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An atomic force microscope (AFM) method for measuring surface elasticity based on the adhesive
interactions between an AFM tip and sample surfaces is introduced. The method is particularly useful
when there is a large adhesion between the tip and soft samples, when the indentation method would be
less accurate. For thin and soft samples, this method will have much less interference from the substrate
than is found using the indentation method because there is only passive indentation induced by tip-
sample adhesion; in contrast, a large indentation with a sharp tip in the sample may break its stress-
strain linearity, or even make it fracture. For the case where it is difficult to accurately locate the tip-
sample contact point, which is problematic for the indentation method, the method based on adhesive
interactions is helpful because it does not require locating the tip-sample contact point when fitting the
whole retraction force curve. The model is tested on PDMS polymers with different degrees of cross-linking.

I. Introduction

The atomic force microscope (AFM) can be used to
measure elasticity of surfaces.1-8 Compared with other
tools, AFM can probe local surface mechanical properties
with high resolution, down to several tens of nanometers,
and with fine control of applied force, down to several
nanonewtons.9-11 These two characteristics give the AFM
advantages for studying the mechanical properties of
polymeric and biological systems because most of these
exhibit nanoscale heterogeneous modulus distribution.

Historically, the measurement of elasticity using AFM
has been accomplished by the indentation method,12-16 in
which the AFM tip is pushed into the surface of the sample,

and force-versus-distance curves are monitored. The
recorded force curves can be used to quantitate elastic
properties. However, the indentation technique has
limitations when applied to soft, thin, or adhesive samples
such as many biological and polymeric surfaces. For
instance, in the cases where it is difficult to accurately
locate the tip-sample contact point, a small uncertainty
will cause a significant error in calculating sample
elasticityusing the indentationmethod.Active indentation
in soft and thin samples also will have interference from
the substrate modulus, which complicates the study of
sample properties.16 Moreover, a large indentation with
a sharp tip in the sample may break its stress-strain
linearity, or even make it fracture. Sample elasticity can
also be evaluated by AFM phase imaging17,18 and the force
modulation19-22 technique; unfortunately, those tech-
niques also have significant limitations. AFM phase
imaging can only provide qualitative information about
the sample viscoelasticity. The force modulation technique
cannot be applied to soft samples since during scanning
there is a significant lateral force applied to the sample.
In the presence of significant adhesion, the force modula-
tion method is no longer quantitative because the elasticity
value is derived using the value of applied force, which is
difficult to quantitate.

The adhesive interaction and elastic deformation are
related.23-25 To complement the indentation measure-
ments, adhesive interactions between the AFM tips and
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the sample surfaces can be used to provide the elasticity,
though until now an accurate model has been lacking.26,27

We introduce an improved method based on the adhesive
interactions which effectively reduces limitations existing
in the indentation method. The method is particularly
useful when there is a large adhesion between the tip and
soft samples. For thin and soft samples, this method will
have much less interference from the substrate than is
found using the indentation method because there is only
passive indentation induced by tip-sample adhesion.
Meanwhile, the lower stress induced by tip-sample
adhesion may keep the stress-strain linearity of the
sample. The method based on adhesive interactions does
not require locating the tip-sample contact point when
fitting the whole retraction force curve. In the theory
section of this paper, a model based on using AFM force
plots is proposed. In the section of materials and methods,
details about samples and the experimental setup are
provided. In the Experimental Section, we show results
from applying the model to obtain the surface elasticity
of a series of poly(dimethylsiloxane) (PDMS) polymers,
with different degrees of cross-linking. In the discussion
section, we discuss the advantages and limitations of our
method.

II. Theory

Hertz28 proposed a continuum mechanics model to
describe the contact between two elastic spheres under
external load in the absence of adhesion. However, the
adhesion force can be significant and cannot be neglected
when the external load is very small; studies have shown
that significant elastic deformation can be induced by
adhesion under zero external load in some systems.29,30

As two elastic spheres contact, the adhesion and the
external load cause an elastic deformation, and a contact
area forms between the two elastic bodies.

When an AFM tip approaches and retracts from the
sample, it is deflected by the interaction with the sample.
A force curve is such a plot of the force applied to the AFM
tip (or the sample) as a function of the tip-sample
displacement of the cantilever holder relative to the
surface. AFM force plots can provide detailed information
about the interaction between an AFM tip and a sample.
The Young’s modulus of a sample can be obtained from
force plots by analyzing the sample deformation under
adhesive interaction with an AFM tip. When an AFM tip
approaches a soft sample, the adhesive interaction can
draw the tip into the sample, and when an AFM tip retracts
from a soft sample, the AFM tip can pull and deform the
sample by the adhesive interaction. We treat the AFM tip
and the sample as two elastic bodies; see Figure 1. The
AFM tip is represented as a sphere, and the spring
represents the AFM cantilever. P is the external force, R
is radius of the tip end (because the sample’s radius is
much larger than the tip’s, the normalized radius is
equivalent to the tip radius), a is the radius of tip-sample
contact region, kc is the cantilever’s force constant, and δ
is the deformation of the sample surface (the tip deforma-
tion should be negligible because for Si3N4 tips Young’s
modulus is ∼220 GPa and for commercial silicon canti-

levers Young’s modulus is ∼190 GPa,31 while Young’s
modulus of the sample of interest in this work is only
about 1 MPa).

Figure 1a is the case where the external load P ) 0, and
Figure 1b is the case where the external load P ) Fadh
where the contact between the tip and the sample
ruptures. The deformation of the sample ∆ is obtained by
taking the distance between the points where the external
load P ) 0 and where the external load P ) Fadh. This ∆
defines how much the sample can deform when it is pulled
under the adhesive interaction between the tip and the
sample. Z is the retraction distance of AFM’s piezoelectric
actuator, and Dadh is the deflective displacement of AFM
cantilever during this procedure. The total retraction
distance Zadh of AFM piezoelectric actuator consists of the
deflection displacement Dadh of AFM cantilever and the
deformation ∆ of the sample.

A typical AFM force plot for such a case is given in
Figure 2a, where the force is obtained by multiplying the
AFM cantilever deflection by the force constant of the
cantilever. Upon approach to the surface, the tip jumps
to the surface at the point of mechanical instability, when
the gradient of the interaction force exceeds the force
constant of cantilever. Since the force curve shown in
Figure 2a does not exhibit an instantaneous jump-to
contact, we can then conclude that the gradient of the
interaction force is much less than the force constant of
cantilever. Therefore, the point where the interaction
becomes attractive corresponds to the point where tip
contacts the surface. Once the tip contacts the surface,
the tip is pulled into the sample by the adhesive interaction
between the tip and the sample. This is shown as the
sharp decrease of the force on the AFM cantilever in the
extension part of the force plot in Figure 2a. The force plot
is converted into its corresponding force vs indentation
plot in Figure 2b. In the force vs indentation plot, there
are some distinct points that correspond to moments of
tip-sample interactions that are relevant here. These
points are marked in Figure 2b. At point “0”, where the
AFM tip is drawn in the sample surface due to the adhesive
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Figure 1. The AFM tip and sample treated as two elastic
bodies. The AFM tip is represented as a sphere, and the spring
represents the AFM cantilever. (a) The sample is deformed by
adhesion when the external load P ) 0. (b) The sample is
deformed by adhesion when the external load P ) Fadh.
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interaction, the stored elastic energy and the surface
energy are balanced and, hence, there is a zero external
force on the AFM cantilever; the indentation between the
point where the tip starts to contact the sample surface
and point “0” is defined as the adhesion-induced indenta-
tion, as shown in Figure 2b. Point “1” is where the tip has
a maximum external force; point “2” is where the tip has
zero indentation in the sample; and point “3” is where the
tip ruptures from the sample. Since the rupture point has
different definitions in different models, point “3” is not
specified here; it is just generically indicated on the force
curve in Figure 2b. Points “0”, “1”, and “2” can be read
directly from the force plots, and point “3” can be predicted
in models such as the Johnson-Kendall-Roberts theory.32

So long as the relationships of the indentationδ-contact
radius a and of the external force P-contact radius a are
known, one can obtain the elastic properties of the samples
by combining any two points in the retraction part of the
force plots, and we call the method based on using two
such points on a force curve the “two-points method”. For
instance, the indentation δ and external force P are both
functions of the contact radius a, interfacial energy γ12,
and the sample elasticity E; i.e., δ ) δ(a,γ12,E), and P )
P(a,γ12,E). For any two points on a force curve, there are
four equations and four variables a1, a2, γ12, and E, where
a1 and a2 are the contact radii at the two points on a force
curve. The indentation δ and external force P at each point
can be obtained directly from the force curve in Figure 2b.
Therefore, the sample elasticity E can be obtained by the
two-points method. For the ease of data processing and
to compare consistently, we choose to combine the special
points in the force curve to calculate the sample elasticity.
More specifically, point “0” was combined with any of the
three points “1”, “2”, and “3” according to the two-points
method. The combinations “0” with “2” and “0” with “3”
can be used in simple analytical expressions for the sample
elasticity in the JKR model,32 as will be discussed below.
The sample elasticity can also be extracted by fitting the
whole retraction curve of the force plots, as will be
discussed in the discussion section. We will propose
different methods to calculate the sample elasticity by
treating an AFM tip in different ways. We will use

subscripts to denote the related contact radius a, indenta-
tion δ, and external force P at each special point. For
instance, a1, δ1, and P1 are the contact radius, indentation,
and external force at point “1” respectively.

Case 1. The AFM tip is treated as a sphere, and its
contact radius with the sample is small. For this case,
Johnson, Kendall, and Roberts32 proposed a theory
(henceforth called the JKR theory) that includes the
adhesion effect. To assist the later introduction of our
model, we first briefly review some of the main conclusions
of the JKR theory. Further details can be found in the
literature.32

As two elastic spheres contact, the adhesion and the
external load cause an elastic deformation, and a contact
area forms between the two elastic bodies. According to
the JKR theory, the contact radius a of the contact area
is given by

where P is the external load, γ12 is the interfacial energy,
a0 is the contact radius under zero external load, δ is the
sample deformation, R ) R1R2/(R1 + R2) is the normalized
radius of the two spheres with radii of R1 and R2, K )
4/3π(k1 + k2). k1 and k2 are the elastic constants of each
sphere, that is

and

(32) Johnson, K. L.; Kendall, K.; Roberts, A. D. Proc. R. Soc. London,
Ser. A 1971, 324, 301-313.

Figure 2. (a) A typical AFM force plot for the case of an AFM tip interacting with a soft sample under adhesive interaction. (b)
The corresponding force vs indentation plot. The forces on the AFM tip as it approaches the surface are indicated by the dashed
lines while the forces upon retraction are shown by the solid lines. Point “0” is where the AFM tip has zero external force, “1” is
where the tip has a maximum external force, “2” is where the tip has zero indentation in the sample, and “3” is where the tip ruptures
from the sample.
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where ν is the Poisson ratio and E is the Young modulus
of each material.

Under negative loads, the spherical tip adheres until,
at the critical negative force, the surfaces suddenly jump
apart. The contact radius a3 at the rupture point is given
by

The point “3” in Figure 2b for the JKR model then can
be located using eq 4.

Combining points “0” and “3”, one obtains (details can
be found in the Supporting Information)

Combining eqs 5 and 6, one obtains

When, as is typical for examining polymer surfaces with
a hard tip, the elastic modulus of the tip greatly exceeds
that of the sample, the elastic modulus E of the sample
is given by

where υ is the Poisson ratio of the sample.
Combining points “0” and “2”. Similarly, one can obtain

Combining points “0” and “1”. E can be obtained by solving
eqs 1, 2, and 3. First, a0 and a1 can be solved from eq 3
because δ0 and δ1 are known from the force plots; second,
one combines eqs 1 and 2 and obtains

from which K can be obtained.
Case 2. The AFM tip is treated as a sphere, but its

contact radius with the sample is large. The JKR
theory of the elastic contact of spheres with adhesion is
valid only for small contact radii (much smaller than the
sphere radii). Many references have theoretically and
experimentally shown that for the case of small particles
(about several micrometers) on very compliant elastic
substrates (about several megapascals), the contact radius
under zero load can be rather large and does not vary as
the particle radius to the 2/3 power, but rather to the first
power.29,30,33-35 This is true for the case in this study, where

the tip end is small (<60 nm) and the samples are very
compliant (<5 MPa). Maugis36 extended the JKR theory
by using the exact expression for the profile of the sphere
and obtained δ(a), and P(a).

Therefore, the sample elasticity can be obtained from
eqs 11 and 12 by combining point “0” and any other special
point in Figure 2b.

Case 3. The AFM tip is treated by a hyperboloid
shape. We used silicon nitride cantilevers (NP-C, Vecco
Metrology, nominal kc ) 0.58 N/m) to collect force plots,
where the Si3N4 tip shape could be modeled by a hyper-
boloid. A scanning electron microscope (SEM) image of
one of these tips and a fit using hyperboloid shape can be
seen in Figure 3.

The profile function for a hyperboloid shape tip is given
by

where R is the radius of the curvature of the tip apex, R
is the tip semivertical angle as shown in Figure 3, and x
is the vertical distance vertically down the tip (x ) 0 is
the apex of the tip). To solve the dependence of the load
and indentation on the contact radius, we used Griffith’s
criterion37 and the method proposed by Sneddon38 and
obtained

and

(33) Weisenhornt, A. L.; Khorsandit, M.; Kasast, S.; Gotzost, V.; Butt,
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S. R.; Urban, P. W. J. Appl. Phys. 1992, 71, 2253-2258.

(35) Johnson, K. L.; Sridhar, I. J. Phys., D: Appl. Phys. 2001, 34,
683-689.

(36) Maugis, D. Langmuir 1995, 11, 679-682.
(37) Swedlow, J. L. Int. J. Fract. Mech. 1965, 1, 210-216.
(38) Sneddon, I. N. Int. J. Eng. Sci. 1965, 3, 47-57.
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Figure 3. The Si3N4 tips used here can be modeled by
hyperboloids. A SEM image of one of these tips is fitted by a
hyperboloid profile. R is the radius of the curvature of the tip
apex, R is the tip semivertical angle, andx is the vertical distance
vertically down the tip.
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where δ and P are the indentation and the load, respec-
tively. R is the tip radius of curvature, A ) R cot(R), R is
the tip semivertical angle, ν is the Poisson ratio of the
sample, E is the elastic modulus of the sample, a is the
contact radius, and γ12 is the interfacial energy of the tip
and the sample. See the Supporting Information for
details. The sample elasticity can be obtained based on
eqs 14 and 15 by combining point “0” and any other special
point in Figure 2b.

III. Materials and Methods

The methods introduced above relate Young’s modulus
of a sample to its deformation under adhesive interaction
with an AFM tip. For all the cases discussed above, the
indentation and the AFM cantilever deflection can be
obtained directly from the force plots, by which the contact
radii can be calculated as discussed in the theory section
above. For an example showing detailed computation of
the two-points method, see the Supporting Information.
The loading force on the AFM cantilever can be obtained
by multiplying the cantilever deflection by kc, the force
constant of the AFM cantilever. kc can be obtained by
several methods.39-44 We used Cleveland’s method42 to
calibrate the force constants of cantilevers. The tip radii
were measured by SEM and AFM.45 To test our model, we
studied a series of PDMS samples with different degrees
of polymerization. PDMS has moderate adhesion to Si3N4
or silicon AFM tips.

PDMS samples were kindly provided by Vorvolakos and
Chaudhury.46 Samples were prepared in hemisphere
droplets with diameters of about 5 mm and heights of
about 2 mm. The degree of polymerization was adjusted
by controlling the ratio of the prepolymer and cross-link
agent.46 The degrees of polymerization (DP) of the samples
are DP ) 18, 25, 37, 60, 120, 253, and 705 (corresponding
to molecular weights of the oligomeric precursor (kg/mol),
M ) 1.33, 1.85, 2.74, 4.44, 8.88, 18.72, and 52.17,
respectively). A smaller DP polymer is expected to have
a larger elastic modulus because smaller DP corresponds
to a higher density of cross-links, or smaller molecular
weight between cross-links. Cross-links occur at the ends
of oligomer precursors.

A Dimension 3100 AFM with a Nanoscope III controller
(Vecco Metrology, Santa Barbara, CA) was used to collect
the force curves. The polymer samples were imaged using
AFM in intermittent contact mode and showed that the
root mean square roughness of the samples is ∼1 nm over
5 × 5 µm2 and 10 × 10 µm2 scan size. (The details of
surface roughness characterization can be found in the

Supporting Information.) A smooth sample surface can
simplify the collection of force curves because the topo-
graphical effect is minimized. Force volumes,47 arrays of
force curves in a two-dimensional grid across the surface,
were collected, to reduce the statistical error. Silicon
cantilevers (NSC15, Micromash, nominal kc ) 40 N/m)
were used for intermittent contact mode imaging. Before
use, all tips were cleaned by argon plasma for 20 s at a
low power (180 W). A spherical colloidal tip was prepared
by gluing a glass bead (about 7 µm in diameter) to the end
of an NP-C cantilever using epoxy.48-50 Cantilever sen-
sitivities were collected on a piece of sapphire before and
after each experiment.

The experiments were done on the PDMS samples with
different degrees of polymerization using one silicon
nitride cantilever and one bead-attached tip, so the
cantilever force constants and the tip radii were the same
for all samples. The force plots were processed by custom
software written using Matlab (The Mathworks, Inc. Novi,
MI).

IV. Experimental Results

The analysis of force plots over a test area gives the
distribution of sample moduli. A typical summary for 25
DP PDMS at scan rate of 0.1 Hz over 5 × 5 µm2, analyzed
using eq 8 of the JKR model introduced above, is given
in Figure 4.

Figure 5 gives the elasticity values calculated by
different methods for PDMS samples studied at a scan
rate of 0.1 Hz, showing how elasticity correlates with the
reciprocal of molecular weight of the oligomeric precursor.
Also included are the macroscopic results of elasticity
obtained using the well-known macroscopic JKR tech-
nique,46 in which hemispheres of the silicone rubber were
pressed into contact with a reflective surface, and the
normal load and contact area were recorded for a range
of loads. Parts a and b of Figure 5 were obtained using the
same data collected by a regular silicon nitride NP-C AFM
tip. Figure 5a gives the results obtained from the JKR
model which assumes a spherical tip; Figure 5b gives the

(39) Toriiy, A.; Sasakiz, M.; Hanex, K.; Okumaz, S.Meas. Sci. Technol.
1996, 7, 179-184.

(40) Hutter, J. L.; Bechhoefer, J. Rev. Sci. Instrum. 1993, 64, 1868-
1873.
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1999, 70, 3967-3969.
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(45) Ramirez-Aguilar, K. A.; Rowlen, K. L. Langmuir 1998, 14, 2562-
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6787.
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(48) Ducker, W. A.; Senden, T. J.; Pashley, R. M. Langmuir 1992, 8,
1831-1836.

(49) Muster, T. H.; Toikka, G.; Hayes, R.; Prestidge, C. A.; Ralston,
J. Colloids Surf., A 1996, 106, 203-211.

(50) Toikka, G.; Hayes, R. A.; Ralston, J. Langmuir 1996, 12, 3783-
3788.

Figure 4. Elasticity (6.63 ( 0.47 MPa) obtained from force
plots collected over a surface of 25 DP PDMS at a scan rate of
0.1 Hz (Kc ) 0.66 N/m, R ) 58 nm) over an area of 5 × 5 µm2.
There are 256 force plots in the force volume data. The data
were analyzed using eq 8 of the JKR model.
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results obtained from the model based on a hyperboloid
tip, which is close to a real tip shape. Figure 5c was
obtained using the data collected by a colloidal tip as
described in the materials and methods section. When

the colloidal tip was used to collect force plots, the
adhesions between the large tip and soft samples (120
DP, 253 DP, and 705 DP) were so large that the cantilever
deflection was beyond the detection limit. Thus the results
for harder samples alone are given in Figure 5c.

V. Discussion

Comparing parts a and b of Figure 5, one can see that
the results obtained from the methods based on a
hyperboloid tip shape are more consistent with the
macroscopic results than those from the JKR methods.
As we briefly mentioned above, the JKR theory for the
elastic contact of those adhesive spheres is valid only for
contact radii much smaller than sphere radii. This is not
true for small particles on very compliant elastic sub-
strates, which can have larger contact radii under a zero
load. The real tip shape has to be considered when
characterizing very soft samples because the adhesion-
induced indentation of the AFM tip into a sample during
loading is very large. For instance, when the external force
is zero, the adhesion-induced indentation of a tip into 120
DP PDMS sample is about 200 nm, which is much larger
than the 60 nm tip radius; see Figure 6. Treating the tip
as a sphere with a radius of the tip apex significantly
underestimates the real contact radius when a tip has a
deep indentation into a sample. This is why the moduli
obtained from the JKR methods are smaller than the
macroscopic moduli for harder polymers (18 DP, 25 DP,
37 DP, and 60 DP). When a sharp tip indents into a
network, whether the continuum mechanics can hold is
always a concern. The sample we discussed in Figure 6
is the 120 DP PDMS. The PDMS samples studied in this
work have highly coiled chains between networks and
can hold their continuum mechanical property under large
deformation. (See the Supporting Information for a
detailed discussion.) In addition, in Figure 6b, the strain
of the polymer network under the tip can be estimated as
1 under the adhesion-induced stress, which is smaller
than the upper limit for stress-strain linearity of typical
rubbers. This analysis also implies another advantage of
the method that is one can obtain the elasticity of the
sample more accurately than using the indentation
method if the indentation in the sample breaks stress-
strain linearity of the sample, or makes it fracture.

One can see in parts a and b of Figure 5 that, for
estimates made by both the JKR methods and the methods
based on a hyperboloid tip shape, the moduli of softer
polymer 253 DP and 705 DP are all much larger than
those obtained using the macroscopic method. We believe
that this is mainly due to the strong tacky effect for very
soft materials, which was studied by Barquins and
Maugis51 for a spherical tip. This will be discussed
elsewhere. To examine this assumption, we calculated
elasticity values solely based on the adhesion-induced
indentation for a hyperboloid tip because the adhesion-
induced indentation corresponds to the process of in-
creasing of the contact area, which exhibits no tacky effect.
Using eqs 14 and 15, one obtains the elasticity by the
adhesion-induced indentation alone, i.e., the point “0” in
Figure 2b, as long as the interfacial energy between the
tip and the sample is known. The interfacial energy
between SiO2 (the out layer of the plasma cleaned Si3N4
tip) and PDMS is about 58 mJ/m2.52-54 The results are

(51) Barquins, M.; Maugis, D. J. Adhes. 1981, 13, 53-65.
(52) Fowkes, F. M., Chemistry and Physics of Interfaces. American

Chemical Society: Washington, DC, 1965; pp 1-12.
(53) Papirer, E.; Balard, H. The Surface Properties of Silicas; Legrand,

A. P., Ed.; Wiley: New York, 1998; pp 315-364.

Figure 5. Elasticity for all PDMS samples obtained using
different methods plotted versus the reciprocal of molecular
weight of the oligomeric precursor. (a) Results obtained from
a JKR model which assumes a spherical tip. (b) Results obtained
from a model based on a hyperboloid tip. (a) and (b) were
obtained using the same data collected by a regular Si3N4 AFM
tip. Obtained through analysis such as in Figure 4, each plotted
elasticity in (a) and (b) represents the median value obtained
from the corresponding force volume data at a scan rate of 0.1
Hz over an area of 5 × 5 µm2. The error bars are the standard
deviation of the mean of all the data in a force volume. For the
data points that do not show error bars, actual errors are less
than the marker size. (c) Results based on the data collected
by a colloidal tip, whose adhesion to 120 DP, 253 DP, and 705
DP PDMS are so large that the cantilever deflection is over the
AFM detection limit, so no elasticity values are obtained for
these samples. The macroscopic results are taken from Vor-
volakos.46
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given in Figure 7. The moduli obtained from the adhesion-
induced indentation are consistently slightly smaller than
the macroscopic results, which could be due to an
underestimate of the interfacial energy, but the results
for the 253 DP and 705 DP samples are much closer to the
macroscopic results than would be obtained using our AFM
adhesion rupture method. This is interesting because it
can provide an indirect way to obtain the elasticity for
very tacky samples without dealing with the complicated
viscoelastic effects, as long as the interfacial energy can
be estimated. The method based on the adhesion-induced
indentation is especially good for a series of samples which
have same chemical composition but different moduli
because the interfacial energy may be obtained from the
less tacky samples once their elasticity values are known.

Using a spherical tip improves the applicability of the
JKR-method-based elasticity measurements. The results

obtained using the data collected by a spherical colloidal
tip (Figure 5c) are closer to the macroscopic values than
those where the JKR method was used for the data colleted
by a regular AFM tip (Figure 5a). However, a large colloidal
tip can reduce the ability of AFM to measure local sample
elasticity at high spatial resolution. Because the colloidal
tip was so large, the deformation of the samples was always
quite small compared to the tip radius. This caused the
JKR and Maugis’s fits, where the latter is based on an
accurate spherical profile, to be equivalent to each other,
as one can see in Figure 5c.

In some cases, it is very difficult to unambiguously locate
the contact point as seen in Figure 2a. Thus, it is not
possible to obtain the absolute indentation value δ at each
point on the AFM retraction force curve as seen in Figure
2b. In this case, fitting the whole retraction force curve
for sample elasticity E and interfacial energy γ12 is a better
method, without the need to know the absolute indentation
value δ for each point on the force curve. As an example,
Figure 8 shows the results of 25 DP PDMS. Figure 8a is
the histogram of elasticity E (6.05 ( 0.36 MPa) obtained
for all force plots of 25 DP PDMS force volume data (same
data as in Figure 4). Figure 8b shows the averaged force
plot (obtained by averaging all the force plots in the force
volume data) and its fitting curve using E ) 6.05 MPa
and γ12 ) 60.5 mJ/m2, which are the mean values obtained
from the fit. All fits are based on the model for a hyperboloid
tip shape, i.e., eqs 14 and 15.

Following the style of Figure 4, Figure 9 shows a
comparison of the macroscopic results, the hyperboloid
two-points method, and the hyperboloid whole curve fitting
method. From Figure 9, one can see that the hyperboloid
two-points method and the hyperboloid whole curve fitting
method closely agree with the macroscopic results. One
very interesting thing is that for soft polymers (120 DP,
253 DP, 705 DP PDMS samples), the two methods showed
opposite trend in the elasticity values. This is probably
due to the different ways of treating the viscoelastic effect
in the two methods. However, this discussion is beyond
the scope of this paper. The whole curve fitting method
is very time-consuming. In our case, it usually takes 5 h
to fit all force plots in a force volume data on a Pentium4
2.0 GHz computer. Therefore, we prefer to use the two-
points method, which takes only a few minutes to do a fit.
However, as mentioned earlier, for cases when the contact
point is hard to locate, the whole curve fitting method is
necessary.

(54) Owens, D. K.; Wendt, R. C. J. Appl. Polym. Sci. 1969, 13, 1741-
1747.

Figure 6. The adhesion-induced indentation of AFM tips on a very compliant surface can be much larger than the tip radius. (a)
A typical force-indentation plot collected on a 120 DP PDMS sample using a regular Si3N4 AFM tip (kc ) 0.66 N/m). (b) Schematic
representation of a tip indenting the 120 DP PDMS sample due to the adhesive interaction.

Figure 7. Elasticity for all PDMS samples obtained using the
adhesion-induced indentation method and the correlation
between the elasticity and the reciprocal of molecular weight
of oligomeric precursor 1/M. Obtained through analysis such
as in Figure 4, each plotted elasticity point in this figure
represents the median value obtained from the corresponding
force volume data at scan rate of 0.1 Hz (Kc ) 0.66 N/m, R )
58 nm) over an area of 5 × 5 µm2 on a PDMS sample. The error
bars provide the standard deviation of the mean of all the data
in a force volume. The macroscopic results are taken from
Vorvolakos.46
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In addition to the tip shape and the adhesion hysteresis,
there are several other factors that affect the applicability
of this method, both practically and theoretically. These
factors are the interfacial adhesive energy between the
tip and sample, the relative stiffness of the cantilever and
the sample, and environmental humidity. Because this
model to evaluate elasticity of a sample is based on the
tip-sample adhesion behavior, the adhesion between the
tip and the sample should be enough to deform the
cantilever and the sample measurably as the tip is pulled
away from the sample surface. However, the adhesion
should not be so much that the induced cantilever
deflection is over the detection limit of the AFM for that
cantilever, as was observed for the colloidal AFM tip. The
relative stiffness of the cantilever kt and the sample ks

must be chosen to optimize the signal-to-noise of the force
plots, which was discussed by Aime et al.55 There are two
extreme cases. One is the fixed load case, kt , ks, in which
pulling on the sample will not cause a noticeable defor-
mation ∆. Another case is the fixed grid, kt . ks, in which
the cantilever deflection is kept close to zero as it is pulled
off the surface. Since the effective sample stiffness ks )
(∂P/∂δ)A, where A is the contact area, depends on the
magnitude of the contact area (ks ) 3/2aK for the JKR

model, where K ) 4E/[3(1 - v2)]), the relative stiffness of
the cantilever and the sample should be estimated all-
around by considering the tip radius, sample elasticity,
and their adhesion strength. The capillary effect, which
results from the condensation of water around the tip on
hydrophilic surfaces, can be important in determining the
tip-sample behavior.56,57 However, because PDMS is very
hydrophobic, this effect was not significant in our experi-
ment. Jones et al.58 studied the dependence of pull-off
force on relative humidity between a silicon AFM tip and
a hydrophobic silicon surface and found that the pull-off
force is almost constant over the entire range of relative
humidity, which means the capillary effect is negligible
for hydrophobic polymers.

VI. Conclusion

Methods to calculate a surface modulus based on the
adhesive interaction between AFM tips and samples have
been presented. The methods are useful for soft and thin
samples because accurately locating the tip-sample
contact point is not necessary when fitting the whole
retraction force curve. The method introduced here has
less interference from the substrate than does the
indentation method. The analysis and discussion show
that the adhesive interaction model works reasonably well.
Without any correction, the results for moderately soft
samples such as 18 DP, 25 DP, 37 DP, 60 DP, and 120 DP
PDMS samples, which have elastic moduli ranging
between 10 and 1 MPa, are very close to the results
obtained from the macroscopic JKR method. Our model
could benefit from the inclusion of the corrections for the
viscoelastic effect, which caused errors a factor of 5 and
a factor of 2 for the softest samples 705 DP and 253 DP
PDMS samples, respectively, and this will be examined
later.
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Figure 8. Elasticity E can be obtained by fitting the whole retraction curve without the need of knowing the absolute indentation
value δ for each point on the force curve. (a) Result obtained for all force plots of 25 DP PDMS force volume data (same data as
in Figure 4). (b) The averaged force plot (obtained by averaging all force plots in the force volume data) and its fitted curve using
E ) 6.05 MPa and γ12 ) 60.5 mJ/m2, which are the mean values obtained from the fit.

Figure 9. Comparison of elasticity for all PDMS samples
obtained using different methods is plotted versus the reciprocal
of molecular weight of the oligomeric precursor 1/M. The
macroscopic results are taken from Vorvolakos.46
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Supporting Information Available: Derivations of
eqs 5 and 6, derivation of the dependence of the load and
indentation on the contact radius for a hyperboloid tip, detailed
computation using the two-points method, chatracterization of
surface roughness of PDMS samples, and validity of the

continuum mechanics during the sharp tip indenting in the
polymer network. This material is available free of charge via
the Internet at http://pubs.acs.org.
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