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The maximum force exerted by the tip of a force microscope on the sample surface is a critical factor that determines the spatial resolution and the degree
of invasiveness of the measurement, in particular, on soft materials. Here we determine the conditions needed to image soft matter in the 30—500 MPa
range while applying very small forces. Imaging at sub-50 pN in the elastic regime can only be achieved under strict conditions in terms of force constant
values (below 0.1 N/m) and free amplitudes (below 2 nm). The peak force depends on the operational parameters, probe properties, the elastic and/or
viscoelastic response of the sample, and the contact mechanics model. Images of heterogeneous samples are never taken at a constant peak force. Under
the same operational conditions, smaller forces are obtained on the more compliant materials. We also find that the viscoelastic response reduces the peak
force with respect to the purely elastic regions. Our findings are summarized in three-dimensional maps that contain the operational conditions for imaging
at low forces.
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ynamic atomic force microscopy
D (AFM) is the most common method

to generate atomic and molecular
resolution images of soft matter in liquid.' '3
It has been developed or applied to image
with high-resolution polymer surfaces, iso-
lated proteins, or packed arrays of proteins.
Dynamic AFM in liquid offers a variety of
experimental configurations'®~'® that go
from acoustic to magnetic excitation'*~'¢
or from amplitude' > to frequency modula-
tion AFM methods.*>'""7"'® The use of
sharp probes is generally acknowledged
as a necessary condition to achieve high-
resolution images.'®~2' Another critical factor
is the applied force.?” Force is the physical
quantity sensed by the AFM probe; how-
ever, the value of the applied force deter-
mines the spatial resolution and the degree
of invasiveness or nondestructive character
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of the measurement*>"2* A key test to
determine the degree of invasiveness of a
force microscopy measurement can be de-
duced by comparing the apparent AFM
height of a protein and its nominal height.
For IgM antibodies in water,'" this requires
the application of forces below 50 pN. Simi-
larly, the applied force determines the type
of information retrieved while imaging bio-
logical membranes in liquid.?* Muller et al.
found that, in order to properly measure
bacteriorhodopsin, loop forces below 100 pN
were required.** Sub-50 pN forces are claimed
but not measured in molecular resolution and
high-speed AFM images of proteins.>? Thus,
it can be concluded that high-resolution and
noninvasive imaging can only be achieved by
the application of very small forces.

Forces are directly sensed by the AFM
probe; however, they are not directly measured
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in dynamic AFM. The nonlinear character of the tip—
sample force prevents the deduction of analytical
expressions to calculate the maximum force (peak
force). Several force inversion methods have been
proposed;?* % however, their application has not
been generalized because their accuracy has not been
fully verified. In addition, those methods require the
simultaneous and accurate recording of the amplitude
and phase shift curves. As a consequence, most AFM
experiments do not provide information about the
forces used to generate the images. This complicates
the comparison among images obtained by different
dynamic AFM approaches which, in turns, limits the
reproducibility and slows down the progress toward
obtaining routinely molecular resolution images. Dif-
ferent models and numerical simulations offer insight
into the dynamics of the probe motion.>'®*'~3” Raman
et al. have proposed a parametrized expression to
calculate the peak force in air.® That expression has
been applied to study relatively stiff viral capsids
(>1 GPa) in liquid.>* However, detailed calculations of
the peak forces applied while imaging soft matter at
high resolution in liquid (sub-1 nN forces) have not
been provided.

Here we have performed an extensive study of the
forces applied in amplitude modulation atomic force
microscopy while imaging soft matter in liquid. We
have used two contact mechanics models, the widely
used Hertzmodel®® and the rarely used Tatara model.>*~*'
The calculations have been performed to simulate a
wide range of materials and experimental parameters.
The sample elastic modulus E; (Young's modulus) and
viscosity coefficient 7 range, respectively, from 30 to
500 MPa and 0 to 100 Pa-s.

The results show a nonlinear dependence of the
peak force on the local elastic modulus of the sample
and the set-point amplitude As,. Under the same opera-
tional conditions, that is, tip radius R,, force constant k,
free Ao, and set-point Ay, amplitudes, the peak force
increases with the elastic modulus. This result is at odds
with some simple approximations deduced by exten-
sion of Hooke's law.**> However, it is in agreement with
the parametrized expression deduced by Hu and
Raman.** In addition, we show that on soft matter
the peak force has a non-negligible contribution from
the cantilever deflection. Tatara and Hertz models give
the same qualitative trend. However, under the same
conditions, higher peak forces are given by Hertz
contact mechanics. We consider that Tatara's model
could provide a better description of the deformation
and forces involved in AFM experiments of biomole-
cules than the Hertz's model because it explicitly
addresses their finite size.

Figure 1 shows a scheme of the experimental setup
and the deformation induced on a soft material by the
tip's load according to Hertz and Tatara models. The
deformation and consequently the maximum force
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Figure 1. (a) Scheme of the probe—surface interface in
liquid. (b) Scheme of the sample deformation in the Hertz
model and definition of the tip's radius, contact area, and
indentation. (c) Scheme of the sample deformation in the
Tatara model and definition of the tip's and sample radii,
contact area, and indentation.

induced by the tip depends on both the operational
parameters such as the free and set-point amplitudes,
the probe parameters such as the force constant, the
radius and the sample elastic modulus, and the contact
mechanics model used to describe the experiment.

RESULTS AND DISCUSSION

A detailed description of the equation of motion, the
numerical simulations, and the modelization of the
tip—surface forces is found in Methods. Here, the
tip—surface force includes contributions from repul-
sive contact mechanics forces (as given by Hertz or
Tatara), Derjaguin—Landau—Verwey—Overbeek (DLVO)
electrostatic forces,** and viscoelastic forces deduced
from linear approximations, then

Fts = FHertz(Tatara) + FDLVO + Fv (1)

Figure 2 illustrates the definition of the peak force in
time-varying force plots. The curves show a repulsive
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Figure 2. Time-varying force for E; = 50 MPa with and
without viscous response. The simulations include DLVO
forces. For each curve, the maximum value in the force
curve is the peak force. Two full oscillations are shown: (a)
Hertz; (b) Tatara.

tail followed by a short attractive region (both coming
from DLVO forces) which ends once the tips establishes
mechanical contact with the surface. There are two
additional observations. First, under the same opera-
tional conditions, Hertz contact mechanics gives larger
forces than Tatara. Second, the peak force is reduced
by considering a viscoelastic response.

The behavior of the peak force as a function of
the sample's Young's modulus in the range of 30 to
500 MPa is plotted in Figure 3. This figure shows that
the force given by Hertz increases with E; from 100 pN
(Es = 40 MPa) to 230 pN at 500 MPa (elastic case). The
peak force is reduced significantly by using Tatara. For
the same range of E;, the force goes from 55 to 155 pN.
This trend is preserved when the material has a visco-
elastic response, although the values of the peak forces
are smaller. Increasing E; reduces the role of the viscous
force because the indentation is smaller (see insets)
than the contribution from viscoelasticity (see eq 12).

The dependence of the peak force with the material
might be surprising because the simulations have
been performed for the same operational parameters
(Ao=1nm, Ay, =0.9 nm) and the tip's values (k= 0.2 N/m,
Ri = 5nm, Q = 2, and f, = 25 kHz). The above
dependence shows that the transformation of the
kinetic energy from the tip into the sample's potential
energy is mediated by other factors such as the contact
time and the deformation. Under the same operational
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Figure 3. (a) Dependence of the peak force as a function of
the sample's Young's modulus for elastic (Hertz) and vis-
coelastic responses. (b) Dependence of the peak force as a
function of the sample's Young's modulus by using Tatara.
Simulation data, k = 0.2 N/m, fy =25 kHz, Q =2, A, =1 nm,
Asp = 0.9Ap, R, =5 nm, and Ry = 4 nm.

conditions, the stiffer the material, the higher the peak
force, and the shorter the contact time. This result
implies that imaging of heterogeneous surfaces is
never accomplished at a constant peak force value.

Tatara contact mechanics releases the vertical load
into both vertical and lateral deformations, which, in
turn, reduces the peak force with respect to Hertz. It
also considers the object with a finite size. However,
the qualitative behavior of the curves is independent of
the contact mechanics model. For the above reasons,
the Tatara model (with the addition of DLVO and
viscoelastic forces) has been used to generate the data
shown in Figures 4—6.

Figure 4 shows the dependence of the peak force
with A, For E; = 50 MPa, the peak force shows a small
increase with decreasing A, from A, to 0.75A,. For
lower A, values, the graph shows a sudden increase.
This behavior is not present in stiffer materials (Es =
500 MPa). For viscoelastic materials, the sudden in-
crease of the peak force is still present for £, = 50 MPa
(Figure 4b). For stiff materials, the curves show a
maximum with A,

The above results underline the different response
between soft and stiff materials to the tip interactions.
They also show the existence of two different mecha-
nisms for the generation of peak force values. In the
absence of dissipation, the reduction of the amplitude
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Figure 4. Dependence of the peak force with the set-point amplitude. (a) E= 50 MPa, 7 =0, and 100 Pa s. (b) E= 50 MPa, =0,
and 100 Pa s. The insets show the dependence of the deflection with respect to A,,. Contact mechanics by Tatara. Simulation
data, k = 0.2 N/m, fo = 25 kHz, Q = 2, Ao = 1 nm, A, = 0.9A, R; = 5 nm, and R, = 4 nm.
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Figure 5. Dependence of the peak force with the force
constant. Contact mechanics by Tatara. Simulation data,
k=02 N/m, fy=25kHz, Q =2, Ag = 1 nm, A, = 0.9A,, R, =
5 nm, and Ry =4 nm.

is caused by the detuning of the resonance curve.** For
high Young's modulus materials, the peak force follows
the trend of the minimum tip—surface distance with
Agp, which has a minimum.** However, for soft materi-
als and small A, values, the amplitude can only be
reduced by introducing a significant tip deflection.
A positive tip deflection is achieved by the feedback
mechanism that moves the z position of the sample
with respect to the tip until the Ay is reached. This
interpretation is confirmed by observing the correla-
tion between the peak forces and the cantilever de-
flection (insets in Figure 4). In soft matter, the presence
of high values of the cantilever deflection (relative the
oscillation amplitude) implies that the tip is in contact
with the sample during the whole oscillation cycle.
The dependence of the peak force with the canti-
lever force constant is shown in Figure 5 for two dif-
ferent values, 50 and 500 MPa (A, = 0.94p, Ag = 1 nm).
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(a)

Figure 6. Three-dimensional maps of the dynamic AFM
operational parameters that establish a given peak force
(here 75 pN) for a material with a Young's modulus of E =50
MPa: (a) elastic; (b) 7 = 100 Pa - s. Simulation data, f, = 25 kHz,
Q=2,R,=5nm, and R; =4 nm. Contact mechanics by Tatara.
In both cases, the dependence of Fpeax With k is almost
linear, although some minor deviations are observed
for low force constants. In this case, the peak force
follows the trend of Hooke's law.

Three-dimensional plots of the dependence of the
peak force with both the force constant and the free
amplitude provide a summary of the operational con-
ditions required to acquire images at a given peak
force (Figure 6). They could also provide guidelines to
achieve low forces in an experiment. The plots illustrate
the requirement of using small amplitudes to reduce
the force. Specifically, a peak force of 75 pN requires
the use of a free amplitude below 2 nm. It is interesting
to note that the introduction of viscoelasticity slightly
enlarges the operational space in all of the axes. For
example, the free amplitude goes from 1.8 nm (elastic)
t0 2.9 nm (7 = 100 Pa-s) (A, = 0.95A,). However, the
peak force reduction due to a viscoelastic response
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TABLE 1. Peak Force as a Function of E; and A, (k = 0.1
N/m, fo = 25 kHz, A;, = 0.9A, R =5 nm)

Foeak (pN)
Ap=1nm Ay=2nm
E; (MPa) Q=1 Q=2 Q=1 Q=2
50 24 7 87 43
75 42 18 119 67
100 55 27 141 85
200 89 59 197 127
300 108 75 231 150
400 122 85 256 168
500 132 92 278 184

maybe misleading because the viscous force could also
introduce some irreversible deformations.

In the presence of a viscoelastic response, the average
energy supplied by the eternal excitation to the cantilever
Wex: must be equal to the energy dissipated in the water
by hydrodynamic forces Wimeq and in the sample®® Eg;

Wext = Wmed + Edis ()

mechanical energy transferred from the tip to the
sample is divided between the elastic deformation
(peak force) and the dissipation associated with the
viscous force. For example, for k= 0.1 N/m, Ag=2.5 nm,
Asp=0.9A0,and 7 =100 Pa-s, we obtain Weq =4.96 eV
and Wey = 5.49 eV while the energy dissipated in the
sample is 0.51 eV. The value of Ey;s is smaller than the
maximum potential energy stored in the tip (E, =
0.5kAs,> = 1.58 eV); however, it could imply some
damage in molecular resolution measurements.

High-resolution imaging of biomolecular processes
at high speed represents one of the more recent and
exciting developments of force microscopy.>*>*? Ide-
ally, those measurements should be performed at
very low forces to minimize sample damage and to
avoid external perturbations. In those experiments, the
forces were estimated by using an expression derived
from Hooke's law

k(Ao — Asp)
Q

The above expression is not appropriate for two reasons.
First, it does not include any dependence on the material

3)

Fpeak =

METHODS

To describe the dynamics of the cantilever—tip system and
calculate the forces, we model the cantilever as a point-mass
model:**

mi(t) = —kz(t) — %z’(t) T Fuld)+Focoswt  (4)

where m is the effective cantilever mass that includes the
added mass of the fluid, w, is the angular resonant frequency,
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properties. Second, it underestimates the values of the
peak forces by at least a factor of 3. For example, it gives
a value of 20 pN (k= 0.1 N/m, Ag = 2 nm, A, = 0.9A,,
Q = 1), while the simulations give 87 and 141 pN,
respectively, for E; = 50 and 100 MPa. The Young's
modulus of small to medium size proteins falls in
the 10—100 MPa range. Table 1 summarizes the peak
forces for some selected Young's modulus and opera-
tional parameters.

CONCLUSION

We have calculated the peak force during the AFM
imaging of soft matter in liquid as a function of both
sample properties and instrumental parameters. Spe-
cifically, we have focused our study on soft materials
with Young's modulus ranging between 30 and 500 MPa.
The mechanical response of the sample has been
simulated by using both the standard Hertz contact
mechanics and the Tatara model which considers the
finite size of the sample. We have calculated three-
dimensional maps that show the interplay between
different operational parameters to image soft matter
at small peak forces. Those forces are the ones required to
image noninvasively most proteins. The results show
marked qualitative and quantitative differences between
soft and stiff materials. We summarize main findings:

(@) Under the same operational and probe condi-
tions, the peak force depends on the elastic properties
of the material. The stiffer the material, the larger the peak
force. As a consequence, images of heterogeneous sam-
ples cannot be taken at a constant peak force.

(b) A viscoelastic response enables the reduction of
the peak force.

(c) The amplitude reduction in stiff materials is
dominated by the detuning effect. In soft matter, in
addition to the above factor, the presence of a positive
cantilever deflection is a factor that contributes to the
amplitude reduction and then to the peak force.

(d) Imaging soft matter (E; = 50 MPa) at peak forces
below 75 pN requires the use of free amplitudes below
2 nm (elastic regime).

(e) The contact mechanics model has a significant
influence on the measured force. For soft materials, the
Tatara model gives peak forces that are a factor of
2 smaller than the forces given by the Hertz contact
mechanics.

Q the quality factor, and F represents the tip—sample
forces. The numerical solution of eq 4 is calculated by
using a fourth-order Runge—Kutta algorithm.** The use of
eq 4 in low Q environments is valid for directly excited
cantilevers (magnetic or photothermal excitation). The values
used for the resonant frequency, quality factor, and the tip's
radius are, respectively, fo = 25 kHz, Q = 2, and R, = 5 nm.
The deformation of the sample and thus the contact me-
chanics forces are described by either Hertz*® or Tatara
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models.3°~*" The repulsive force given the by Hertz is calcu-
lated by

Frere = 3Een /R0 )
Tatara model aims to overcome some limitations of the Hertz
model; namely, the contact region is not required to be flat,
and the finite size of the sample is taken into account. Thus
deformation happens in both the tip—sample and sample—
solid support contact surfaces. In Tatara's, the repulsive force
is given by

_ @ (30) o 1507 ) 5
Frae = 55720 +<8nc R ©

where
4
o=z ReftEett (7)
1 1T—v2 1 —?
—=—"4 : 8)
Eef E; Es
1 1 1
— =t 9
Rett R Rs
AERE,R;

ne (10)

T 61m -2V +vs — 202

In the above equations, ¢ is the indentation, v is the Poisson
coefficient (v, = 0.3 and v, = 0.45) where the subindices tand s
indicate, respectively, tip and sample), and E; = 170 GPa. The
sample indentation is treated differently in Hertz and Tatara.
In the Tatara model, the sample is deformed symmetrically on
both sides, the probe sample and the sample substrate. In
eq 6, the indentation is the addition of both deformations. In
Hertz, the deformation only happens in the region where the
probe is in contact with the sample. Consequently, for the
same peak force, the indentation is higher in Tatara (see
insets in Figure 3).

We only consider a viscoelastic response in the linear regime.
The viscous force for Tatara is calculated by using a linear
relationship between the stress ¢ and the strain ¢ (indentation)
and strain rate dd/dt. Similarly to the approach used by Garcia
et al.*> to deduce a viscous force by combining Hertz and Voigt
models, then

o= E6+n‘;—?

(11)
an expression for the viscous force can be obtained by combin-
ing Tatara and Voigt models is given by

Fy =~ 0.3517/ Reﬁég

where 7 is the viscosity coefficient. We considered two different
cases characterized, respectively, by # = 0 and 100 Pa-s. Thus
elastic and moderate viscoelastic materials are considered.

In the model, we have also introduced the forces given by the
Derjaguin—Landau—Verwey—Overbeek (DVLO) model.*® Although
many molecular resolution experiments are usually performed
in a high-ionic concentration buffer where DVLO forces are
greatly screened,”” the use of rather small amplitudes of 2 nm or
less makes the Debye length (~0.5 nm) comparable to the
oscillation amplitude. The DLVO forces are calculated by**

(12)

47R HR
Fowo = ——0t0sApexp(—d/Ap) — — (13)
&g 6

dZ
where gy, 0y, €, €0, Ap, and H are, respectively, the surface charge
density of the tip, the surface charge density of the sample,
relative dielectric constant of the medium, dielectric constant of
the vacuum, Debye length, and Hamaker constant. The simula-
tions have been performed with o, = 0.032 C m~2 (ref 47),
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0,=005Cm 2 (ref47),e=79,6,=885x 107" 2C*N""'m~2,
Ap=0.48nm,and H=05 x 1072°J.
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