force–distance

curve hysteresis implies energy dissipation. In a region where tip

and sample are in contact, and in the absence of mass exchange

between tip and surface, viscoelastic processes in the sample

dominate the observed hysteresis in FDCs. Out of a contact region,

the hysteresis is dominated by changes in the adhesion force,

approaching versus retraction. Those changes might be associated

with the presence of either specific (ligand-receptor bonds) or

unspecific interactions.

Different types of waveforms can be used to modulate the

tip–surface separation (sinusoidal, triangular or a combination

of both) (Fig. 6c). To improve the signal-to-noise ratio, the FDC

associated with a pixel might be the result of averaging several

FDCs taken on the same point of the surface.

The transformation of cantilever deflections into interaction

force values is performed by applying the postulate of force

spectroscopy. This postulate establishes that the interaction

force coincides with the cantilever deflection z(t) times the

cantilever static force constant k

Fts(t) = kz(t) (22)
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Several parameters can be extracted from a FDC. The most

common are height, Young’s modulus, stiffness, adhesion force

and energy dissipation. By plotting each those parameters as a

function of the spatial coordinate a multiparametric description of

the interface is achieved67,111 (Fig. 6d and e). The value of the

adhesion force is obtained bymeasuring the sudden changes in the

deflection during the tip’s withdrawal from the sample surface

(Fig. 3b). The stiffness is directly obtained by measuring the slope

of the force–distance curve in the repulsive region. The determina-

tion of the Young’s modulus requires to fit a section of the FDC

dominated by repulsive forces with a contact mechanics model.

The determination of viscoelastic properties requires a theoretical

model to associate observables with parameters (see below).

6.2 The force–volume family

Force–volume is implemented in the hardware and software of

many commercial AFMs. Improvements in signal processing,

closed-loops, software, data analysis and the addition of new

parameters have led to a variety of denominations.28 The first

commercial FV configuration that incorporated a sinusoidal

waveform became very popular.106 It presented some advantages

in the realization and/or interpretation of some experiments.

However, neither eqn (3) nor the scheme shown in Fig. 6a was

modified by using a sinusoidal waveform.

In emerging fields or applications, it is not uncommon

to develop near simultaneously the same experimental

method by different groups. This process might generate a

variety of names for the same method. For example, nano-

rheological AFM107 or dynamic scanning indentation108

describe similar FV configurations (see below). The use of

chemically or biofunctionalized tips112,113 has led to several

denominations, the oldest is chemical force microscopy114,115

and the newest are FD-based AFM or multiparametric AFM

imaging.116

Fig. 6 Force–volume. (a) Scheme of FV mapping. (b) Different waveforms might be used to modulate the tip–sample displacement. The most common

are the sinusoidal and the triangular. Some waveforms might include dwell times or pre-loading steps. (c) FDC obtained on a fibroblast cell. (d) From left

to right, topography and elastic modulus of the cytoplasmic purple membrane side obtained by using a peak force of 75 pN. Insets show three-fold

symmetrized averages of the bacteriodophsin (BR) trimer. Scale bar 10 nm. Inset, scale bar 2 nm. Reprinted with permission from ref. 111. Copyright 2011

John Wiley and Sons. (e) BR protein. The seven transmembrane a-helices A–G are indicated. Protein data bank code 2at9. (f) Topography, elastic and

viscosity coefficient maps of a fibroblast cell. The Young’s modulus map provide high-spatial resolution details of the outer cell structures such as the

actin cross-linked networks (cortex) and the stress fibers. The viscosity coefficient map detects the presence of intracellular and subsurface structures

(nucleoli). Reprinted with permission from ref. 67. Copyright 2011 American Chemical Society.
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Chemical force microscopy. The operation of FV with

chemically functionalized tips that terminate in well-defined

functional groups has been used to measure adhesion forces

between distinct chemical groups in aqueous solvents.114,115

The use of chemically functionalized tips enhanced the appli-

cations of FV, however, the chemical functionalization of the

tip does not introduce any modification in the equation of

motion, electronics, feedback or software of FV.

Multiparametric AFM imaging or FD-based AFM. The use of

biofunctionalized tips in a FV experiment enables the detection

of specific bimolecular recognition events. This feature

enhances the applications in molecular and cell biology,110,116

however, in general, it should not be considered a new method.

The combination of FV and single-molecule force spectro-

scopy2,117 might lead to a new nanomechanical force spectro-

scopy method. Initial experimental results were promising118,119

but they involved a very small region of the sample mapped by FV.

It is not straightforward to envisionhow the requirements of single-

molecule force spectroscopy, namely, the acquisition of multiple

FDCs at different loading rates120 on the same position of the

sample might be compatible with a fast acquisition of FV maps.

Ringing mode. This configuration is the most recent additions

to FV. It is based on the use of the transient signal generated after

breaking the tip–surface contact to generate compositional

contrast maps.121 The transient signal provides additional para-

meters to characterize the tip–surface interaction. Those para-

meters might enhance material properties differences.

6.3 The postulate of force spectroscopy

Force–volume and AFM-based single-molecule force spectro-

scopy measurements are based on Hooke’s law. Hooke’s law

establishes that the interaction force coincides with the cantilever

deflection times its force constant (eqn (22)). Strictly speaking,

Hooke’s law is only valid for a static deflection, nonetheless, it was

readily accepted by the AFM community4,18 without subjecting it

to a rigorous demonstration.

The postulate of force spectroscopy was based on an empirical

observation. In the 90’s, force–distance curves were recorded at

different modulation frequencies from high to low values. A FDC

was considered acceptable if it did not depend on the frequency.

This condition is easily met at low frequencies (see below).

High-speed AFM6,122–124 has provided technologies to speed up

FV measurements. However, performing a FV experiment at high-

speeds (say 1 frame per s) requires a rigorous analysis of the

transformation of a deflection into a force value.27,125

The equation of motion that describes force–volume

(eqn (3)) shows the tip–surface Fts expressed in terms of the

cantilever restoring force, an inertial term and a hydrodynamic

force associated with the interaction of the cantilever with the

fluid. To illustrate explicitly the dependence of the force on

the modulation frequency, let’s introduce a normalized time

variable t = ot

Fts d tð Þ; _d tð Þ
� �

¼ kzþ k

Q$

dz

dt
þ k

$2

d2z

dt2
(23)

with $ = o0/om.

The identification of the tip–surface force with the cantilever

restoring force requires to neglect the inertial and the hydro-

dynamic terms. This approximation is valid for $ c 1, this is,

when the cantilever’s fundamental frequency is much higher

than the modulation frequency. In practice, to determine the

Young’s modulus with a relative error below 10% requires to

use a frequency ratio above 50.27 Therefore, to perform force–

volume measurements at high-speed rates in liquid (1 frame

per s for 104 pixels) might require the use of a cantilever with a

fundamental frequency (in liquid) of about 1 MHz.

6.4 Nanoscale rheology

Nanoscale rheology describes the scientific activity and the FV

configurations devoted to determine viscoelastic properties

from FDCs. The goal is to assign one or several viscoelastic

parameters to each pixel of the image. The deduction of

viscoelastic parameters from a FDC demands significant theo-

retical and modelization efforts.49,93–96,126–135 Typical visco-

elastic parameters measured in nanoscale rheology are loss

and storage moduli, viscosity coefficient or loss tangent.

In addition, a nanoscale rheology experiment might involve

some changes in the experimental FV set-up.

The theory that relates FDCs observables to viscoelastic

parameters depends on the type of waveform used to generate

the tip–sample displacement (triangular versus sinusoidal).

It might also depend on the existence of adhesion forces. For

those reasons nanoscale rheology methods are divided in three

sub-groups.

6.4.1 Nanoscale rheology with sinusoidal waveforms. The

first attempts to measure viscoelastic parameters of living cells

by AFM-based methods used very large spherical tips (poly-

styrene or silica beads) and applied either oscillatory90,136 or

monotonic loads.137–139

An experiment performed by applying an oscillatory force

might be decomposed in two steps.140 First, there is a pre-load

step. The tip is indented on the cell until a pre-set force is

reached. In a second step, a sinusoidal force is applied to the

tip. The amplitude of the oscillation is smaller than the

indentation depth reached in the first step, so the whole

oscillation is performed with the tip indented on the material.

Those experiments enabled to determine the storage and loss

moduli of a cell as a function of the amplitudes of the force and

the indentation.90 The use of large spherical tips prevented

high-spatial resolution mapping.

Nanorheology experiments combine the above methods to

measure FDCs with the use of sharp tips. In particular, the

experiments performed without breaking the tip–sample con-

tact during a FDC cycle are described by the linear viscoelastic

theory developed for conventional nanoindentation experiments

by Herbert, Pharr and Oliver141

For an axisymmetric tip, the effective storage and loss

modulus are obtained by141,142

Eeff

0 ¼ 1

2

p

S

� �1=2 F0

Am

cosf (24)
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Eeff

0 0 ¼ 1

2

p

S

� �1=2 F0

Am

sinf (25)

where F0 and Am are the amplitudes, respectively, of the force

and tip’s displacement; S is the projected contact area and r is

the phase shift between the force and the displacement.

6.4.2 Nanoscale rheology with triangular waveforms. The

understanding of the nanomechanical response of a cell and

the processing of FDCs are facilitated by using analytical

theories. The combination of force–distance curves obtained

with triangular waveforms and Kelvin–Voigt or power-law

rheology models enables analytical theories. Those theories

were applied to transform the FDCs into viscoelastic para-

meters52,95 and FV maps.66 A short description of those

approaches is provided in Section 4.2.

Other approaches. Schäeffer and co-workers performed nano-

scale rheology experiments by using triangular waveforms with

the addition of some loading and dwell steps.130,143 A FDC was

obtained by approaching the tip towards the sample surface

at a constant velocity. Upon an initial contact between the tip

and the sample surface, the loading force increased until a

pre-defined clamp-force was reached. This pre-defined force

was kept constant during a dwell time before retracting the tip

from the sample.

6.5 Force–volume applications

Force–volume is widely applied to characterize soft materials.

Some recent results (2014–2020) are introduced to illustrate the

capabilities, achievements and potential of the different FV

configurations.

Materials science. Multiparametric mechanical property

maps of polymer films,144 polymer blends145,146 and block

co-polymer thin films147 are readily obtained. The interfacial

region between a rubber matrix and silica nanoparticles was

studied by using both nanoscale rheology107,148 and standard

FV.149 These samples might be used as models of the internal

structure of low rolling resistance tires. Novel polymer-based

thin films are needed in packaging and environmentally

friendly architectural outdoor coatings. FV characterizes the

nanomechanical changes in the different elaboration steps

of those coatings.150 Spatially-resolved elastic modulus maps

have explained the morphology and composition of multi-

component polymer systems made of dissimilar polymers.151,152

An application at the interface in polymer science and biomedical

devices involved the study of the swelling and degradation

of biodegradable scaffolds.153 Chemical and nanomechanical

mapping of polymers was achieved by combining FV and with

broadband infrared spectra.154

Molecular biology. FV has found many applications in

molecular biology. It has been applied to characterize the

stiffness of DNA origami,155 protein complexes,156 protein- coated

lipid nanotubes157 or liposomes.158 FV maps have recorded the

changes in the mechanical properties of a virus. This has led to a

more comprehensive characterization of the steps in virus

maturation.159,160 Spatially-resolved maps of the adhesion force

between a virus attached at the end of a tip and the plasma

membrane has revealed the first steps of the binding of a virus to

a mammalian cell.110

Cell biology and mechanobiology. One of the first FV mea-

surements was performed on blood cells.14 Since then, FV has

been applied to characterize different aspects of the structure

and interactions of living cells.161–163 Some studies aimed to

find a mechanical signature of disease at the cell level by

comparing the mechanical properties of healthy and patho-

logical cells.63,164–166 Elastic maps of collagen fibrils extracted

from overloaded tendons were used to explain strain injuries.167

FV has shed light on the interactions driving adhesion and

biofilm formation by microbial pathogens168 and on the surface

properties of bacterial pathogens required to avoid host mediated

immunity.169 Subsurface images of living cells have been gene-

rated by processing force–distance curves at different indentation

depths.67,170,171 It has to be noted the considerable theoretical

effort devoted to transform FDCs into viscoelastic properties. The

overall result of this activity is poised to have an impact in

mechanobiology.49,52,67,92–95,126–135

7 Nanomechanical maps obtained
from force–distance curves:
on-resonance methods

Force–distance curves are not directly measured in amplitude

modulation AFM because the observables are averages over a

period. Therefore, the observables (static deflection, amplitude

and phase shift) are determined as a function of an average

distance instead of the instantaneous tip–sample distance.

To overcome this limitation several theoretical and experi-

mental methods have been proposed.29–31,172–182 Those methods

are classified in two groups, time-resolved29,30,172–176 and force

reconstruction methods.177–182

To understand how a dynamic AFM method transforms the

time dependencies of the observables into force–distance

curves is pertinent to distinguish between flexural and

torsional harmonics.20,30,31,183 An harmonic oscillation vibrates

at a frequency that is a multiple of the excitation frequency.

In most AFM experiments, the deflection is measured in the

plane perpendicular to the sample surface that contains the

main axis of the cantilever. This is the flexural deflection

(Fig. 7a). The harmonics of this motion are called flexural

components. However, if the driving force has both vertical

and lateral components, the deflection might have torsional

components.

7.1 Time-resolved force curves

These methods provide the force in the time domain, that is, a

force–time curve. A force–distance curve is directly obtained

from the time-resolved force and the instantaneous tip’s

position. Three different approaches were developed to deter-

mine the instantaneous tip–sample force. One relies on the use

of high-bandwidth active cantilevers,172–174 another on measuring

the tip’s acceleration176 and the other on detecting and processing

the torsional harmonics.30,184
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High-bandwidth interdigitated cantilevers172–175 provide the

instantaneous value of the force (force–time curve) on a point

of the surface while generating a topographic image. These

cantilevers have been applied to map several mechanical pro-

perties of living cells.185 Fabrication costs represents a major

bottleneck for a widespread use of active cantilevers for nano-

mechanical mapping.

Scanning probe acceleration microscopy (SPAM)176 deter-

mines the force from the tip’s acceleration. The acceleration of

the cantilever is obtained by taking the second derivative of

the cantilever deflection signal during an AM-AFM experiment

in liquid. Once the acceleration is obtained, the second

derivative of the cantilever trajectory is taken and multiplied

by the effective mass of the cantilever to obtain the time-

resolved force. This method has been applied to study lipid

layers and lipid raft domains.186 The accuracy of SPAM relies

heavily on the quality of the deflection signal. The noise in

the deflection is significantly amplified by taking the second

derivative.

7.1.1 Time-resolved forces by processing flexural harmonics.

The capability to measure time-varying forces while taking a

topographic image has been exploited to develop a time-

resolved nanomechanical mapping method.29,30,184 The force in

the time domain is obtained by taking the inverse Fourier trans-

form of the Fourier-transformed tip’s trajectory divided by its

transfer function. The non-linear character of the tip–surface force

introduces a number of higher harmonic components in the

cantilever’s deflection (oscillation).187 The method requires the

determination of a relatively large number of harmonics to

provide a faithful reconstruction of the force (B10–20). The first

time-resolved force reconstruction method was based on the

measurement of flexural harmonic components.29,188 In general,

the signal-to-noise ratio of the higher harmonics decreases by

increasing the order of the harmonic component.31 This effect is

Fig. 7 (a) Torsional harmonic cantilever (scanning electron microscope image). Reprinted with permission from ref. 199. Copyright 2011 Springer

Nature. (b) Flexural and torsional deflection signals. The force is obtained by integrating the torsional harmonic components. Reprinted with permission

from ref. 30. Copyright 2007 Springer Nature. (c) Torsional harmonics nanomechanical map of amyloid nanostripped structures (Ab33–42). The height

and elastic modulus map along the dashed lines are shown. Reprinted with permission from ref. 198. Copyright 2016 John Wiley and Sons. (d) Amplitude

and phase shift–distance curves obtained by 3D-AFM on a mica-water interface. (e) Force–distance curve obtained from d. (f) 2D force panel generated

by recording FDCs along the x-axis. The 2D force map shows the formation of hydration layers on a mica-water interface.205
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unavoidable in standard rectangular cantilevers. A straightforward

approach to overcome this effect is to increase the force applied to

the sample to several hundreds of nN (peak force values). The

drawback is that those forces end up damaging the tip189 and/or

the soft material, in particular biomolecules.190,191 An alternative

approach based on combining off and on-resonance features was

suggested.192

Cantilevers were designed to enhance the generation of higher

harmonics in the flexural deflection by removing the mass on

certain sections of the microcantilever193,194 or by modifying the

cantilever shape.195 However, those cantilevers have yet to be used

in combination with the Stark et al. force reconstruction method.29

7.2 Torsional harmonics

Sahin and colleagues overcame the above limitations by intro-

ducing torsional harmonic microcantilevers.30 In a torsional

harmonic cantilever the tip is offset from the cantilever axis

(T-shaped) (Fig. 7a). In these cantilevers the tip–sample forces

generate a torque around its main axis. This torque enhances

the presence of the large number of higher harmonics needed

for an accurate calculation of the force–distance curve.

In addition, the optical sensitivity of the torsional deflection

is higher than the corresponding for a flexural mode.

Torsional harmonics combines an amplitude modulation

AFM feedback in the flexural deflection to generate a topo-

graphic image and the measurement the time-varying force

during the tip’s oscillation from the torsional harmonics.21,30,184

The force–distance curves are readily obtained from a force–time

curve and the oscillation of the microcantilever.

The flexural and torsional deflections are processed inde-

pendently. The torsional deflection is decomposed in the

harmonic components of the frequency of driving force.

The driving force is tuned to the first flexural resonance. The

relationship between Fts and z is given by30,196

Fts(o) = T�1(o)z(o) (26)

with

T oð Þ ¼ c
ot

2=kt
ot

2 � o2 þ ioot=Qt

(27)

Fts(t) is obtained by performing the inverse Fourier transform of

Fts(o). T is the transfer function of the torsional signal; the

subscript t indicates the 1st torsional resonance; c is a factor

proportional to the torsional optical sensitivity.

Fig. 7b shows the deflection of the torsional and flexural

signals during a period of the flexural mode. High-spatial

resolution topography and Young’s modulus maps of amyloid

peptide fibers are shown in Fig. 7c.

7.2.1 Applications. Torsional harmonic cantilevers can

be operated at very small forces (B20 pN). This feature has

been exploited to generate maps of the Young’s modulus and

stiffness of membrane proteins, protein fibers and lipid

bilayers.20,197,198 Topography and molecular recognition imaging

has also been achieved with this method.199 Torsional harmonics

has revealed the different types of cell–cell junctions in cable

bacteria filaments.200 A recent result is the measurement of the

intracellular tension of actin bundles, cell cortex and plasma

membrane.11 This result represents the first direct measurement

of intracelullar forces.201 Torsional harmonics in combination

with a microarray surface was proposed for the detection of DNA

molecules at concentrations below femtomolar level.202

Torsional harmonics has also been called dynamical nano-

mechanical mapping.21 The method was commercialized

under the name HarmoniX.t Cantilever fabrication costs and

the complexity of the calibration process of the torsional force

constant have prevented a wider spread use of this method.

7.3 Force–distance curves from amplitude modulation AFM

In amplitude modulation AFM the observables cannot be

expressed in terms of the instantaneous tip–sample distance

because they are averaged over one oscillation cycle. This fact

prevents the direct determination of the tip–sample force while

imaging the topography. Several methods were developed

to overcome this limitation by recording and processing

amplitude and phase shift of the tip’s oscillation as a function

of the average tip–sample distance.177–182 Fig. 7d shows some

experimental amplitude and phase-shift distance curves. The

amplitude and phase shift–distance curves can be generated

either by using the standard AM-AFM configuration182 or by

implementing other modulation methods.180,181 The integra-

tion enables to reconstruct the force from amplitude and phase

shift–distance curves. In general, these methods are less effi-

cient than FV because they involve more processing steps so

very few applications have been reported.182,203 However, this

method has have found an application niche in the charac-

terization of solid–liquid interfaces (Fig. 7e) where the robust-

ness and sensitivity of AM-AFM is especially suited for 3D-AFM

imaging.204,205

7.4 Other dynamic AFM methods

Topography and recognition imaging (TREC)206,207 provides

molecular recognition contrast maps. TREC is a qualitative

nanomechanical contrast method. It is based on the operation

of an AM-AFM in liquid with biofunctionalized tips. This

method combines the tip’s functionalization to detect specific

interactions with the high-spatial resolution and speed of

AM-AFM. This method relies on an asymmetry of the tip’s

oscillation in liquid. The repulsive tip–surface forces modify

more strongly the shape of the lower part of the oscillation than

its top part. The opposite happens when a tip-tethered ligand

binds to a molecule on the sample surface. The molecules and

the tether are stretched during the upward movement of the tip

which decreases the top value of the oscillation. The stretching

involves the transfer of mechanical energy from the cantilever

to the molecule. This loss in the mechanical energy of the

cantilever produces a decrease in the top peak of the oscillation.

This method provides high-spatial resolution images of specific

interaction events208–210 but it is not a quantitative method.

It does not give values of the parameters that characterize a

molecular recognition event.

Strain–stress curves are usually measured to determine the

mechanical response of macroscopic materials.87 The stress–strain

Chem Soc Rev Review Article

O
p
en

 A
cc

es
s 

A
rt

ic
le

. 
P

u
b
li

sh
ed

 o
n
 1

4
 J

u
ly

 2
0
2
0
. 
D

o
w

n
lo

ad
ed

 o
n
 8

/9
/2

0
2
2
 5

:4
9
:3

2
 P

M
. 

 T
h
is

 a
rt

ic
le

 i
s 

li
ce

n
se

d
 u

n
d
er

 a
 C

re
at

iv
e 

C
o
m

m
o
n
s 

A
tt

ri
b
u
ti

o
n
-N

o
n
C

o
m

m
er

ci
al

 3
.0

 U
n
p
o
rt

ed
 L

ic
en

ce
.

View Article Online

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d0cs00318b


This journal is©The Royal Society of Chemistry 2020 Chem. Soc. Rev., 2020, 49, 5850--5884 | 5865

curve of a single antibody pentamer was measured by combining

amplitude and frequency modulation AFM methods.191 For very

small compressive forces (5–75 pN), the protein’s central region

showed that the strain and stress are proportional (elastic regime).

This region had an average Young’s modulus of 2.5 MPa.

8 Parametric methods

Parametric methods are defined by the following features

(Fig. 8a): (1) the interaction force is parameterized in terms of

mechanical properties; (2) the tip’s equation of motion is

solved with the interaction force; (iii) analytic expressions are

deduced to relate the observables and the mechanical para-

meters of the tip–sample interaction.

8.1 Bimodal AFM

Bimodal AFM involves the simultaneous excitation and detec-

tion of two modes of the cantilever.20,32,211 The use of two

modes allows the determinations of several material properties

such as topography, deformation, dissipation, elastic modulus,

viscosity coefficients or long-range interaction parameters in

a single imaging step.86,211–216 Most bimodal experiments

are performed by using the first two flexural modes20 of

the cantilever, however, other eigenmodes either flexural217 or

a combination of flexural and torsional modes have been

used.218–220

In bimodal AFM, the tip’s motion is decomposed in terms of

the components oscillating at the frequencies of the excited

modes214,221 (Fig. 8b). Each mode might contribute with up to

three observables, the amplitude Ai, phase shift fi and resonant

frequency shift Dfi. The values and roles of the excited modes

are not symmetrical. The amplitude of the first mode A1 is

about 10 times larger than A2. Therefore, the observables of the

1st and 2nd mode explore different ranges of the interaction

force.222,223

The type and number of observables used to run the feed-

back loops have generated several configurations.211 The first

Fig. 8 Bimodal AFM. (a) General bimodal AFM scheme to transform observables into material properties. (b) Excitation and detection scheme. The

cantilever is excited at its first two eigenmodes. Upon interaction with the sample, the components of the tip’s response are processed. This step

generates several observables. In bimodal AM-FM, the topography is obtained by keeping A1 = constant while two feedback loops act on the parameters

of the 2nd mode (see ref. 24). (c) Nanomechanical map of a single protein (20S proteasome). The map shows a correlation between the elastic modulus

and the gate a and catalytic b subunits. The protein structure is overlaid. The panel at the bottom shows the elastic modulus cross-section along the

dashed line marked on the topographic image (inset). Inset adapted with permission from ref. 24. Copyright 2018 SpringerNature. (d) Height

reconstruction from the apparent height and deformation data. True height reconstruction. From top to bottom, apparent topography, deformation

and true height of a PS-b-PMMA film.216 The PS domains have larger deformations (bright) than the stiffer PMMA domains (dark). The nanomechanical

maps and images were generated simultaneously during imaging.
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bimodal AFM configuration had a single feedback loop acting

on the amplitude of the first mode.224,225 The latest configu-

ration involves a feedback loop on A1 for topography and a

feedback on the frequency shift of the 2nd mode for

sensitivity.214,215 The existence of several bimodal AFM con-

figurations have motivated a significant activity in theory,

simulations and instrumentation.226–238

In bimodal AFM the number of unknowns about the inter-

action force matches the number of equations. The availability

of analytical expressions enables the simultaneous mapping of

topography and mechanical property mapping. Numerical

simulations have validated the accuracy of the bimodal AFM

theory.214

8.1.1 Bimodal AM-FM. In this configuration,24 the ampli-

tude of the first mode (AM) is used as a feedback signal for

controlling the tip-sample distance. This feedback loop gene-

rates an apparent image of the topography of the sample.

A second feedback loop acts on the deflection of the second

mode by keeping constant the phase shift at f2 = 901. At the

same time, another loop acts on the driving force of the second

mode to keep the oscillation amplitude of the second mode at a

fixed value A2 = constant. The latter loops share some features

of frequency modulation AFM.38 This configuration combines

the robustness of AM-AFM with the sensitivity and enhanced

signal-to-noise ratio of a frequency modulation AFM.

The theory of bimodal AFM approximates the tip’s deflec-

tion by24,214

z(t) E z0 + z1(t) + z2(t) = z0 + A1 cos(2pf1t � f1)

+ A2 cos(2pf2t � p/2) (28)

The theory is based on the application of the virial and energy

balance equations to the each of the excited methods. The

explicit solution of those equations requires a tip–surface force

model. Analytical solutions have been deduced for several

elastic contact mechanics models24,214,223 and for a linear

viscoelastic model (3D Kelvin–Voigt).216

To illustrate how bimodal AM-FM generates a nanomechanical

map (Fig. 8c), let’s focus on the expression of the effective elastic

modulus for a material described by Hertz model24

Eeff x; yð Þ ¼ B
k2Df2

k1f02

� �2

(29)

B ¼ 4
ffiffiffi

2
p
ffiffiffiffi

R
p k1Q1

A1
3=2

A01
2 � A1

2
(30)

where B is a conversion factor that depends on parameters of the

cantilever-tip (radius, force constants, quality factor) and free

amplitude A01 the feedback parameters A1. Those parameters

are set and the beginning of the measurement and remain

constant during the experiment. Therefore, the spatial depen-

dence of the elastic modulus is given by measuring the local

changes of the cosine of f1. Expressions for the energy dissipated,

virial, elastic modulus, loss tangent or viscosity coefficient are

found elsewhere.24,216,223

8.1.2 True topography. The force exerted by the tip on a

soft material produces its deformation. In fact, this observation

is what enables nanomechanical property mapping. However,

sample deformation, even in a linear elastic regime, might have

some unwanted implications. The data coming directly from

the topographic feedback represents the apparent topography

of the surface ha. This is a well-known effect86,191,239–241 which

is caused by a variety factors such as the existence of long-range

electrostatic forces,240 the local tip–sample geometry,241 or the

deformation either elastic191,239 or inelastic produced by the

applied force.191 However, this effect is commonly ignored.

It is assumed that the differences between true and apparent

heights are negligible. This assumption might not be met

during imaging of soft materials, in particular, biomolecules.

In conventional AFM is not straightforward in a single step to

determine the true topography because the same observable

(deflection) carries the information on the deformation and the

topography.

Bimodal AFM solves the above issue because the deforma-

tion induced by the force applied by the tip is directly deter-

mined from the observables.24 Then, the true topography can

be obtained by applying the following equations,

htrue = ha(x,y) + Imax(x,y) (31)

Imax ¼
k1f02

2Q1k2Df2
A02

2 � A1
2

� �1=2
(32)

where Imax is the maximum deformation of the sample in a

period.

Fig. 8d shows the apparent height, the deformation and true

height images of a poly(styrene-block-methyl methacrylate)

(PS-b-PMMA) film. The diblock copolymer arranges in an

ordered lamellar structure alternating PS and PMMA domains

with a pitch of 30 nm. By measuring the elastic modulus,

bimodal AFM enables to associate the low elastic modulus

(2.1 GPa) to the PS domains and the high elastic modulus

(2.6 GPa) to the PMMA domains.216 Under the application of

a peak force of 12.5 nN, the softer PS regions show a total

deformation of 1.9 nm while the deformation of the PMMA

domains is of 1.65 nm.216 Those values show that the deforma-

tion exerted by the tip on a soft material are significant.

8.1.3 Bimodal AFM applications. The following examples,

taken from the 2014–2020 period, illustrate the capabilities,

potential and achievements of bimodal AFM.

Materials science. Nanomechanical maps have characterized

the performance of organic electrochemical transistors. Those

maps showed that an increase of the stiffness of an organic

electronic material decreases ion uptake which, in turns,

decreases the performance the transistor.242 Local spin transitions

in thin molecular films have been determined by following the

temperature dependence of the Young’s modulus from the low to

the high spin states.243 In another application, it was reported that

the surface elasticity of binary self-assembled monolayers

increased with ligand ordering.244

The local elastic and inelastic properties of polymer films,

polymer-based materials214,245 and flexible crystals246 have
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been extensively studied by bimodal AFM. In particular, the

structure and elastic properties of semi crystalline polymers has

been obtained on a molecular-scale level.215 The elastic

properties247 and wettability transparency248 of two-dimensional

materials were also studied.

Molecular and cell biology. Bimodal AFM showed that the

physical properties of lipid bilayers are modulated by the

concentration of cholesterol. Regions with a low concentration

of cholesterol molecules are predominantly elastic while

regions with a high concentration have viscoelastic properties.249

High-spatial resolution nanomechanical maps characterized the

adsorption of single alkali cations on lipid bilayers.250 It was

reported that the formation of an ionic network reduces the

elastic modulus of the lipid bilayer. Elastic property maps

characterized the distribution of magnetic nanoparticles

adsorbed and inside in liposomes.251

High-spatial resolution maps of the elastic properties of

membrane proteins,214 single proteins,24 protein fibrils252,253

and DNA215,254 were generated with a lateral resolution in 1 to

5 nm range. Nanomechanical maps of other biological systems

such as bone elements,255 virus-like particles256 and cells have

been reported.257,258

Instrumentation. Bimodal AFM has inspired several detection

schemes for probe microscopy methods.259–261 It has also

motivated the design of novel cantilevers.262–265

8.2 Contact resonance and multi-harmonic methods

Other experimental and signal processing parametric schemes

were developed to map mechanical properties.266–268 Contact

resonance AFM tracks the changes of the cantilever’s resonant

frequency induced by the changes of the mechanical properties

of the tip–sample contact.266 Multi-harmonic AFM assumes a

tip’s oscillation dominated by just three harmonic components

and analytical expressions to relate those components to local

mechanical properties.267

8.2.1 Contact resonance AFM. Contact resonance AFM

(CR-AFM) evolved from atomic force acoustic microscopy.33,266,269

In this method the sample is excited by ultrasound frequen-

cies while the tip and sample remain in contact. The resonant

frequency, the amplitude and the phase shift of the cantilever-

tip response are measured and compared to those of the free

standing tip. Theoretical models were developed to relate the

observables to the contact stiffness for an elastic contact270 or

to the contact stiffness and damping coefficients for a visco-

elastic contact.271,272 CR-AFM has two main configurations

depending whether the ultrasound excitation is applied to the

base of the cantilever269,273 or to the sample support.266

The theory of CR-AFM establishes that the stiffness and

damping parameters of a contact described by the Kelvin–Voigt

model are related to the loss and storage modulus by271

Eeff
� x; yð Þ ¼ Eeff

0 þ iEeff

0 0 ¼ kts

2rc
þ i

pocts

rc
(33)

where E*, E0 and E00 are, respectively, the complex, storage and

loss moduli; kts and cts are, respectively, the contact stiffness

and contact damping parameters. The above expression was

deduced by using the projected contact area given by Hertz model.

The application of eqn (33) involves several steps. One of

them requires fitting the experimental frequency response with

a theoretical model. Accurate determination of the contact

radius rc might be problematic which led to use of reference

samples with well-known mechanical properties.23,271

The spatial resolution of a nanomechanical map obtained by

CR-AFM is rather modest if compared to the spatial resolutions

achieved in either FV or bimodal AFM. In general, a contact

resonance AFM experiment involves the application of relatively

large forces, say of a few hundreds of nN.274 Large forces might

damage the surface and worsen the spatial resolution. For

those reasons, the application of CR-AFM to soft materials have

been limited to a few polymers with relatively high elastic

modulus (B1 GPa).23,273

Contact resonance AFM drew some attention for imaging in

a non-invasive way subsurface features in polymer blends, plant

cells or bacteria.275–278 However, the combination of a modest

spatial resolution and the complexity of the models needed to

interpret the data279–281 has slowed down progress.

8.2.2 Multi-harmonic AFM. Multi-harmonic AFM267,282,283 is

based on processing a few multi-harmonic components of the

deflection signal recorded during amplitude modulation AFM

imaging. It assumes that the steady state motion of the tip is

periodic and it involves 3 or at most 4 harmonics of the drive

frequency, the 0th, 1st, 2nd and perhaps the 3rd. It considers also

that a periodic oscillation implies a periodic tip–sample force. The

above considerations enabled to express the interaction force as a

Taylor series of those components. By applying the energy balance

andvirial theoremsomeanalytical expressionswerederived that link

the Fourier components of the force to the multi-harmonic obser-

vables (amplitudes and phase shifts). A contact mechanics model

is needed to parameterized the force into material parameters.282

Multi-harmonicAFMrequires to evaluate some integral equations to

link the observables into mechanical parameters involves.

Multi-harmonic AFM was applied to map of viscoelastic

parameters of cells.28,284,285 The softness of a cell implies that

the resonance curve of the cantilever is weakly distorted by the

interaction with the cell. This observation is consistent with

assuming an oscillation with just three harmonic components.

The method has been extended to measure the mechanical

properties of stiffer samples such as viruses.286

9 AFM phase-imaging

AFM phase-imaging has significantly contributed to the estab-

lishment of force microscopy as a key nanoscale characteriza-

tion method in materials science.5 In the mid-90s, amplitude

modulation AFM phase contrast images provided the first

high-spatial resolution maps of polymer surfaces in their

native conditions and state16,17,287–291 Some of the images of

block-copolymer interfaces could be considered iconic.292,293

Nowadays, AFM phase-imaging is routinely used in the charac-

terization of heterogeneous soft materials at the nanoscale.
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AFM phase-imaging is an element of amplitude modulation

(tapping mode) AFM.31,37 An AFM phase contrast image is

obtained by recording the phase shift on each point of the

surface f(x,y) while imaging the surface topography (Fig. 9a).

Thus, topography and phase contrast images are acquired

simultaneously (Fig. 9b and c).

The amplitude of the tip’s oscillation is controlled by the

convolution of the interaction force and the tip’s position and

by the amount of energy that the tip dissipates on the sample in

one oscillation.294 On the other hand, the sine of the phase

shift is directly proportional to energy dissipated by the tip on

the sample.295–297 Thus, in AM-AFM the amplitude and the

phase shift are controlled by different physical factors. This

property enables AFM phase-imaging to resolve features that

might be hidden in the topographic signal. The key role of

energy dissipation in explaining the contrast in AFM phase-

imaging might be counter-intuitive. It created some conflicting

interpretations that lasted from the early days298–305 to the

development of theory for imaging in liquid.306–308

9.1 Theory of AFM phase-imaging

Let’s consider a cantilever-tip system that is driven by a

sinusoidal force near a surface. In general, the phase shift

between the tip’s oscillation and excitation force depends on

both the elastic and the inelastic components of the interaction

force.294,308 This is a general property of oscillating systems.

However, in AM-AFM the feedback control imposes the condi-

tion of keeping A = constant while imaging. This condition

implies that, for moderate to high quality factor cantilevers

(Q Z 10), the phase shift contrast depends exclusively on

energy-dissipative processes.295–297,309,310 Moderate to high

Q-factors are commonly found in experiments performed in

air or vacuum.

The general solution of eqn (1) gives the deflection in terms

of the components of harmonics (no) of the frequency of the

driving force F0 cosot

z ¼ z0 þ
X

1

n¼1

An cosðnot� fnÞ (34)

where z0 is the mean deflection of the cantilever and An is the

amplitude of the nth harmonic.

Energy balance applied to a complete period of the tip’s

oscillation imply that the work performed by the driving force

must coincide with the sum of the total energy dissipated by the

tip–surface forces Edis and the energy dissipated in the medium

Fig. 9 AFM phase-imaging. (a) Scheme of phase shift contrast. The lag of tip’s response with respect to the driving force is the phase shift f. Phase shift

contrast might happen in heterogenous but otherwise flat samples (b) Reconstructed image of a polystyrene-block-polybutadiene-block-polystyrene

(SBS) film. The image was formed by combining topographic and phase shift images. The image shows the formation of terraces. The structure of the

domains change with the film thickness. In the lower terrace (film thickness of 32 nm) the cylinders are oriented perpendicular to the support. In the

higher terrace (57 nm) the domains are parallel to the underlying support. Reprinted with permission from ref. 293. Copyright 2004 AIP Publishing.

(c) Topography, phase shift and energy dissipation images of PS-b-PMMA film.216
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(air or liquid) Emed. Then, it was deduced306,308

sinf1 ¼
X

1

n¼1

n2An
2o

A0A1o0

1þ Edis

Emed

� �

(35)

The above expression establishes that the phase shift depends

on two factors, the generation of higher harmonic components

An and energy dissipation. The dependence with the energy

dissipated by the tip in the sample is explicit while the

dependence on the elastic interaction is implicit in the genera-

tion of An. Consequently, phase shift variations will depend on

both conservative and non-conservative interactions. However,

for moderate-to-high Q cantilevers (Z10) the amplitudes of

multi-harmonic components are negligible with respect to the

amplitude of the fundamental harmonic A1 ((An/A1)
2
{ 1 with

n Z 2).31 This leads to

sinf1 ¼
A1o

A0o0

1þ Edis

Emed

� �

(36)

where A1, A0, Emed are set at the beginning of the experiment,

consequently

f(x,y) = sin�1[c1 + c2Edis(x,y)] (37)

c1 and c2 remain constant during the imaging. Therefore,

the spatial changes of f (x,y) are directly related to change in

Edis(x, y). By reordering terms in eqn (36),

Edisðx; yÞ ¼ Emed

A0o0 sinj x; yð Þ
A1o1

� 1

� �

(38)

The validity of eqn (36) and (38) was confirmed experi-

mentally78,296 and by using numerical simulations.39,308,312

Eqn (38) is extensively applied to measure energy dissipation

processes at the nanoscale.309–315 This equation was used to

determine the Edis as a function of the tip–sample separation

(energy-dissipation curve). Those curves were applied to

identify dissipation processes at the nanoscale.39

Fig. 9c shows the apparent height, phase shift and energy

dissipation maps of a PS-b-PMMA film. Both the phase shift

and the energy dissipation maps show contrast between the PS

and the PMMA domains. However, the images by themselves do

not allow to associate a given region with either a PS or a PMMA

domain. This is a consequence of the semi-quantitative

character of AFM phase-imaging (see Section 10.1).

9.2 The paradox of AFM phase-imaging

Does the phase contrast measured between two points Df =

f(x1,y1) � f(x2,y2) involve necessarily local changes in the non-

conservative component of the force Fdis (x,y,z)? In general, the

answer is no. Once there is a dissipative interaction, local

changes in the elastic parameters of the sample could give rise

to local phase shift changes.

The application of the virial theorem294 to the tip’s motion

enabled to determine a expression for cos f(x,y). That expres-

sion together with eqn (37) enabled to calculate the dissipated

and stored energy of the tip as a function, respectively, of sin

f(x,y) and cos f(x,y). Proksch combined those expressions to

map loss tangent variations in polymeric films.316,317

9.3 Applications of AFM phase-imaging

AFM phase contrast images have contributed to solve many

problems in materials science. Let’s introduce some examples

from the 2014–2020 period. The phase shift signal was used to

generate subsurface images of polymeric materials.318,319

The hydration of biopolymers under different conditions was

followed by recording phase shift–distance curves.320,321

Several viscoelastic processes on polymer blends and polymer

nanocomposites have been studied by AFM phase contrast

images.322,323 The sensitivity of the phase shift signal has

enabled to detect interfacial fluctuations on PS-b-PMMA,324 to

perform in situ studies of crystallization of polymers as a

function of the temperature325 or to image in realtime self-

assembly processes.326 The compatibility of AFM phase-

imaging and high-speed AFM was demonstrated by imaging

membrane vesicles isolated from different bacterial strains at

2 s per frame (200 � 200 pixels).327

10 Open issues and future
developments

Does a nanomechanical map has less spatial resolution than

topography imaging? To what extent continuous mechanics

models are valid to describe the measurements? Those are

examples of some fundamental questions in nanomechanical

mapping. Other issues are more technical in nature. Recent

technology and scientific advances such as high-speed operation,

big data analysis and machine learning are about to influence the

field. Let’s examine in detail some of the issues that are likely to

shape the future of nanomechanical force spectroscopy.

10.1 Quantitative versus compositional contrast methods

The main goal of the field is to develop fast and high-spatial

resolution methods that provide values of a mechanical pro-

perty that either has a well-defined macroscopic counter-parts

or measures an intrinsic nanoscale property. Examples of the

former are the storage and loss modulus. An example of

the latter might be the determination of the energy of an

intermolecular bond.

Force–volume, bimodal AFM, contact resonance or torsional

harmonics provide maps of mechanical properties. Those

methods are quantitative. Topography and recognition imaging

and chemical force microscopy rely on the detection and/or

measurement of adhesion forces. Adhesion forces might not

have a direct relationship with a mechanical property of the

material because they depend on the contact area. Those

methods are qualitative. Qualitative methods might be useful

to generate high-resolution compositional contrast images or

to detect the position of a receptor molecule. AFM phase-

imaging is a singular case. It measures the energy dissipated

by the tip on the sample. This is not a mechanical property;

however, phase shift maps might be transformed into spatially-

resolved measurements of loss tangent values.
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10.2 Spatial resolution

Does nanomechanical mapping of soft materials imply less

spatial resolution? This question might not have a simple

answer. First, the spatial resolution will depend on the type

of mechanical property. Second, the methods discussed in this

review are not equivalent in terms of spatial resolution and

sensitivity.

An estimation of the spatial resolution lr for a tip of radius

R when long-range attractive forces are negligible with respect

to the value of the repulsive force is given by31

lr ¼ 2
3RFts

4Eeff

� �1=3

(39)

the lateral resolution depends on tip’s radius, applied force and

elastic modulus. According to eqn (39) a nanomechanical map

should have the same spatial resolution as the topographic

image. An applied force involves a certain signal-to-noise ratio

in the deflection signal. How the error propagates into a given

image/map depends on the processing path associated with

that image/map. In general, a nanomechanical map processes

more observables than a topographic image. Therefore, a

higher error, this is, less spatial resolution might be expected.

Let’s illustrate the above consideration by comparing high-

spatial resolution maps of membrane proteins.

The topography of native purple membranes was studied by

Muller and co-workers.328 This surface might be considered a

calibration standard for very high-resolution imaging of bio-

molecules in aqueous solutions. Fig. 10a shows a scheme of the

membrane structure. The purple membrane consists of 75%

bacteriorhodopsin (BR) and 25% lipids (w/w). BR forms a 2D

trigonal crystal (a = b = 6.2 � 0.2 nm). The position of the

transmembrane a-helices are marked.

Fig. 10b shows a state-of-the-art image of the extracellular

BR surface obtained by AFM (contact mode).328 A single defect

of the size of a BR trimer is marked. Fig. 10c and d show

bimodal AFMmaps of the EC.214 The bimodal image (topography)

shows the BR trimers in an hexagonal arrangement. The image

reveals the trimer’s lattice and single defects (marked). The

contrast might not be as good as in Fig. 10b but there is no loss

in spatial resolution. The elastic modulus map (raw data) shows

a regular pattern with a 6.2 nm periodicity but the hexagonal

structure is not readily visible (Fig. 10d). Cross-correlation

and averaging methods were applied to reveal the trigonal

structure (inset). The Young’s modulus across the BR trimers

changes between 30 to 40 MPa. Fig. 10e and f shows some FV

topographic and elastic modulus maps of the EC side of PM.111

Fig. 10 Topography and elastic modulus map of native purple membrane. (a) Trigonal structure of the extracellular (EC) purple membrane. Each trimer

is formed by 3 BR proteins. Protein data bank code 2at9. (b) Topographic image of the EC side. Image obtained in contact mode by applying a force of

100 pN. Reprinted with permission from ref. 328. Copyright 2000 Elsevier. (c) Bimodal topography of the EC side. (d) Bimodal elastic modulus map.

Bimodal images obtained by applying a peak force of 170 pN. Reprinted with permission from ref. 214. Copyright 2017 American Chemical Society. (e) FV

topography of the EC side. (f) FV elastic modulus map. FV images obtained by applying a peak force of 100 pN. FV images reprinted with permission from

ref. 111. Copyright 2011 John Wiley and Sons. The insets in (c–f) and show the 3-fold symmetrized averages.
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The topographic image shows the hexagonal arrangement of

the BR trimer (Fig. 10e). The elastic modulus map is very noisy

without providing any hint on the BR structure (Fig. 10f).

Extensive averaging methods were applied to reveal the peri-

odicity (inset).

This example shows that the spatial resolution in the

topography is not affected by nanomechanical mapping

(Fig. 10b, c and e) while the spatial resolution of the elastic

modulus maps (raw data) is diminished (Fig. 10d and f).

Nonetheless, the above conclusion is not general. The spatial

resolutions topographic and elastic modulus maps of some

proteins24 and block-copolymers216 were for all purposes identical.

10.3 Quantitative accuracy

The accuracy of a nanomechanical measurement is controlled

by three independent factors: the model or theory that

describes the mechanical properties of the sample, the theory

that transform observables into properties and the calibration

of the instrument.

10.3.1 Theories and models. The determination of material

property values requires two theoretical steps. First, a model that

relates forces, deformations and properties. Second, a theory that

transforms the observables into quantitative values of material

properties. Either contact mechanics theories or mechanical

models, this, models based on mechanical analogues are used

to solve the constitutive equations. Therefore, the accuracy of a

measurement will be limited by the suitability of the model or

theory used to describe the mechanical properties.

The second factor was rigorously addressed by the theories

of bimodal AFM214 and force–volume27 configurations. Let’s

assume that for a given material there is a contact mechanics

model that describes its mechanical properties. What is the

relative error incurred, for example, in the determination of the

Young’s modulus? A numerical simulator designed to describe

bimodal AM-FM operation214 showed that the Young’s

modulus can be determined with a relative error below 5%

over a 5 orders of magnitude range (1 MPa to 100 GPa). Similar

results were obtained for the determination of the viscosity

coefficient and the retardation times of the 3D Kelvin–Voigt

model.216

Numerical simulations of the equation of motion27 and

FEM44,65,95 simulations were used to establish the operating

conditions in FV to map elastic and viscoelastic properties with

accuracy. Theoretical expressions and numerical simulations

defined the frequency ratios required to determine the elastic

modulus of a material with an error below 5% by FV.27 The

validity of the bottom-effect correction expressions were tested

by comparing the force–distance curves deduced from the

bottom effect theory with the force–distance curves obtained

from finite element method (FEM) simulations.44,65 Those

comparisons showed the conditions to determine elastic and

viscoelastic parameters with a relative error below 10%. The

accuracy of AFM phase-imaging to determine the energy dissi-

pation and loss tangent values was discussed in Section 9.1.

10.3.2 Force constant and tip’s radius calibration. The

values of the cantilever’s force constant and the tip’s radius

are needed to transform the observables into forces. The

thermal noise method329,330 in combination with an interfero-

metric calibration of the optical sensitivity provides accurate

calibration protocols of the force constant.83,331,332 Some of

those protocols have been extended to the calibration of the

force constants of higher modes.333,334

Similarly, several methods335,336 have been proposed to

determine the tip’s radius. However, the resulting protocols

do not offer a quick and non-destructive determination of the

radius. An alternative approach to estimate the radius might be

obtained from the spatial resolution of the images. This

method is empirical and its accuracy relies on the identification

of an intrinsic structure of the sample.86,216

10.3.3 Sharp and colloidal tips. Nanomechanical mapping

is about generating high-spatial resolution maps of mechanical

properties. This definition demands the use of very sharp tips

(sub-5 nm radii). Those tips are needed to reveal with nanoscale

spatial resolution the mechanical properties of single proteins,

protein patches or polymer surfaces.

Ideally the size of the tip should be smaller than the lateral

extension of the key sample features. For single cells, the

relevant features might lie in the sub-100 nm range. Therefore,

nanomechanical mapping will require the use of tips with radii

in the sub-20 nm range.67,337 The use colloidal tips with radii

ranging from 1–50 mm is recommended for generating maps

of the mechanical properties of tissues or decellularized

extracellular matrices.85,338–340 In those samples the regions

of interest might be several micrometers wide.

Accurate nanomechanical measurements require to process

the data with the expression of the force that better describes

the geometry of the tip (Table 1). For an isotropic material, the

accuracy of the measurement is independent of the tip’s size. The

situation is more subtle on heterogeneous samples. Colloidal tips

provide an average of the mechanical properties of the different

structures or regions involved the contact area. Thus, experiments

performed on different regions of the sample might yield similar

values. On the other hand, a sharp tip will measure the mechan-

ical properties of smaller regions. Repeating the measurements

on other regions of the sample might yield significantly different

values. The observed differences might reflect the variations of

the local structure and properties of the sample and not errors

associated with the sharpness of the tip.

10.4 Comparisons with other methods

The values of some nanomechanical maps were compared to

the measurements obtained either by standard macroscopic

techniques such as dynamic mechanical analysis (DMA)341,342

or by nanoindentation methods.142,343 In addition, there are

also several comparative studies of AFM-based nanomechanical

methods.344,345 To reach meaningful conclusions, comparative

studies among macro, micro and nanoscale methods should

always be accompanied by a discussion about modulation

frequencies, calibration protocols, surface effects and micro

and nanostructure of the sample.

10.4.1 Comparisons with macroscopic and nanoindentation

measurements. AFM, nanoindentation and dynamic mechanical
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analysis (DMA) data are in good agreement when the differences

in the experimental protocols are also included in the analysis.

For example, similar values for the storage, loss modulus and loss

tangent of several rubbers were measured by nanoscale rheology

and DMA.108,316 The same conclusion was reached for FV

measurements of the elastic, storage and loss tangent values

of several polymers and polymers blends.86,346,347 One study

performed on polyurethane and polystyrene samples reported

that the agreement between rigidity modulus measured by FV

and DMA macroscopic measurements was only possible for

AFM experiments performed with dull tips (R 4 800 nm).348

This result is in conflict with the other studies that com-

pared nanoscale with either micro-scale or macroscopic

measurements.86,108,317,346,347,349

The stress applied on AFM-based measurements is between

one and two orders of magnitude higher than the one applied

on bulk measurements. It has been noted that, for certain

materials, the stress applied on AFM could be in a nonlinear

stress–strain regime, in particular when using sharp tips.348

This effect together with the use of continuous models to

describe nanoscale properties might cause some discrepancies

between nanoscale and bulk measurements. Paradoxically, the

repeatability of AFM measurements and the overall agreement

obtained between the data and the description provided by

contact mechanics models and FEM simulations indicates that

many AFM experiments are performed in a linear or near-linear

elastic regime.

It should be noted that the value of a mechanical property

at the nanoscale should not necessarily coincide with the value

of the same property at the macroscale. Macroscale measure-

ments provide average values over a large volume of the

material. On the other hand, AFM measurements provide local

values averaged over very small volumes of the material.

Mechanical properties of heterogeneous surfaces might have

intrinsic size effects, for example, the existence of stress

gradients at the domain boundaries.350

10.4.2 Comparison among AFM-based nanomechanical

methods. Comparative studies among nanomechanical force

spectroscopy methods were performed by measuring the elastic

and/or viscoelastic properties of a given sample.146,344,345 Those

types of studies are empirical in nature. Therefore, the conclu-

sions deduced from them should be taken tentatively unless

the results are reasoned in terms of physical models or

validated by tests against well-established calibration samples.

There is a strong activity in measuring the viscoelastic

properties of soft matter by AFM-methods.52,88–97,351–353 This

activity has generated several viscoelastic parameters which

makes hard to perform direct comparisons among results from

different groups even when the experiments were performed on

similar materials. A convergence towards the same viscoelastic

parameters should be expected for the next years.

10.5 High-speed operation

In the 90’s, AFM images were typically acquired at a scanning

rate in the fast direction of 1 Hz (0.01 frame per s, 100 �
100 pixels). In the 2010’s the typical scanning rate was increased

to 10 Hz. Nowadays, high-speed AFM operation implies scanning

rates above 100 Hz (Z1 frame per s, 100 � 100 pixels).

The next generation of nanomechanical force spectroscopy

methods will provide nanomechanical maps at high-speed

rates. The compatibilities of AFM phase-imaging327 and

bimodal AFM354 with high-speed operation has already been

demonstrated.

10.6 Correlative microscopy

Optical microscopy remains the method of choice for the

functional and compositional characterisation of biological

specimens in situ. Optical microscopy images provide large

fields of view, access to organelles deep inside the cell and

molecular labelling. Nanomechanical mapping would benefit

by its combination with different optical microscopy methods.

At the tissue level, immunofluorescence could be applied to

guide the AFM tip to specific regions of the sample.338,355 This

combination provides a link between mechanical property

characterization and biochemical composition. At the single

cell level, the integration of super-resolution microscopy356 and

nanomechanical mapping would offer unique features for

understanding cell dynamics and function.

10.7 Big data and Machine learning

The potential of big data analysis and machine learning algo-

rithms in AFM and force spectroscopy remains largely

unexplored.357–360 High-speed nanomechanical mapping will

generate large data files that will require the use of optimized

processing tools. At the same time, many technological and

biomedical applications will demand the automatization of AFM

imaging. Robotics, machine learning and new computational

tools are expected to have a significant impact in the field.

11 Conclusions

This review presented the experimental approaches, the theo-

retical background and the capabilities of the most advanced

nanomechanical mapping methods to measure at very

high (o10 nm) or high-spatial resolution (10–100 nm) the

mechanical properties of soft materials.

About 25 years ago the emergence of nanotechnology moti-

vated the development of the first nanomechanical mapping

methods. Nowadays, a variety of fields such as mechanobiology,

the development of smart materials, energy storage, nano-

medicine or clinical diagnosis provide the driving forces to

expand the capabilities of nanomechanical force spectroscopy.

In the near future, the field will experience the incorporation

of improved theoretical models and advanced data analysis

tools. At the same time, new hardware components and

architectures will make high-speed nanomechanical mapping

routine. In the long-term, I envision a new generation of

instruments that will integrate automatization, quantitative

accuracy, nanoscale spatial resolution, correlative microscopy

and large-scale characterization of soft materials in their native

state and environment.
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and J. Fels, Feeling for Filaments: Quantification of the

Cortical Actin Web in Live Vascular Endothelium, Biophys.

J., 2015, 109, 687–698.

81 M. Shibata, T. Uchibashi, T. Ando and R. Yasuda, Long-tip

high-speed force microscopy for nanometer-scale imaging

of live cells, Sci. Rep., 2015, 5, 8724.

82 E. Usukura, A. Narita, A. Yagi, S. Ito and J. Usukura,

An unroofing method to observe the cytoskeleton directly

at molecular resolution using atomic force microscopy, Sci.

Rep., 2016, 6, 27472.

83 H. Schillers, et al., Standardized Nanomechanical Atomic

Force Microscopy Procedure (SNAP) for Measuring Soft

and Biological Samples, Sci. Rep., 2017, 7, 1–9.

84 C. T. Lim, E. H. Zhou and S. T. Quek, Mechanical models

for living cells—a review, J. Biomech., 2006, 39, 195–216.

85 A. Dominguez-Bajo, A. González-Mayorga, C. R. Guerrero,
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