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From elasticity to capillarity in soft materials indentation
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For soft materials with Young’s moduli below 100 kPa, quantifying mechanical and interfacial properties by
small scale indentation is challenging because in addition to adhesion and elasticity, surface tension plays a
critical role. Until now, microscale contact of very soft materials has only been studied by static experiments
under zero external loading. Here we introduce a combination of the colloidal probe technique and confocal
microscopy to characterize the force-indentation and force-contact radius relationships during microindentation
of soft silicones. We confirm that the widespread Johnson-Kendall-Roberts theory must be extended to predict
the mechanical contact for soft materials. Typically a liquid component is found within very soft materials. With
a simple analytical model, we illustrate that accounting for this liquid surface tension can capture the contact
behavior. Our results highlight the importance of considering liquid that is often associated with soft materials
during small scale contact.

DOI: 10.1103/PhysRevMaterials.1.015602

I. INTRODUCTION

Micro- and nanoscale contact between two solid bodies
is ubiquitous throughout nature as well as in manufacturing,
technology, and materials characterization. For example, many
climbing organisms generate small contact points with their
counterpart surface, making small scale contact mechanics
important for the development of bioinspired adhesives [1–3].
In mechanobiology, cell-cell and cell-surface forces are
essential elements in understanding tissue development,
where contact points are on cellular to subcellular length
scales [4–6]. From an industrial perspective, processability
and manufacturing of cosmetic, food, and pharmaceutical
products hinges upon understanding the adhesion between
micro- and nanoscale particles in cohesive powders [7,8].

A common model system to study small contact is a
spherical microparticle indenting a flat plane. Taking into
account deformation and adhesion of the two interacting
surfaces, the Johnson-Kendall-Roberts (JKR) theory describes
the contact mechanics by relating external force (F ), contact
radius (a), and indentation depth (δ) [9]. Johnson, Kendall,
and Roberts demonstrated that even under zero external load,
a gain of interfacial energy in the contact zone establishes a
finite contact area between two rubber spheres. Since then, the
JKR theory has become a staple in characterizing mechanical
properties and adhesion of soft materials [10–23].

For super soft or biological materials with Young’s moduli
(E) on the order of a few kilopascals, JKR theory breaks down
on small scales [24–27]. This discrepancy has been linked to
surface stress (ϒ), which is the energy required to create new
surface by stretching the interface [25–34]. When the particle
radius (R) is similar in size to the elastocapillary length, LEC =
ϒ/E, surface stress is non-negligible and must be taken into
account. For soft materials with E ∼ 102 to 106 Pa, LEC ranges
from ∼50 nm to 0.5 mm.

By placing microparticles on soft polydimethylsiloxane
(PDMS), Style et al. showed that the relationship between a or
δ with R can be explained when accounting for solid surface
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stress [25,29]. Although recently, Jensen et al. demonstrated
that untethered liquid silicone molecules separate from the
solid PDMS network [36], adding another complication to
the contact behavior associated with liquid surface tension.
To date, experiments have been restricted to the special
case of zero external loading; a and δ have only been
measured for static particles on a surface. This is likely
because of the difficulty in implementing visualization with
force and indentation measurements on small length and
force scales. However characterization of local mechanical
and interfacial properties is often achieved by applying forces
and indentations while making assumptions on a or δ.

Here, we address this experimental challenge by combining
the colloidal probe technique with confocal microscopy to
measure the force associated with indenting a rigid mi-
crosphere into a soft PDMS surface while simultaneously
visualizing the contact radius [Fig. 1(a)]. Our approach offers
high force sensitivity and the ability to capture a cross-
sectional image of the contact to measure both a and δ. We
show through our experiments and a simple analytical model
that in addition to the contribution of surface stress, which
has been previously reported in the literature, an additional
contribution for liquid surface tension needs to be considered.
In nearly all soft silicone materials, a liquid component is
found within the material that plays a significant role at
small length scales. Our results are important for mechanical
characterization of soft materials, for example in determining
local elastic moduli by atomic force microscopy. Moreover,
our experimental approach offers a unique quantitative method
towards understanding indentation, adhesion, and separation
of small scale contacts.

II. RESULTS AND DISCUSSION

A. Measuring force, indentation, and contact radius

For our experiments, a silica particle of radius R ≈
4–6.5 μm is used to indent a PDMS elastomer. We tune the
Young’s modulus of the material by controlling the ratio of
silicone base and crosslinking agent to 20:1, 40:1, 50:1, and
60:1 by weight, leading to nominal values for the moduli of
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FIG. 1. Measuring force, indentation, and contact geometry of soft solid surfaces. (a) Schematic of a colloidal probe in contact with a soft
solid surface. The relevant parameters of force F , contact radius a, indentation δ, and the particle radius R are labeled. (b) A representative
force-indentation curve measured by AFM indentation on PDMS with Ebulk = 5 kPa and a maximum indentation depth δ ≈ 2.8 μm.
(c) Corresponding cross-sectional images obtained by confocal microscopy of the labeled points on the force-indentation curve in part
(b). The green dashed line represents the interface between solid and air, which is determined by measuring reflection at the surface (Fig. S2
[35]). The gray circle represents the spherical probe as a guide to the eye. (d) Confocal images of indentation on PDMS with Ebulk = 400 kPa,
illustrating the clear difference in contact deformation. Note that image III in (d) is not the maximum indentation but rather the same force as
in (c) during retraction for comparison. The particle radius here is R = 6.5 μm. Scale bars: 5 μm.

Ebulk ≈ 400, 40, 15, and 5 kPa, respectively. These values are
measured by both uniaxial tensile testing and shear rheology
on macroscopic samples at low strain rate (Fig. S1 [35]). The
PDMS film thickness is h ∼ 30 μm, which leads to δ/h ∼ 0.1
and a maximum a/h ∼ 0.2. Since these ratios are small, the
finite thickness is neglected here [21,37–39].

During a continuous indentation experiment, the colloidal
probe cantilever base is moved at a constant rate of 100 nm/s
towards the substrate. Upon contact, the particle is further
indented into the material to a set indentation depth δ. It is
then retracted until the particle detaches from the substrate
and reaches the initial position. Indentation is taken relative to
the flat surface prior to contact (Fig. S2 [35]). To extract δ from
the cantilever position, the cantilever deflection is subtracted
from the base displacement. Positive forces and indentations
indicate repulsion and indentation into the surface while
negative values represent an attractive force and stretching
of the material. An example of a measured force-indentation
curve is presented in Fig. 1(b) for a 5 kPa sample. Images
corresponding to the numbered regions in the F vs δ curve
are given in Fig. 1(c). In comparison, the contact radius and
indentation on a 400 kPa surface are much smaller at the same
loading [Fig. 1(d)].

The dependence of the normalized contact radius a/R,
measured by confocal imaging, is presented in Figs. 2(a)
and 2(b) as a function of the normalized indentation depth δ/R,
and normalized force F/R, measured by AFM. F -δ curves of
the four moduli are given in Fig. S3 [35]. As a sample is

indented, the contact radius naturally increases [Fig. 2(a)].
Upon retraction, the contact radius is larger than during the
approach due to adhesion. Even for negative indentation, the
contact radius remains finite since the PDMS stretches. As
the modulus is decreased, the contact radius systematically
increases for a given indentation depth because the substrate
has lower resistance to deformation. For the 5 kPa material, a

approaches R for higher indentations (red circles). Figure 2(b)
demonstrates that increase of the normalized contact radius as
a function of the normalized load is faster for very soft surfaces.
a/R approaches unity at a force of ∼200 nN (F/R ≈ 0.03)
for the 5 kPa sample while a/R reaches only ∼0.35 at the
same loading for the 400 kPa PDMS.

B. Quasistatic step and hold measurements

In the above experiments, we demonstrate the general
trend of increasing contact radius and increasing adhesion
with decreasing moduli. However, force-indentation curves
are rate dependent due to the viscoelastic nature of PDMS
(Fig. S5 [35]). This behavior is further complicated by the rate
dependent formation/breaking of the interface [14,40,41], as
well as possible poroelastic effects [42]. To further analyze
how indentation depends on rate, we conduct step and hold
experiments to allow for force relaxation (Fig. 3).

In these experiments, the colloidal probe is indented ap-
proximately 500 nm into the material and held for 15 minutes
before being indented to the next step. The average indentation
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FIG. 2. Contact radius as a function of indentation and force for
different moduli. (a) Contact radius as a function of indentation depth
(both normalized by the particle radius R = 6.5 μm), illustrating
the rate at which a/R approaches unity for different moduli (5, 15,
40, and 400 kPa). (b) Normalized contact radius vs normalized load,
illustrating the rate at which a/R increases with force for different
moduli. See Fig. S4 [35] for retraction only and a zoomed in force
range.

rate is of the order of δ/900 s ∼ 1 nm/s. AFM indentation
depth and confocal images are consistent and stable over
15 minutes (Fig. 3). The contact radius is simultaneously
measured and plotted in Fig. 3 as an average of the last five
minutes of the holding step. The contact radius is constant with
little fluctuation after 10 minutes, permitting a to be taken over
the last five minutes to minimize error. For the 400 kPa sample,
the force reaches a plateau on all approaching indentations
[Fig. 3(a), i and ii]. For the 5 kPa sample, positive indentations
also reach a plateau; the variation in force is ∼2 nN over the
last five minutes [Figs. 3(b) i and 3(b) ii]. For these insets, the
x axis scale is kept constant at 16 minutes and the y axis at
1 μN (400 kPa) and 100 nN (5 kPa) for comparison. During
pull out steps on the 400 kPa sample, the force relaxes and
reaches a plateau [Fig. 3(a) iii]. The particle detaches from the
surface during a third 1.5 μm retraction step. In contrast, many
1.5 μm retraction steps are required to detach the particle from
the 5 kPa surface. For early retraction steps, the force reaches
a plateau [Fig. 3(b) ii]. However for later retraction steps, the
force does not stabilize over the 15 minute hold [Fig 3(b), iii],
even though the contact radius remains constant. In the last
step of Fig. 3(b), the hold time was set to 45 minutes. Even
then the particle stays attached but the force does not stabilize.
Therefore, in the following quantitative analysis, we only
consider holding steps where the force has reached a plateau in
the last five minutes. Since the force does not reach a plateau
on highly retracted pull out steps, they are not suitable for a
rate-independent analysis and not considered here.

C. Modulus from AFM-confocal experiments

For materials characterization, Young’s moduli can be
determined by fitting JKR theory to indentation experiments.
We compared modulus values obtained by JKR theory on
our indentations, denoted as EJKR, to bulk measured values,
Ebulk (Fig. S1 [35]). Since modulus is a material property, it is
independent of the testing method and EJKR must be equal to
Ebulk. According to JKR theory for a rigid sphere indenting an
elastic half space, the external force is related to the contact
radius and indentation as:

FJKR = 2E∗a
(

δ − a2

3R

)
= EJKR

(
8aδ

3
− 8a3

9R

)
. (1)

Note that the effective elastic modulus has been taken as
E∗ = 4EJKR/3 for an incompressible solid. By plotting the
measured force F vs 8aδ/3 − 8a3/9R [Figs. 4(a) and 4(b)],
one expects a linear trend with the slope giving EJKR [Eq. (1)].
As expected, our results show a linear behavior and the
modulus is directly extracted by a linear fit. For the 400 kPa
PDMS, JKR theory predicts a modulus of EJKR = 397 ±
43 kPa, which is consistent with Ebulk. For the 40, 15, and
5 kPa materials, the modulus values determined by JKR are
EJKR = 66 ± 6,33 ± 1,15 ± 2 kPa, respectively. The moduli
are systematically overestimated when compared to the bulk
mechanical testing by factors of EJKR/Ebulk ≈ 1.7, 2.2, and
3.0, respectively [Fig. 4(b)]. It is worth pointing out that
although the linear trends are consistent with Eq. (1) for all of
the moduli tested, the EJKR values are inconsistent with Ebulk

for the three softer PDMS.
To visualize how JKR fits to the F -δ relationship, we plot

experimental results and overlay calculated values of FJKR

from Eq. (1) for approach and retract data of the 400 and
the 5 kPa substrates [Figs. 4(c) and 4(d)]. Good agreement
between JKR and our experimental results is observed for
the 400 kPa PDMS [Fig. 4(c)]. Curves plotted using Ebulk =
400 kPa overlay experiments well. This is not the case for
the soft, 5 kPa PDMS [Fig. 4(d)], demonstrating that JKR
theory does not describe the contact mechanics for very soft
materials. Similar plots for the 40 and 15 kPa surfaces are
presented in Fig. S6 [35]. Note that the positive indentations
overlap quite well in the approach and retraction directions,
justifying a rate-independent analysis.

For soft PDMS, particularly with the 5 kPa modulus,
measuring small contact radii is not possible with a small
spherical glass probe because on first contact, the material
pulls up around the particle. Since JKR theory was developed
under the assumption of small contact radius, it is expected
to breakdown in this regime where the contact deformation is
large. Although suprisingly JKR theory has been demonstrated
to be accurate to reasonably large contact radii [29,43]. In
addition, JRK theory invokes an approximation of a parabolic
contact geometry, which is only a reasonable approximation
for small a. Maguis extended JKR theory to include a large
contact radius and the force can be described as [44]:

FMaugis = 8aE

3

(
δ − R

2
+ R2 − a2

4a
ln

R + a

R − a

)
. (2)

However, as illustrated in Fig. 4(d), this extension also
does not capture the force-indentation data. In particular,
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FIG. 3. Quasistatic force-indentation measurements. Contact radius a, force F , and indentation δ as a function of time for the (a) 400 kPa
and (b) 5 kPa samples. Each holding step has a duration of 15 minutes. Indentations steps are 500 nm and retraction steps are 1.5 μm. Plots i,
ii, and iii are zoomed in F vs time plots to illustrate the different regimes of the labeled indentations. The x axis is 16 minutes and the y axis is
1 μN for (a) and 100 nN for (b). Error bars on the contact radius are standard deviations of measured contact radii over the last five minutes
of the holding step. (c) Snapshots of 1.1, 1.6, and 2.1 μm indentation depths for a 15 kPa sample. The bottom dotted line represents the flat
surface. The top dotted line is a reference to illustrate the motion of the cantilever (in yellow). Vertical red lines are the expected distances of
the cantilever and indentation into the surface, respectively. The circle represents the spherical probe as a guide to the eye. Note the yellow
reflection channel brightness is strongly increased for visualization of the cantilever distance at the expense of resolution. The particle radius
is R = 4 μm. Scale bar: 5 μm.

our measured forces are consistently shifted in the negative
direction for softer materials [Figs. 4(d) and S6]. In addition
to the contact geometry, JKR theory assumes that the material
is linear elastic. In macroscopic mechanical measurements, the
5 kPa material remains linear up to 150% (Fig. S1 [35]).

D. Capillary contribution

Our results illustrate how JKR theory fails in quantitatively
predicting the contact mechanics below Ebulk = 40 kPa when
using a R ∼ 5 μm indenter. This is consistent with the study
of Style et al. of static microparticles on a 3 kPa PDMS
surface under zero load [25]. In their analysis, they added the
contribution of solid surface stress to the elastic and adhesive

energies, as accounted for by JKR. This additional contribution
was able to describe their results well. However, very soft
PDMS is typically a gel; it is a crosslinked network with a
penetrating liquid. The liquid in this case is free PDMS chains
(i.e., silicone oil) which have not been tethered to the polymer
network during crosslinking [36,45]. By solvent extraction in
hexane, we quantified the fraction of untethered chains to be
as high as ∼45% for the 5 kPa PDMS (Fig. S7 [35]). By
conducting experiments of static microparticles soft PDMS,
Jensen et al. recently demonstrated that liquid in the material
separates from the polymer network near the contact line [36].

Based on this knowledge, the forces measured in inden-
tation experiments should be associated with capillary forces
induced by the free mobile chains. Our experiments illustrate
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FIG. 4. Comparison of experiment with theory. (a) Measured force as a function of contact radius and indentation depth for quasistatic
experiments after 15 minute holds. Dashed lines are linear fits, which provide modulus values (EJKR) predicted by JKR from Eq. (1). (b) A
zoomed-in plot of the red dashed boxed in part (a) of the lower modulus curves to illustrate linear behavior. As the material gets softer, the
discrepancy between EJKR and Ebulk systematically increases. Parts (a) and (b) show the results of three independent experiments for each
modulus. (c) Plot of force vs indentation of experimental data (red points) for the 400 kPa PDMS and the JKR fit (dashed line) for approach
and retract directions. (d) Similar plot to part (c) for the 5 kPa PDMS but also including the Maugis extension in Eq. (2) (blue line). The particle
radius is R = 4 μm.

an important concept in the measured force during indentation
experiments of soft PDMS: a negative force during positive
indentations [Figs. 4(d) and S6]. For a particle indenting into
a liquid layer, capillary forces will lead to a negative force
pulling down on the particle [46]. Thus, to describe contact
for very soft PDMS, we propose a model that includes a
contribution from liquid capillarity of the free PDMS chains.
Capillary forces (Fcap) are caused by capillary pressure and
the direct action of surface tension as Fcap = Fcp + Fγ . The
capillary pressure term is given by Fcp = πa2�P , where
�P = γ (1/a − 1/r), γ is the surface tension of untethered
free chains, and r is the meniscus radius of curvature [47].
Since both the contact radius a and the meniscus radius r

are of the same order of magnitude and both are several
microns, the capillary pressure term is assumed to play little
role. Consequently, the capillary force is dominated by the
direct action of surface tension. This is expressed as Fγ =
2πγ a sin β, where β is the angle relative to the horizontal of
the PDMS/air interface at the contact line [Fig. 5(a)].

A surface stress term arises from stretching of the solid
interface in the contact zone [Fig. 5(a)], as presented by others
[25,34,48]. Following these approaches and assuming surface
stress is constant and isotropic [25,29], the force for stretching
is Fstretch = 2πϒδ. This assumes that the contact zone has
a spherical cap geometry with a depth δ and radius R and

the surfaces stress of the free solid is equal to the interfacial
stress. In reality, the solid/particle interface is likely larger due
to the formation of an adhesive ridge. This force scales with
the indentation plus a value c(δ). Here c(δ) is similar to the
observable ridge height (ha) except that it only includes the
fully crosslinked portion of the adhesive ridge [Fig. 5(a)]. It
is important to note the difference between these two heights
since one is associated with surface stress ϒ of the solid and the
other with surface tension γ of the free chains. Accordingly, the
total force is approximated as the combined contributions of
elastic deformation and adhesion from JKR, stretching within
the contact zone, and the capillary forces pulling on the sphere
as Ftotal = FJKR + Fstretch + Fcap:

Ftotal = 8Eaδ

3
− 8Ea3

9R
+ 2πϒ(δ + c(δ)) − 2πγ a sin β (3)

When γ and ϒ are negligible, this recovers JKR. To
fit our experiments to Eq. (3), a couple approximations
are made. Because we are not able to determine the value
c(δ) experimentally, this value is set to c(δ) = 0. Physically,
this approximates the stretched geometry as a spherical cap
governed only by the indentation depth. The angle β is
approximated as 90◦. Since silicone oils completely wet glass
[36,49], β reaches 90◦ at the particle midline and ranges up
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FIG. 5. Including a capillary correction to the force-indentation relationship. (a) Schematic illustrating the relevant variables for Eq. (3).
The red line denotes the surface associated with ϒ . (b) F vs δ for the three softest materials with best fit γ and ϒ and with the modulus fixed to
Ebulk. The kinks in the fit curves arise because Ftotal is calculated with measured a and δ using three experiments for each modulus. The particle
radius is R = 4 μm. (c) F vs a for the 400, 40, 15, and 5 kPa PDMS. (d) Zoom-in of the red box of part c for the lower moduli PDMS. The
lines are calculated values using Eq. (3). For Figs. 5(c) and 5(d), single experiments are plotted for clarity.

to ∼120◦ for lower contact lines. Then with full knowledge of
applied force F , contact radius a, and indentation δ, we find
that the addition of capillary forces in Eq. (3) well captures the
experimental results.

Using ϒ and γ as parameters, experimental results are
fit to Eq. (3). The modulus is fixed to measured Ebulk and
δ and a are measured from our AFM-confocal experiments.
Overlaying calculated Ftotal with measured F reveals good
agreement [Fig. 5(b)]. The γ values are 20, 19, 15, and
17 mN/m for the 400, 40, 15, and 5 kPa samples, respectively.
This gives an average surface tension of γ = 18 ± 2 mN/m,
which is reasonable for typical surface tension of PDMS oil
(∼20 mN/m) [50]. In addition to the F -δ relationship, Eq. (3)
also fits well to experimental F -a results [Figs. 5(c) and 5(d)].
We note that without the liquid surface tension term (i.e.,
only FJKR + Fstretch), the experimental results do not fit well
(Fig. S8 [35]).

To better interpret the effect of surface stress, we fit
the surface stress ϒ to multiple experiments while keeping
γ and Ebulk constant. For the 400 kPa PDMS, elasticity
dominates and ϒ plays an insignificant role. This is consistent
with the 400 kPa PDMS results agreeing with JKR theory
[Fig. 4(c)]. For the softer substrates, surface stress becomes
strong enough to balance elasticity and the effect of ϒ

becomes more pronounced. By fitting the ϒ to multiple
experiments, we find that the surface stress term increases
with the modulus, which yields ϒ = 37 ± 5, 29 ± 2, and

18 ± 3 mN/m for the 40, 15, and 5 kPa samples, respectively.
Because surface stress is associated with the energy required
to create new surface by stretching, it intuitively increases with
modulus. Although the fit values of 37 and 29 mN/m may be
overestimated due to challenges in experimentally measuring
c(δ), the liquid separation volume, and the local strain, they are
within range of previously reported solid surface stress values
[25,28,29,51,52], while 18 mN/m is similar to liquid PDMS
surface tension. This suggests a transition to where surface
tension of the untethered components outweighs the effect of
surface stress.

III. SUMMARY

In summary, we combine the colloidal probe technique
with confocal microscopy to measure the force, indentation
depth, and contact radius while indenting a soft polymer
with a rigid, microscale particle. We have confirmed that
JKR theory and Maugis’ extension to large contact radii
are not capable of quantitatively capturing force-indentation
data near the elastocapillary length. Importantly, JKR theory
can appear suitable for determining a soft material’s elastic
modulus by fitting linearly to Eq. (1) [Figs. 4(a) and 4(b)].
However, it does not yield accurate values and does not capture
the force-indentation relationship. Discrepancy with JRK has
been addressed in previous literature by the introduction of
a surface stress term that accounts for creating new surface
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by stretching the soft solid interface. While this captures
zero-load experiments well, it is not able to describe our force-
indentation results. With the knowledge of phase separation
occurring near the contact line, we have introduced a liquid
surface tension term that fits to the experiments.

Our results illustrate a transition from elasticity-dominated
(400 kPa) to intermediate (40 and 15 kPa) to capillary-
dominated (5 kPa) contact, displaying the requirement of
considering liquid components in soft materials near the
elastocapillary length. Similar transitions have been proposed
theoretically for homogeneous soft solids [32,48]. For the
softest material in our study, LEC ≈ 0.02/5000 ≈ 4 μm,
which is the particle radius used for our quasistatic experiments
(Fig. 3). For the 15 and 40 kPa PDMS, LEC ∼ 1.5 μm,
which is similar in magnitude to our particle radius R. On

the other hand, LEC ∼ 0.1 μm for the 400 kPa material,
which is an order of magnitude smaller than R and for this
case, the results fit well to JKR theory. Future studies should
focus on a better understanding of the interplay between poly-
meric/oligomeric network components associated with solid
and liquidlike behavior and routes to quantify the liquid/solid
separation near the contact line during a force-indentation
measurement.
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