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ABSTRACT: This article explores polydimethylsiloxane (PDMS) mechanical properties, and presents nanoindentation experiments with
Berkovich and flat punch indenters. In the Berkovich tip quasi-static nanoindentation test, there are pull-in and pull-off events
observed during the initial tip contact, and when withdrawing from the surface, respectively. The pull-in interaction needs to be
accounted for to properly determine the initial contact point, and thus the accurate contact area. Once accounted for the pull-in
event, the Berkovich and flat punch tips quasi-static nanoindentation tests give comparable results of about 1.5 MPa for the PDMS
elastic modulus (5 : 1 elastomer base to the curing agent ratio). However, PDMS unloading stiffness is higher than the loading stiff-
ness, and dynamic PDMS testing yields higher elastic modulus of about 3.6 MPa. While these results are comparable with the large
strain macroscopic compression test results, the difference underscores the complexity of elastomer mechanical characterization and
illustrates the discrepancies typical of the reported values. This article describes nanoindentation methods and critical aspects of inter-

preting results to assess PDMS mechanical properties. © 2014 Wiley Periodicals, Inc. J. Appl. Polym. Sci. 2014, 131, 41384.
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INTRODUCTION

Polydimethylsiloxane (PDMS) is one of the most widely used
silicon-based organic polymers." PDMS has been utilized as the
substrate to grow cells, because of its controllable wide range of
elastic properties,”™ since local stiffness of the substrate affects
cells behavior. To characterize PDMS mechanical properties, vari-
ous approaches, including nanoindentation techniques can be
used.® The previous study utilized a custom-built macroscopic
compression instrument for measuring macroscopic elastic prop-
erties of PDMS samples with the 5 : 1 to 33 : 1 elastomer base to
the curing agent ratios.” However, nanoindentation is capable of
providing better surface sensitivity and spatial resolution.

Testing elastomer mechanical properties using nanoindentation is
still quite novel and challenging, thus there are not many referen-
ces available in the literature. Some PDMS samples, especially
those with low curing agent concentrations are relatively soft, with
the elastic modulus well below 1 MPa.” As a result, the maximum
load is quite small, even at the maximum displacement range of
the nanoindenter, which is typically on the order of a few microns.
Additionally, most PDMS samples are tacky, making it quite chal-
lenging to determine the initial point of contact of the indenter
tip, based on which the contact area and the elastic modulus are
calculated. Advanced in situ tests inside the scanning electron
microscope® or dynamic nanoindentation testing approaches’ have
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been utilized to accurately determine the contact area or the initial
contact point during indentation. Utilizing a flat punch tip geome-
try, for which the contact area stays constant, is one of the alterna-
tives. Conventional dynamic mechanical analysis (DMA) testing
can be a viable method to test the complex PDMS modulus.'® In
addition to the quasi-static indentation, dynamic nanoindentation
testing was also employed here. In this article,
nanoindentation-based methods using different tip geometries
have been utilized to characterize mechanical properties of the 5 :
1 PDMS sample. The base/agent mass ratio determines the PDMS
elastic properties.'' In the previous study, which utilized the
custom-built macroscopic compression tester, the 5 : 1 PDMS
sample elastic modulus was measured at 3.59 = 0.11 MPa.” The
elastic modulus, E, in MPa can be expressed as a function of the
PDMS base/curing agent weight ratio, n, as:’

__ 20MPa
n

various

E

(1)

For the same base/curing agent ratio, PDMS elastic modulus
measured in compression'” seems to be higher than in tension."’
MATERIALS AND METHODS

Sample Preparation
Sylgard 184 silicone elastomer base and silicone elastomer cur-
ing agent with the 5 : 1 base/agent mass ratio, manufactured by
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Figure 1. PDMS sample mounted on the Hysitron Triboindenter stage.
[Color figure can be viewed in the online issue, which is available at
wileyonlinelibrary.com.]

the Dow Corning (Midland, MI) were used to make the PDMS
samples.14 Sheets of PDMS (3 mm thick) were produced by
thoroughly mixing the elastomer base and the curing agent,
then pouring the mixture into a flat bottom polystyrene dish
and degassing it under vacuum to remove air bubbles. Then the
5: 1 PDMS was cured in an oven for 1 h at 65°C.

Sample Mounting

To accommodate the nanoindentation workspace, the prepared
PDMS sheets were cut into 1 ¢cm® square pads with a utility
knife. Instead of the typical glue mounting of the sample, it was
placed directly onto the Hysitron Triboindenter stage and
pressed with tweezers to develop full contact with the stage, evi-
dent by the air escaping along the interface between the sample
and the steel sample stage holder (Figure 1).

Nanoindentation Testing

The Hysitron Triboindenter (Hysitron, USA) was used for all
three types of nanoindentation tests. The 5 : 1 PDMS sample
was tested using quasi-static nanoindentation with the Berko-
vich and flat punch tips. It was also tested dynamically with the
flat punch tip, which had cylindrical shape and a diameter of
1002.19 um. Relaxation tests with different unloading rates were
conducted to asses PDMS viscoelastic properties. Nanoindenta-
tion dynamic mechanical analysis (nano-DMA) was also con-
ducted to quantify PDMS storage and loss elastic modulus.

The nanoindenter transducer with the corresponding mounted
indenter tip was calibrated before each experiment. Initially an
automated quick approach was utilized to make the contact with
the sample surface. However, automated features of the instrument
to make the indents with the Berkovich tip were not utilized. The
tip was manually positioned 1-2 um above the sample surface,
making sure that there was no contact with the sample prior to
each indent. This way the whole interaction between the Berkovich
tip and the PDMS sample was captured, including the pull-in and
the pull-off events. Each nanoindentation test was conducted once
at a new location on the sample to avoid the Mullins effect.'>'®

For the quasi-static nanoindentation test, the reduced modulus
of the sample is calculated as:

Mak\;’.“liﬂ> WWW.MATERIALSVIEWS.COM
1

WILEYONLINELIBRARY.COM/APP

41384 (2 of 7)

Applied Polymer

IENCE

E=VE
" 2VA
where S is the slope of the upper portion of the unloading

curve and A is the tip contact area, which for the perfect Berko-
vich tip is related to the indentation depth, , as:

A=24.51> (3)

(2)

The tip area function was also obtained by making indents into
the fused quartz standard sample with the reduced modulus of
69.6 GPa. Measured reduced modulus, E, is related to the
PDMS elastic modulus, Eppyss, as:

1 (I_V%DMS) n (l_vtzip)

E, Eppms Eiip

Here, vppms is the PDMS Poisson’s ratio (0.5), and vy, is
the Poisson’s ratio of the diamond indenter (0.07). Since the
elastic modulus of the diamond indenter tip (1140 GPa) is
orders of magnitude larger than the PDMS elastic modulus
(MPa), the second term in eq. (4) is negligible. The PDMS elas-
tic modulus is related to the reduced modulus as:

EPDMS:Er(l_VIZJDMs):O-75Er (5)

Most nanoindentation studies report reduced modulus for
PDMS, thus it is important to realize that the actual PDMS
modulus is 25% lower than the reduced modulus, especially
when making comparisons with other testing methods, includ-
ing macroscopic compression or tensile tests.

(4)

17,18

In theory, for the flat punch tip, the contact area does not change
with the indentation depth. However, it is important to make sure
that the tip and the sample are in full contact, which requires a
certain amount of pre-loading. Incomplete contact between the
flat punch indenter tip and the sample surface occurs because of
the misalignment tilt. Therefore, a pre-loading method was used
to perform the flat punch nanoindentation tests. The flat punch
with 1002.19 um diameter and the sample surface were not paral-
lel due to a slight misalignment tilt. Thus, to achieve full contact
between the flat punch and the sample, the stage was moved
upward in 5 pm increments, for the 40 um total displacement.
After 40 pum total displacement into the sample, the load started
to change linearly with displacement, meaning that the tip and the
sample had developed full contact. When the transducer is not
actuated during pre-loading, its center plate will move due to the
sample pushing on the tip. The stiffness of the sample is around
20 times of the stiffness of the transducer spring. Based on the
167 N/m spring constant of the transducer, the flat punch was dis-
placed into the sample surface by over a micron, taking care of
the initial tilt. During this procedure, one has to be careful not to
break the transducer, as the distance between the plates of the
transducer is about 80 pm. Once the full contact between the flat
punch and the sample surface was established, the contact area
remains constant during the test, thus eq. (2) can be rewritten for
the cylindrical flat punch with the diameter D, as:

Er= _ (6)

From the unloading slope, S, the reduced modulus of the sam-
ple can be obtained.
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Figure 2. Berkovich tip nanoindentation of the 5 : 1 PDMS: (a) Load—displacement curve showing the pull-in and the pull-off phenomena; (b) trans-

ducer oscillation upon complete withdrawal from the sample. [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.

com.]

The Hysitron Triboindenter is also capable of dynamic testing,
which was used in this study as well for measuring storage and
loss modulus. There are three test variables that can be con-
trolled for the nano-DMA test: frequency, dynamic, and static
forces. For the time-dependent behavior, dynamic testing offers
the advantage of significantly decreased testing time by examin-
ing mechanical properties over a range of frequencies.'”' The
storage, F, and loss, E’, modulus in the DMA method are cal-
culated as:

o kvm
2VA

= wC/n
2¢/A

where k; is the measured storage stiffness of the sample, C; is
the measured loss stiffness of the sample, ® is the loading fre-
quency, and A is the contact area, which does not change with
the indentation depth for the flat punch tip. Thus, eqs. (7) and
(8) for the flat punch indenter tip with the diameter D reduced
to:

(7)

(8)

k
E=2 9
D 9)
C
gr=2 10
D (10)

Based on the storage and loss modulus, the reduced modulus is:

2 202
F=VE 4 p = YT

D (11)

RESULTS AND DISCUSSION

Berkovich Tip Nanoindentation
Figure 2(a) shows a typical load—displacement curve obtained
by indenting 5 : 1 PDMS with the Berkovich tip. For the maxi-
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mum transducer travel range of about 5 pum, the maximum
load is only just above 80 uN. For softer PDMS samples the
corresponding load is even smaller. The sample surface is quite
tacky, thus the tip is attracted to it, resulting in the negative
load measured by the transducer at the beginning of the inden-
tation process, the so-called pull-in force. As a result, the initial
contact point, used for calculating the contact area and the
reduced modulus in the nanoindenter software, is shifted. Thus,
the reduced modulus values automatically calculated by the
software are not quite accurate. Some earlier nanoindentation
studies utilized an automated surface approach and ignored this
initial contact adhesion force effect, reporting only the positive
load portion of the load-displacement curve in Figure 2(a).>*
The problem of accurately determining the indentation contact
area of PDMS has been solved as described in a report of in
situ indentation in the scanning electron microscope.® Alterna-
tively, the adhesion force effect can be eliminated by making
indents with spherical tips in contact lens solution.”® After the
pull-in phenomenon, the nanoindentation load starts to
increase as the tip pushes against the sample surface. For this
composition, the pull-in interaction happened over an
~400 nm displacement range, while the pull-off interaction was
over a micron. When the initial tip—sample interaction was
properly accounted for by shifting the initial contact point of
the load—displacement curve to the minimum of the pull-in
event, the 5 : 1 PDMS reduced elastic modulus measured using
the Berkovich tip nanoindentation was 2 * 0.07 MPa, an aver-
age of three tests, which corresponds to an elastic modulus of
about 1.5 MPa. The pull-off phenomenon has been used to
measure PDMS elastic properties using a large radius spherical
tip indenter.”*

At the end of the indentation process, the tip was withdrawn
from the sample’s surface. As the tip detached from the sample
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Figure 3. Flat punch nanoindentation of the 5 : 1 PDMS: (a) Load—displacement curve; (b) linear fit of the upper unloading portion of the nanoinden-

tation curve in (a). [Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

surface, the pull-off event was followed by damped oscillation
of the transducer. Figure 2(b) plots nanoindentation load and
depth over time, where the effect is clearly seen in more detail.
The oscillation frequency is 125 Hz, which is close to the meas-
ured transducer resonance frequency of 126 Hz.

Quazi-Static Flat Punch Nanoindentation

The initial tip interaction effects associated with the Berkovich
tip indentation can also be avoided by using a flat punch
tip.”>*® As long as the tip develops full contact with the surface,
eq. (6) can be used to calculate the elastic modulus. A typical
flat punch nanoindentation load—displacement curve is shown
in Figure 3(a). A linear fit to the upper portion of the unload-
ing curve is shown in Figure 3(b). Based on eq. (6), the reduced
elastic modulus of the 5 : 1 PDMS sample is 2.12 = 0.04 MPa
(average of three tests), which is close to the Berkovich tip
indentation result of 2= 0.07 MPa, and corresponds to about
1.6 MPa elastic modulus.

Similar experiments were performed using different unloading
rates, as seen in Figure 4(a). The sample was rapidly loaded to
the maximum load of 8 mN in 2 sec, followed by unloading
over 60 sec to 400 sec. PDMS clearly exhibits viscoelastic behav-
ior, followed by recovery during the nanoindentation unloading.
This recovery behavior depends on the unloading rate.”” Here,
fast 2 sec loading was used, followed by the unloading at differ-
ent rates. If the tip was unloaded at the same fast rate as the
loading, it would simply loose contact with the sample. Figure
4(b) shows the quantitative relationship between the PDMS
nanoindentation recovery in terms of the maximum displace-
ment recovery in % and the unloading rate.”®> The sample
deformation recovers almost completely if long enough time is
allowed for relaxation, signifying the viscoelastic nature of the
deformation.
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It should be noted that the initial unloading slope is higher
than the loading slope in Figures 3(a) and 4(a). During indenta-
tion of elastic—plastic materials the steeper unloading slope is
due to the plastic deformation that occurs during loading, i.e.
the loading slope is less steep due to the sample plastic defor-
mation. In this case there is almost complete deformation
recovery upon the unloading, especially for the longer unload-
ing times. Similar effects in PDMS have been observed using
conospherical indenter geometry.® The unloading stiffness
appears higher than the loading stiffness due to the viscoelastic
nature of the slow unloading process, resulting in elevated val-
ues of the elastic modulus calculated from the unloading data.

Dynamic Flat Punch Nanoindentation

Dynamic testing using nano-DMA was performed to obtain loss
and storage modulus of the PDMS sample. First, the dynamic
transducer response with the attached flat punch tip was
acquired for proper calibration (Figure 5). Based on the data in
Figure 5, the tip with the transducer center plate mass was
determined at 260.23 mg, the center plate spring constant, k;
was 166.73 N/m, damping, C; was 0.0141 kg/sec, and the trans-
ducer resonance frequency was 126 Hz. These values were used
for properly measuring the sample storage and loss stiffnesses,
automatically calculated by the nanoindenter software, based on
the dynamic model,”® accounting for the dynamic transducer
response. The resonant frequency of 126 Hz, measured with the
flat punch tip, is close to the 125 Hz frequency of the trans-
ducer oscillation with the Berkovich tip. The slight frequency
difference is due to the different mass of the two indenter tips.

Similar to the quasi-static flat punch indentation, the pre-
loading method was used to develop full contact between the
flat punch and the PDMS sample prior to indentation. Using
the measured sample storage and loss stiffnesses, it was possible
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Figure 4. PDMS nanoindentation: (a) recovery behavior with different unloading time; (b) displacement recovery dependence on the unloading time.

[Color figure can be viewed in the online issue, which is available at wileyonlinelibrary.com.]

to calculate the storage and the loss modulus using egs. (7) and
(8), respectively. Figure 6(a) shows the storage modulus of the
5 : 1 PDMS sample, obtained from the frequency control tests.
The tip oscillation frequency was varied from either 2.5 Hz, or
10 Hz to 300 Hz. For the first test 1 mN static force was used,
corresponding to 380 nm displacement into the sample with 50
uN dynamic force oscillation. For the second test, 2 mN static
force was used, corresponding to 1140 nm displacement into
the sample with 100 uN dynamic force oscillation. PDMS stor-
age modulus increases with the test frequency, reaching the
maximum above 200 Hz. At the low frequency, the nano-DMA
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Figure 5. Transducer dynamic calibration. [Color figure can be viewed in
the online issue, which is available at wileyonlinelibrary.com.]
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results are similar to the flat punch quasi-static tests. In Figure 6(a),
it is easy to see that the 5 : 1 PDMS storage modulus is around 3.5
MPa when the frequency is 10 Hz at the nanoindentation depth of
380 nm, which is comparable to the macroscopic compression test
result.” The storage modulus is around 4.4 MPa when the frequency
is 100 Hz with the nanoindentation depth at 1140 nm. For the fre-
quency controlled test, the storage modulus strongly depends on the
indentation depth, determined by the used static and dynamic forces.
Larger indentation depth and higher loading frequency correspond
to higher dynamic stiffness. Data points at 10 Hz and 100 Hz are out-
lined for comparison with the further displacement controlled tests
conducted at these two fixed frequencies.

Figure 6(b) shows the 5 : 1 PDMS loss modulus obtained by
the nano-DMA frequency control test. Similar to the storage
modulus, the loss modulus strongly depended on the indenta-
tion depth at which the test was conducted, along with the
dynamic force amplitude. For the 1 mN static and 50 uN
dynamic forces, the loss modulus reached the maximum at
around 65 Hz. For the 2 mN static and 100 uN dynamic forces,
the loss modulus reaches the maximum at around 100 Hz,
closer to the transducer resonance frequency. Using egs. (5) and
(11), the maximum elastic modulus of 3.55 MPa was calculated,
reaching the maximum above 200 Hz, based on the data in Fig-
ure 6, which is comparable with the large strain macroscopic
compression test result of 3.59 = 0.11 MPa.” High frequency
deformation can induce thermal effects, which due to the
PDMS low thermal conductivity result in the slight modulus
reduction past 210 Hz in Figure 6(a).

Figure 7(a) shows storage modulus data obtained using the
nano-DMA static force control test. The static force was varied
between 2 mN and 8 mN with the set dynamic force of 50 uN,
and the frequency of either 10 Hz or 100 Hz. The difference
between the loading and unloading results is due to the
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Figure 6. Frequency sweep nano-DMA test results: (a) storage modulus; (b) loss modulus. [Color figure can be viewed in the online issue, which is

available at wileyonlinelibrary.com.]

viscoelastic PDMS properties. Similar to the quasi-static flat
punch indentation, the sample appears stiffer during the
unloading due to the incomplete viscoelastic recovery. In Figure
7(a), the storage modulus at 1140 nm nanoindentation depth is
around 4.5 MPa, which is comparable to the data outlined in
Figure 6(a). Also, the storage modulus at 380 nm nanoindenta-
tion depth with 10 Hz test frequency is around 3.5 MPa, which
is similar to the data outlined in Figure 6(a). Both frequency
and force control tests provide comparable results for the simi-
lar frequency and indentation depth.

Figure 7(b) shows the loss modulus obtained from the nano-
DMA static force control test. The 5 : 1 PDMS loss modulus of

5
unloadlng
1140 nm_ . p
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0.5 MPa in Figure 7(b) at the 1140 nanoindentation depth and
100 Hz test frequency is similar to the corresponding test condi-
tions in Figure 6(b). As expected, there is not much difference
between the loading and unloading tests for the loss modulus.
Using egs. (5) and (11), the maximum elastic modulus meas-
ured using the force controlled dynamic test is 3.66 MPa, which
is also comparable with the large strain macroscopic compres-
sion test result of 3.59 + 0.11 MPa.”

Previous dynamic testing of PDMS, up to 100 Hz, exhibited
similar results, where the storage and loss modulus increased
with the indentation depth and frequency.’** Here, the maxi-
mum elastic modulus was captured just above 210 Hz,

0.8
i 100Hz 908
© ..
=06 | 11_40 nmﬁﬁ?;j””
2 VS 8-2 mN, 100 Hz
2 A 7Y 5 2-8mN, 100 Hz
w4l 8-2 mN, 10 Hz
g --%--2-8mN, 10 Hz
=
i 10Hz .
><><><><>é><><’><’ & $egeN
0.2 i | L1 1 g Lij
500 1750 3000
(b) Displacement, nm

Figure 7. Force control nano-DMA test results: (a) storage modulus; (b) loss modulus. [Color figure can be viewed in the online issue, which is available

at wileyonlinelibrary.com.]
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corresponding with the large strain macroscopic compression
test result. When comparing dynamic tests, one has to make
sure that similar experimental conditions are used, since the
measured elastic modulus strongly depends on the test fre-
quency and indentation depth. However, the technique is sensi-
tive enough to assess local surface stiffness variations, needed
for properly assessing the adhesion behavior of live cells.

Wilder et al. study reports that the elastic modulus of the 5 : 1
PDMS sample measured in tension is 1.5 MPa, while it is above
2.65 MPa when measured using polystyrene film buckling sen-
sors.”” This sample with the 5 : 1 elastomer base to the curing
agent ratio exhibited the only discrepancy between the two types
of the test, compared with the rest of the samples with higher
ratios, up to 25 : 1. This study shows a similar difference of elas-
tic modulus measured using static and dynamic indentation tests.

CONCLUSIONS

The mechanical properties of 5 : 1 PDMS were measured using
quasi-static indentation with Berkovich and flat punch tips.
Once accounted for the testing artifacts (pull-in for the Berko-
vich indenter and developing full contact for the flat punch),
both tests gave comparable elastic modulus result of about 1.5
MPa. Dynamic testing with the flat punch shows strong testing
frequency and depth dependence, and provides comparable
results for the similar testing conditions. The elastic modulus of
the 5 : 1 PDMS sample is about 3.6 MPa, which is comparable
with the macroscopic compression test result. For both static
and dynamic tests, PDMS unloading stiffness is higher than the
loading stiffness due to the incomplete viscoelastic recovery.
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