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With the potential to map mechanical properties of heterogeneous materials on a
micrometer scale, there is growing interest in nanoindentation as a materials
characterization technique. However, nanoindentation has been developed primarily for
characterization of hard, elasto-plastic materials, and the technique has not been
validated for very soft materials with moduli less than 5 MPa. The current study
attempted to use nanoindentation to characterize the elastic moduli of soft, elastomeric
polydimethylsiloxane (PDMS) samples (with different degrees of crosslinking) and
determine the effects of adhesion on these measurements using adhesion contact
mechanics models. Results indicate that nanoindentation was able to differentiate
between elastic moduli on the order of hundreds of kilo-Pascals. Moreover,
calculations using the classical Hertz contact model for dry and aqueous environment
gave higher elastic modulus values when compared to those obtained from unconfined
compression testing. These data seem to suggest that consideration of the adhesion energy
at the tip-sample interface is a significantly important parameter and needs to be taken into
account for consistent elastic modulus determination of soft materials by nanoindentation.

I. INTRODUCTION

For bulk materials, mechanical properties like hard-
ness and elastic modulus are readily described using
standard characterization methods such as compression

and tensile tests. Determination of the mechanical prop-
erties of soft and anisotropic materials, such as biological
tissues, is complicated by the heterogeneous nature of the
tissue, so that the aforementioned bulk testing methods
may not be applicable due to inadequate sample dimen-
sions.1 Thus, techniques that allow for the examination of
the mechanical properties at the microstructural level are
clearly needed in many basic sciences and applied bio-
engineering applications.
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Nanoindentation is a technique that has recently re-
ceived a great deal of attention and provides a method for
determining material properties on a much reduced scale.
Specifically, this technique may be applicable for study-
ing the mechanical response of biological materials on
the micrometer or nanometer scale. Direct physical prop-
erty measurement of heterogeneous biological materials,
such as friction, adhesion, and elasticity, can be deter-
mined with high spatial resolution. In addition, the time-
dependent mechanical properties of these materials can
be obtained in aqueous (saline) environments, providing
a means for property determination that approximates the
in situ tissue environment.

The nanoindentation technique has traditionally been
used to characterize the elasto-plastic properties of hard
materials, most commonly by the analysis of Oliver and
Pharr.2,3 This method determines elastic moduli from the
unloading portion of the indentation load-displacement
behavior. Many groups have used this methodology to
measure the material properties of hard, mineralized bio-
logical tissues.4–11 Moreover, there have been some pre-
liminary studies on soft tissues, such as demineralized
dentin,12,13 cartilage, and vascular tissues.14,15 However,
the Oliver–Pharr load-displacement analysis is based
upon elastic contact theory, and the applicability of this
method to describe materials that exhibit significant vis-
coelastic behavior has not been extensively explored.16

In addition, the aforementioned elastic contact analysis
does not account for the possibility of adhesion forces.
For example, the experimental load-displacement data
gives an indirect measure of the contact area, from which
the elastic modulus is calculated. Therefore, the relation-
ship between the contact area and the load is important
and factors that affect this relationship need to be iden-
tified and incorporated into an appropriate material
model. In particular, the influence of interfacial adhesive
forces on nanoscale deformation, which can affect the
indentation contact area, should be considered for accu-
rate nanoindentation material property characterization
and modeling.17,18

Nanoindentation has not been validated for measuring
mechanical properties of very soft materials (elastic
modulus below 5 MPa). Given the sophistication of cur-
rently available analytical techniques, the application and
validation of using nanoindentation techniques to obtain
accurate soft tissue material properties could have a pro-
found impact on the ability to simulate, via computa-
tional analyses, the mechanical environment of numerous
biological systems. Thus, the goal of the current study
was to determine if nanoindentation could be used to
measure the mechanical properties of soft materials. Par-
ticularly, this study explores the application of using the
nanoindentation technique to characterize the elastic
modulus (Es) of elastomeric polydimethylsiloxane
(PDMS) as a function of the different degrees of

crosslinking. In addition, the effect of the work of adhe-
sion on these measurements using adhesion contact me-
chanics models is also presented. Finally, the effect of the
indentation environment (dry versus aqueous) on the re-
sultant elastic modulus determination was elucidated.

II. MATERIALS AND METHODS

The overall study design focuses on the elastic moduli
determination of a series of elastomeric PDMS samples
of various concentrations. These mechanical properties
were obtained using nanoindentation and a more conven-
tional technique, unconfined compression, and the data
were compared to determine the degree of precision of-
fered by the nanoindentation method. Although PDMS is
technically classified as a viscoelastic elastomer (tan � <
0.01),19 at room temperature it has been shown that
PDMS can be considered to be nearly incompressible
(Poissońs ratio ≈ 0.5)20 and its mechanical behavior can
be approximated by classical linear elasticity.21–24 Thus,
these simplifications were incorporated in the current
analysis.

A. PDMS sample preparation

PDMS elastomer samples were prepared by mixing
different ratios of a siloxane base with a cross-linker
agent (Sylgard Elastomer 184, Dow Corning Corpora-
tion, Midland, MI). Five ratios of base to cross-linker
agent were used (10:1, 15:1, 20:1, 25:1, and 30:1), with
higher ratios resulting in a softer, less cross-linked elas-
tomer. Three specimens of each ratio were prepared for a
total of 15 samples. Each solution was stirred for 10 min
at room temperature, and 2.5 g of each concentration was
subsequently poured into a 10-mm-diameter plastic con-
tainer with a microscope glass slide providing the bottom
surface boundary. Use of the glass slide facilitated ob-
taining a smooth surface for indentation. All samples
were then covered with a lid and cured at room tempera-
ture for 2 weeks. After curing, 5 × 5 × 2.5 mm samples
were cut from the bulk elastomer and glued to a metal
platen. Sample surfaces were kept covered with a micro-
scope slide prior to testing to avoid contamination. The
mechanical properties of all samples were then deter-
mined via nanoindentation and unconfined compression
experiments.

B. Surface roughness evaluation

To assess the surface roughness of the various
samples, 20 � × 20 �m topographical images of the
PDMS samples were obtained by atomic force micros-
copy (AFM; Nanoscope IIIa, Multimode, Picoforce force
control module, DI-Veeco Instruments Inc., Santa Bar-
bara, CA) in TappingMode. The tapping-mode imaging
conditions included a 1 Hz scan rate, 512 points collected
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per line (pixel resolution), and a 1.0 V set point. Surface
probing was performed using a silicon tip (Nanosensors,
Germany) with a nominal spring constant in the range of
27–47 N/m, a length of 123 �m, and a nominal radius of
curvature less than 10 nm. The microtopography and the
arithmetic mean surface roughness (Ra, nm) of the
scanned areas were calculated using bundled software
(Nanoscope III version 6.12r1, Nanoscope, Multimode,
DI-Veeco Instruments Inc.) using the following equa-
tion25

Ra =
1

N �
i=1

N

�Zi − Zm� , (1)

where N is the number of points within a given area, Zi

is the current height (z-scale) of the ith point, and Zm is
the z value of the center plane (mean surface height).

C. Unconfined compression

Bulk unconfined compression tests were conducted on
a standard tension/compression materials testing system
(EnduraTec, Bose Electroforce 3200, Minnetonka, MN)
with 0.1 N and 0.01 mm load and displacement resolu-
tions, respectively. A final displacement of 0.25 mm, or
approximately 10% strain, was applied to each sample
using a displacement rate of 0.25 mm/s. The quasi-static
elastic modulus was calculated assuming linear elastic
constitutive behavior of the PDMS samples

Es =
�s

�
, (2)

where �s and � are the engineering stress and strain,
respectively.

D. AFM based nanoindentation

1. Contact mechanics models

a. Hertz linear elastic analysis

Based on classical Hertzian contact theory,26,27 the
load (P) applied to the indenter tip is related to the total
penetration depth into the substrate (h). Due to the
spherical geometry of the indenter tip, this deformation is
directly related to the contact radius (a) using the fol-
lowing relationship

a3 =
6R

8Er
P , (3)

where Er is the reduced elastic modulus and R is the
nominal radius of curvature of the conospherical tip. The
reduced modulus Er is related to the elastic modulus of
the substrate as27

1

Er
= ��1 − �s

2

Es
� + �1 − �i

2

Ei
�� , (4)

where E is the steady state elastic modulus and � the
Poisson’s ratios of the substrate (subscript s) and the
indenter (subscript i). In the current investigation, the
elastic modulus of the indenter tip is many orders of
magnitude higher than the elastic modulus of substrate
(rigid body indenter condition). Accordingly, the second
term in Eq. (4) was neglected. From Hertz elastic analy-
sis, the stiffness (S) is related to the contact radius (a)

S =
dP

dh
= 2aEr . (5)

Combining the previous equations [Eqs. (3–5)] leads to
the following expression for the elastic modulus for
spherical indentation

Es
Hertz = �S3�1 − �s

2�2

6RP
. (6)

b. Oliver and Pharr analysis

More recently, Oliver and Pharr2 derived expressions
for calculating the elastic modulus from indentation ex-
periments based on Sneddon’s28 elastic contact theory

Er =
S��

2��Ac

, (7)

where S is the unloading stiffness and is taken to be the
initial slope of the unloading load-displacement curve at
the maximum depth of penetration (or peak load), Ac is
the projected contact area between the tip and the sub-
strate at peak load and � is a constant that depends on the
geometry of the indenter (� � 1 for circular contact). For
circular contact, the contact area can be calculated using
the ideal geometric area function

Ac = ��2Rhc − hc
2� , (8)

where hc is the contact depth at peak load which is esti-
mated by

hc = hm − �
Pm

Sm
, (9)

where hm is the total penetration depth of the indenter at
peak load, Pm is the peak load at the indenter displace-
ment depth hm, and � is an indenter geometry constant,
equal to 0.75 for spherical indenters.

In the absence of adhesion, the elastic modulus was
calculated using both the Hertz [Eq. (6)] and Oliver and
Pharr [Eq. (7)] formulations based on stiffness measure-
ments taken from the unloading data of the experimental
load-displacement curves.
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2. Nanoindentation measurements

Nanoindentation measurements were performed using
a Hysitron TriboIndenter (Hysitron Inc., Minneapolis,
MN) in a load-controlled instrument with load and dis-
placement resolutions of 100 nN and 1 nm, respectively.
The system is capable of attaining a maximum indenta-
tion depth of approximately 5 �m. A 100-�m radius of
curvature conospherical diamond probe tip was used as
an indenter (Fig. 1).

Quasi static indentation testing was performed at room
temperature using a trapezoidal load versus time profile
with a loading and unloading rate of 10�N/s, a peak load
of 100 �N, and a hold period of 10 s (30 s total time
profile). After the indenter tip made contact with the
specimen surface, the aforementioned preload was ap-
plied, and the indentation load and depth were recorded
simultaneously. The low stiffness of the PDMS samples
as well as the stiffness of the tip assembly (system com-
pliance) resulted in relatively large tip displacements.
Similarly, the combined compliance of the measurement
system and sample contributed to the overall mechanical
behavior. Thus, for a given input voltage, the load ap-
plied to the sample varied depending on the sample stiff-
ness. However, the actual load magnitude applied to the
sample was measured independently, and all subsequent
calculations were based upon these accurate force meas-
urements. This effect significantly influenced the forces
detected by the system, leading to load values which
were less than the nominal 100 �N peak load that was
applied (approximately 20 to 8 �N for stiff and soft
samples, respectively). Pilot experiments demonstrated
that there was not significant drift during the 30 s inden-
tation time course. Specifically, after force equilibrium,
using least squares linear fit, the rate of drift was found
to be within 0.01–0.02 nm/s. This is translated into a
maximum indenter drift within 0.3–0.6 nm for a test that
lasts 30 s. Accordingly, system drift rate was neglected.
Eight indents were performed in different places on each

sample at room temperature (24 °C) under both dry (rela-
tive humidity of 54%) and aqueous conditions. Specifi-
cally, the sample was completely submerged in distilled
water, and the indentation experiment occurred such that
the contact occurred completely in the aqueous solution.
Experiments in water were conducted for one randomly
selected sample of each concentration. From the load-
displacement nanoindentation data, the elastic modulus
of the substrate (Es) was calculated using elastic con-
tinuum contact mechanics models [Eqs. (6), (7), (12)].

E. Adhesion modeling and measurements

1. Adhesion contact mechanics models

The classical Hertzian model is representative of hard
contact between two spherical elastic bodies. This model
is valid if the interfacial adhesive forces are much lower
than the applied compressive force between the indenter
and substrate. The presence of interfacial forces increases
the effective contact area predicted by the Hertzian so-
lution and several continuum mechanics models have
been proposed to include this adhesive effect.17,29–34 The
load dependence of the contact area is affected by the
strength of the adhesive forces as compared to the elastic
deformations

a3 =
6R

8Er
f�P,Fpo� , (10)

where f is a function of the load (P) and the maximum
adhesive pull-off force (Fpo) between the tip and the
sample. The two most common models used to describe
the effect of adhesion on contact mechanics behavior are
the Johnson, Kendall, Roberts (JKR)29 and Derjaguin–
Muller–Toporov (DMT) models.30 Physically, the JKR
theory accounts for adhesion forces only within the ex-
panded area of contact. The JKR model should be used
for low modulus materials with high surface energy and
large radius of curvature. On the other hand, the DMT
theory accounts for adhesion forces outside the contact
area while maintaining the Hertzian gap profile. The
DMT model is most applicable to high modulus materi-
als with low surface energy and small radius of curva-
ture. Thus, the JKR model is more appropriate for our
experimental conditions. In fact, it has been successfully
applied to previous PDMS indentation studies.35 Accord-
ing to the JKR model, the work of adhesion is related to
the magnitude of the maximum tensile pull-off adhesion
force introduced in Eq. (10)

Fpo
JKR =

3

2
�RWA , (11)

where WA is the thermodynamic work of adhesion per
unit of contact area. According to Johnson,27 WA is the
work required to separate two surfaces (such as the tip

FIG. 1. Optical microscopy image of the conospherical diamond
probe tip of 100 �m radius of curvature used as indenter.
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and substrate) from contact to infinite separation. Inclu-
sion of the adhesion force in Eq. (11) to the Hertzian
contact equation [Eq. (6)] leads to the JKR expressions
for the elastic modulus for spherical indentation

Es
JKR =

�
S3�1 − �s

2�2

6R �
1

P + 2Fpo
JKR + 2Fpo

JKR�� P

Fpo
JKR + 1�	 .

(12)

2. Adhesion measurements

To assess the contribution of interfacial adhesive
forces, as described by Eq. (12), the pull-off force Fpo

was experimentally determined prior to each individual
indentation using AFM, to which a load-displacement
transducer (Triboscope Micromechanical Test Instru-
ment, Hysitron Inc.) was attached. This equipment pro-
vided load and displacement resolutions of 1 �N and
1 nm, respectively. The principle of this experiment was
to put into contact the diamond conospherical probe tip
and the flat polymer substrate and determine the maxi-
mum force (Fpo) necessary to separate both materials. In
each test the conospherical tip (100 �m radius of curva-
ture diamond probe tip) was brought into contact with the
sample surface using a displacement rate of 1 �m/s. Af-
ter applying an initial preload of 20 �N, a profile of the
transducer force and displacement versus time was col-
lected while the sample was retracted at 100 nm step
intervals using the AFM motor control. If interfacial
forces were present, the transducer force became nega-
tive and the tip plate continued to move with the sample
until the negative restoring force on the transducer be-
came equal to the adhesive force between the tip and
PDMS surface interface. The pull-off adhesion force Fpo

was determined as the difference between the minimum
force value and the zero offset. Five adhesion tests on
surface regions of each sample were performed for each
PDMS concentration in dry and aqueous conditions to
study the effect of fluid environment on adhesion.

F. Statistical analysis

To delineate specific differences in elastic moduli and
adhesion forces between different PDMS concentrations
obtained from both unconfined compression and nanoin-
dentation experiments, statistical analyses were per-
formed using a one-way analysis of variance (ANOVA)
with Fisher’s least-significant-difference PLSD post hoc
test for multiple comparisons (Statview for Windows,
version 5.0, SAS Institute Inc., NC). In all cases, p-values
smaller than 0.05 were considered statistically signifi-
cant.

III. RESULTS AND DISCUSSION

A. Surface roughness

AFM topography scans of different PDMS specimens
were used to determine their surface roughness by the
calculation of the arithmetic mean surface roughness Ra

(Fig. 2). AFM images showed an Ra average of 6.6 ±
2.1 nm across all PDMS substrates. This data confirmed
that the samples were significantly packed at the submi-
crometer level and that the sample preparation method
produced relatively smooth surfaces for indentation. This
data demonstrated that surface roughness should not be
considered a confounding factor on the nanoindentation
and adhesion results.

B. Unconfined compression test

Values of elastic moduli were obtained from uncon-
fined compression experiments (shown with the nanoin-
dentation results in Fig. 7). As expected, the more cross-
linked structures had higher elastic moduli. The mean
elastic moduli of the PDMS samples ranged from 2.04 ±
0.06 MPa (10:1 mixture, mean ± standard deviation) to
0.42 ± 0.05 MPa (30:1 mixture). Each increase in ratio of
base to cross-linking agent produced a significant (p <
0.05) reduction in the compressive elastic modulus.

C. Adhesion

Interfacial adhesive pull-off forces were determined
for each specimen using the AFM nanoindentation in-
strument. Typical unloading curves obtained during the

FIG. 2. Typical topographic 20 × 20 �m AFM image (TappingMode)
of a PDMS sample (10:1 concentration, Ra � 8.3 nm). The z-scale is
0 (dark) to 25 nm (light). The mean surface roughness (Ra) was 6.6 ±
2.1 nm across all PDMS samples.
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adhesion experiments in dry conditions are shown in
Fig. 3. Pilot experiments were conducted at different ini-
tial contact preloads to study its influence, if any, on the
adhesion pull-off force measurements (Fig. 4). This data
demonstrates that the initial contact preload (5–50 �N)
has a minor influence on the pull-off force and that this
independence was most prominent for the stiffer PDMS
samples. Only the most compliant PDMS samples dem-
onstrated a decrease of the adhesion work at initial pre-
load values higher than 20 �N. To avoid working in this
range of initial preload dependence that may confound
the subsequent experiments, and considering the fact that
the maximum force applied to the samples during na-
noindentation measurements was 20 �N (corresponding
to the stiffer PDMS), an initial preload force of 20 �N
was selected for the adhesion testing of all PDMS
samples in dry and aqueous conditions. Due to system
limitations, use of a constant unloading value was not
possible; however, the unloading rate varied in a small
range (1500–1900 �N/s). Within this unloading range no
significant influence of the unloading rate on the pull-off
force was detected (Fig. 3), although a thorough inves-
tigation at several different unloading rates was not con-
ducted to fully determine the effect of rate on the adhe-
sion behavior.

The adhesion pull-off force (Fpo) was determined for
each sample. No significant differences (p < 0.0001)
were found between the three different samples of each
concentration, indicating reproducibility of the sample
preparation method. The mean adhesion pull-off force
data measured in dry conditions is shown in Fig. 5
(shown with the aqueous pull-off force results). The ad-
hesion pull-off forces of PDMS ranged from 93.1 ±
6.8 �N (for 10:1 concentration) to 43.6 ± 3.6 �N (for
30:1 concentration). In general, the more compliant
samples tended to exhibit lower pull-off forces. There

were significant differences (p < 0.021) in adhesion pull-
off forces between each PDMS concentration. It clearly
appears (Fig. 5) that the Fpo is continuously lower for
soft materials (less cross-linking). This behavior can be
mainly attributed to differences in the degree of cross-
linking (lower cross-linking density induces higher chain
length between chemical nodes for soft samples) be-
tween the samples that influence the number and energy
of the interactions involved, and ultimately, determines
the gestalt interfacial properties between the tip and each
PDMS substrate.18,36–38

Adhesion experiments were also conducted in an
aqueous solution to study the influence of experimental
environment on the adhesion work (Fig. 5). The results
indicate a significant decrease (p < 0.001) in the adhesive
force when testing was performed in distilled water for

FIG. 3. Typical pull-off force behavior obtained from an AFM adhe-
sion experiment on PDMS 15:1 substrate (dry conditions) for different
unloading rates using a conospherical diamond tip of 100 �m radius of
curvature. No significant influence of the unloading rate (1500–
1900 �N/s) on the pull-off force was observed.

FIG. 4. Influence of the initial contact preload on the adhesion pull-off
force determined in dry conditions (mean with one standard deviation
error bars). Note significant preload dependence for compliant PDMS
samples at preload values higher than 20 �N.

FIG. 5. Adhesion pull-off force of each group of PDMS substrates
measured in dry and aqueous conditions (mean with one standard
deviation error bars). Significant decreases (p < 0.001) in Fpo with
decreasing cross-linking (soft samples) was observed in dry conditions
for all the PDMS concentrations. Significant decrease in the adhesion
force was obtained in aqueous conditions for all PDMS concentrations.
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each concentration. Since the contribution of electrostatic
attraction to the total adhesive force is relatively large for
PDMS38 (in addition to the dispersive interactions due to
the non-polar behavior of PDMS), the decrease in the
measured Fpo is probably the result of the weakening of
the electrostatic charge under wet conditions. Moreover,
the Fpo values do not seem to be converging to zero. This
is most probably due to the repellant interaction of
PDMS (an inherent hydrophobic material mainly due to
the presence of –CH3 groups) with water, and the con-
stant presence of these dispersive van der Waals forces.
In addition, aqueous measurements show a continuously
lower Fpo value for compliant samples. This trend agrees
with the general behavior obtained for the dry experi-
ments. There were significant differences (p < 0.001) in
adhesion pull-off forces measured in distilled water be-
tween the stiffest samples (10:1 and 15:1 concentrations)
and the softest samples (20:1, 25:1, and 30:1 concentra-
tions). Aqueous measurements did not show a significant
difference in Fpo between the softer PDMS concentra-
tions, indicating a similar surface energy and apparently
similar contact interactions of these PDMS samples.
Overall, the results show that the adhesion forces be-
tween the tip and PDMS substrates are not negligible,
and should be taken into account.

D. Nanoindentation

1. Nanoindentation in dry environment

Nanoindentation experiments were performed on the
five PDMS concentrations (n � 3/concentration). The
typical indentation curves obtained in dry conditions for
a representative sample of each PDMS concentration are
shown Fig. 6. Similar trends in mechanical behavior are
exhibited by all the samples. Specifically, lower loads
and deeper indentation depths were achieved with less
cross-linked samples (higher base to cross-linker ratio).
In addition, no significant variability was found among

indentations of different samples of each PDMS concen-
tration, indicating reproducibility of the sample prepara-
tion and testing method. Thus, the data were pooled with
the mean and the standard deviation calculated for all the
samples of the same concentration.

Taking into account the previously determined adhe-
sion pull-off force, the elastic moduli of the samples were
calculated for the previously presented adhesion model
[Eq. (12)]. Elastic moduli were also determined using the
classical Hertzian contact model [Eq. (6)] and the stan-
dard Oliver and Pharr unloading stiffness analysis
[Eq. (7)], assuming incompressible (�s � 0.5) linear
elastic behavior of the samples.

The mean elastic moduli results obtained via nanoin-
dentation in dry conditions using the Oliver and Pharr,
Hertzian, and JKR models are shown in Fig. 7. These
data are compared with the elastic moduli obtained from
the aforementioned unconfined compression experi-
ments. There were significant differences (p < 0.03) be-
tween the elastic moduli calculated for each PDMS con-
centration, regardless of the model used. The results
demonstrate that nanoindentation is capable of differen-
tiating between elastic moduli of soft materials with val-
ues on the order of hundreds of kilo-Pascals.

Using the PDMS elastic moduli obtained from uncon-
fined compression testing as the reference data, calcula-
tions using the Oliver and Pharr analysis and the Hertzian
model resulted in higher modulus values. The elastic
moduli obtained via the Oliver and Pharr method gave
significantly higher values (p < 0.001) than the data ob-
tained from performing a classical Hertzian contact
analysis. This difference appears due to the assumption
in the Hertz formulation that the contact depth (hc) is
related to the total penetration depth (h) by h � 2hc. In
the Oliver and Pharr analysis, the contact depth (hc) is
estimated using Eq. (9). Only for ideal elastic contact
(h � 2hc) will both analysis compute the same moduli.
Our experimental results from these two models dictate
that h � (2.8 ± 0.3)hc in order for these models to be
equivalent. These data indicate that there is a deviation
from the elastic contact assumption inherent in these two
models and explains the different elastic moduli obtained
from each analysis.

2. Nanoindentation in aqueous environment

Nanoindentation measurements were also conducted
in distilled water, for one sample of each PDMS concen-
tration, to study the influence of experimental fluid en-
vironment on the elastic moduli. Figure 8 shows the elas-
tic moduli calculated using the Oliver and Pharr analysis
using data obtained in both dry and aqueous environ-
ments. The data indicate a significant decrease (p <
0.001) in the elastic modulus when testing was per-
formed in an aqueous environment for each PDMS con-
centration. The same behavior is shown comparing the

FIG. 6. Typical nanoindentation load-displacement curves for each
PDMS concentration (dry conditions).
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results obtained using Hertz analysis (Figs. 7 and 9 for
Hertz results in dry and aqueous, respectively). As dis-
cussed previously, a decrease in the adhesion pull-off
force was observed when using the same aqueous envi-
ronment mainly due to the weakening of the electrostatic
charges. Thus, the decrease in the observed interfacial
adhesion force when testing in distilled water could ex-
plain this decrease in elastic moduli. Accordingly, high
elastic modulus values are estimated when using non-
adhesion contact models.

In addition, no significant (p > 0.05) differences be-
tween the calculated elastic moduli from classical Hertz
and Oliver and Pharr analyses were found in the aqueous
measurements as compared to the results obtained in dry
conditions (Fig. 9). The new relationship between the

contact depth and total penetration in the aqueous envi-
ronment measurements was h � (2.4 ± 0.5)hc. Although
this represents a deviation from ideally elastic contact
(h � 2hc), the relation obtained in fluid is closer to the
ideal behavior than the relationship obtained for dry
measurements. Moreover, if the contribution from adhe-
sion force is considered, no significant differences (p >
0.05) between the elastic moduli results obtained using
JKR in dry and wet conditions were found (Figs. 7 and
9). These results indicate that adhesive forces must be
considered to obtain consistent elastic moduli of the
PDMS samples.

Application of the JKR adhesion contact model
[Eq. (12)] estimates elastic moduli values which were
significantly lower (p < 0.013) than the expected

FIG. 7. Elastic moduli obtained from the nanoindentation experiments (dry conditions) using the Oliver and Pharr, Hertz, and JKR models (left
to right). For comparison, the unconfined compression elastic moduli results are also shown for each PDMS concentration. Significant differences
(p < 0.03) between the elastic moduli calculated for each PDMS concentration were observed, regardless of the model used.

FIG. 8. Comparison of elastic moduli obtained from the nanoindentation experiments in dry and aqueous environments using the Oliver and Pharr
analysis. For comparison, the unconfined compression elastic moduli are also shown for each PDMS concentration. A significant decrease (p <
0.01) in the elastic moduli was observed in the aqueous environment (as compared to dry conditions) for all PDMS concentrations.
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unconfined compression value. Following the analysis of
Tabor,31 Muller et al.39 showed that the two most com-
mon adhesion models (JKR and DMT) represent the ex-
tremes of a dimensionless parameter � given by

� = �RWA
2

Er
2z0

3 �1�3

, (13)

where R is the tip curvature radius, and z0 the equilibrium
separation of the surfaces in the Lennard Jones potential
(z0 � 2 Å). It is shown that the magnitude of the pull-off
force varies continuously from the DMT for � < 0.1 to
the JKR value for � > 5. For the PDMS material in this
study, using WA � 111 J/m2 (calculated from an average
pull-off force of Fpo ∼70 �N), the average values for the
elastic modulus (∼1 MPa) and Poisson’s ratio (�s � 0.5)
yield � > 4000. The aforementioned guideline suggests
that the JKR model is appropriate for this application
(� > 5). The discrepancy between bulk and JKR inden-
tation data may then be rationalized by questioning the
applicability of continuum ideal elastic mechanics mod-
els to soft substrates such as PDMS. Specifically, previ-
ous work40 has shown some limitations in using nanoin-
dentation for quantitatively determining material proper-
ties of soft and/or adhesive samples. There are
uncertainties associated with the initial tip-sample con-
tact point and tip shape at large depths. Such uncertain-
ties may result in significant errors in calculating the
absolute value of the elastic modulus. These limitations
could explain the lower Es values obtained when using
JKR adhesive model. However, the qualitative behavior
of the nanoindentation appears to be consistent with the
unconfined compression measurements.

IV. CONCLUSIONS

Results from the unconfined compression and nanoin-
dentation experiments indicate that there is a significant
difference in the elastic modulus (Es) of PDMS of dif-
ferent concentrations. Using the current protocol, the
data indicate that nanoindentation is capable of measur-
ing differences of hundreds of kilo-Pascals in elastic
modulus. As expected, the elastic moduli decrease (2.04
to 0.42 MPa for unconfined compression) with increas-
ing ratio of base to cross-linking agent, since increasing
concentrations have more open (less cross-linking), flex-
ible microstructures.

The PDMS elastic modulus values calculated from
nanoindentation experiments using a Hertzian contact
model are higher when compared to the unconfined com-
pression results. These data indicate that the contact area
is much larger than that estimated with the Hertzian
model. Moreover, when testing is conducted in aqueous
experiments, a significant decrease of the elastic modulus
(compared to dry) is observed, though the values are still
higher than unconfined compression measurements. This
behavior seems to be related to a significant decrease in
the work of adhesion due to the contribution of the elec-
trostatic attraction. Adhesion models reconcile these dif-
ferences. This suggests that the work of adhesion should
not be ignored and plays a significant role in PDMS
contact mechanics, even though absolute values from the
JKR model calculations result in lower Es. New devel-
opments in contact mechanics on a nanometer scale are
necessary for a better understanding of these materials.
Since soft material samples are expected to have signifi-
cant adhesive forces, the work of adhesion must be
included in the experimental protocol and evaluated

FIG. 9. Elastic moduli obtained from the nanoindentation experiments (aqueous conditions) using the Oliver and Pharr, Hertz, and JKR models
(left to right). For comparison, the unconfined compression elastic moduli results are also shown for each PDMS concentration.
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when determining mechanical properties with nanoin-
dentation.
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