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Modulus and adhesion of Sylgard 184, Solaris, and Ecoflex 00-30 silicone elastomers
with varied mixing ratios
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Abstract: Two-part, commercial silicone elastomers are used in a variety of fundamental soft
materials research and industrial applications due to their wide availability, ease of use, low
cost, and mechanical tunability. This work seeks to create a library of moduli for three
common elastomer systems with varied mixing ratios: Sylgard 184, Solaris, and Ecoflex 00-
30, as well as provide a comparison of their adhesive properties. Shear storage moduli are
quantified using parallel plate oscillatory shear rheology. The work of debonding is measured
with spherical probe adhesion testing, and the static, advancing, and receding contact angles
are measured via goniometer. Sylgard 184 can have shear moduli ranging from ~0.5 kPa-620
kPa, Solaris from ~0.6 kPa-175 kPa, and EF from ~1.3 kPa-35 kPa measured at a frequency
of 0.01 rad/s. In general, increasing mixing ratios creates softer samples. Additionally, softer
samples are universally more adhesive, regardless of the material system. When comparing
the different material systems, Sylgard 184 is generally the most adhesive, followed closely
by Solaris, and then by Ecoflex 00-30. Our study offers a baseline dataset of modulus values
and comparative adhesion to help researchers determine an appropriate commercial silicone

for their application.
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1. Introduction

Silicone elastomers have wide reaching usage in both academia and industry.!? Their
tunable properties and easy moldability make them ideal candidates for stretchable and
wearable electronics,>* microfluidics,*> biomaterials,®® cosmetics,'® and soft robotics. #1013
Additionally, the ability to tune their mechanical and interfacial properties, combined with
their commercial availability in simple, two-part systems, make silicones useful for

fundamental studies on soft materials, including but not limited to adhesion,”!®2 friction,?!~

2 24,25 6 8,14,31-33

3 wetting, cavitation,?® wrinkling, """ fracture,?>?%*" and cell-surface viability.
These elastomers mostly comprise polydimethylsiloxane (PDMS) and, in some cases,
additional fillers such as nanoparticles.!*** Commonly, commercial systems use a platinum
catalyst to activate a vinyl-hydride reaction for curing, referred to as hydrosylation.’¢-8
Additionally, these elastomer systems can be enhanced through the addition of non-covalent
bonds to enhance toughness and dissipate energy.’®*! Although many silicones are available
on the market, a few of the most widely implemented are Sylgard 184,%324243 Solaris,?%44
and Ecoflex 00-30.%!%%> Their widespread use has led to studies on their mechanical
properties as a function of variables like strain rate, processing conditions, manufacturer, and
mixing ratio of the two parts.!#>-3234384647 By manipulating the two-part mixing ratios away
from factory recommendations, the moduli of the materials can be tuned. For example, Wang
et al demonstrated that decreasing the amount of crosslinking agent decreases the resulting
modulus for Sylgard 184, and proposed an empirical relation to predict the modulus as a
function of mixing ratio.*® Their empirical relationship works well for moduli above ~500
kPa; however, even softer materials, which are of particular interest for adhesive and
biomaterials applications, were not considered. Yu, et al. investigated the PDMS-PDMS
adhesion of Sylgard 184 and Ecoflex 00-30.'¢ In their study, PDMS hemispherical probes

were indented into PDMS surfaces and the Johnson-Kendall-Roberts (JKR) method was used

to calculate a work of separation. While this study yields insight into adhesion of PDMS
2
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systems, it only varies mixing ratios of Sylgard 184 and investigates exclusively PDMS-
PDMS adhesion.

Although Sylgard 184 has been a staple for fundamental studies, other silicone kits
have become popular over recent years that offer slightly different properties while
maintaining the two-part, one-pot synthetic simplicity. For example, Solaris is a two-part
system that contains fewer fillers that was developed as a coating for photovoltaic cells.**
Ecoflex 00-30 is widely used to mimic skin for special effects applications in movies and
costumes, and is popular in the soft composites and robotics community for its high

411.1645.49.50 However, Ecoflex 00-30 is not optically clear, while

stretchability and toughness.
Sylgard 184 and Solaris are transparent. Despite the increasing use of both materials, the
effect of mixing ratio on their mechanical and interfacial properties is not well characterized
within a single study. This limits the ability to compare these silicone elastomers or develop
new experimental protocols using commercial silicones.

This contribution seeks to provide a baseline dataset of low-frequency shear moduli of
Sylgard 184, Solaris, and Ecoflex 00-30 with mixing ratios varied from their factory
recommendations (Figure 1a). Additionally, we compare their works of debonding to glass
using a spherical probe adhesion test (Figure 1b,c). Our results show that Sylgard 184 is
generally more adhesive and has a large available modulus range, while Ecoflex 00-30 and
Solaris have smaller moduli ranges and are less adhesive. Using our moduli data table, contact
angles are compared for the different elastomers with similar moduli, which are consistent
with our adhesion results. We expect that our data will aid researchers in determining which
of these systems and what mixing ratio best fit their end-use. Although many pathways are
available for creating silicones with tunable properties, these two-part kits offer a simple,

easily accessible route to tune material properties for several fields of research and

engineering.
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Figure 1: (a) Overlaid rheological data showing G’ (filled symbols) and G” (unfilled symbols) for
Sylgard 184 (red, circles), Solaris (green, diamonds), and Ecoflex 00-30 (blue, triangles) at factory
recommended mixing ratios. (b) A schematic of the probe adhesion testing apparatus used for
adhesion measurements and (c) a side-view image from an adhesion test using a 6.35 mm diameter
spherical glass probe on Sylgard 184.

2. Materials and Methods
2.1 Materials

All materials were used as obtained with no additives. Dow Sylgard 184 (SY) was
purchased from Ellsworth Adhesives, Solaris (SO) and Ecoflex 00-30 (EF) from Smooth-On
Inc., and polyacrylic acid (PAA, M,, = 1800 g/mol) from Sigma Aldrich. 5 cm round plastic

petri dishes and deionized water (Ward’s Science) were purchased from VWR.

2.2 Sample preparation

We prepared ~5 g samples in 5 cm diameter round petri dishes at selected mixing
ratios by weight. First, petri dishes were UV/Ozone treated for 5 minutes to increase
wettability. Then each dish was treated with 1 mL of 0.5 wt% PAA/H>O solution that was

spread across the bottom of the dish, and excess solution was removed with a pipette. Dishes
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were then dried in an oven at ~65°C. The PAA allows a hydrophilic barrier to form between
the silicones and their dishes to mitigate sticking that occurred on some samples, with the aid
of a small amount of water. To create the silicone samples, appropriate weights of each
component of a sample were mixed vigorously for ~2 minutes in a 20 mL vial, and then
poured in the petri dishes. The liquid silicone mixtures in the petri dishes were then placed
under vacuum until all bubbles were removed. The dishes were placed into an oven for 60-65

hours at ~65°C for curing.

2.3 Parallel plate shear rheology

A TA Discovery HR-2 rheometer equipped with 25 mm aluminum plates was used to
characterize the low-frequency moduli of our samples. To remove the samples from their petri
dishes, we first used a 25 mm diameter punch from Grainger Equipment to cut the samples.
Then a small amount of water was applied under the edge of the sample, which is drawn
beneath the silicone by the PAA layer to allow for clean removal. Every sample underwent an
amplitude sweep at 10 rad/s from 0.0125% to 1.25% strain to confirm that the strain existed in
the linear regime. Frequency sweeps were all conducted at 0.1% strain (as confirmed by the
amplitude sweep to be within the linear regime) from 0.01 rad/s—100 rad/s (Figure S1). The
shear storage modulus is taken at 0.01 rad/s and assumed to be reasonably close to time-

independent as the modulus change with frequency approaches a plateau.

2.4 Adhesion testing

A custom-built spherical probe adhesion tester (Figure 1b) is used to measure force
and displacement,’! while the contact is being imaged with a side-view camera to measure the
contact area, A, (Figure 1c). 6.35 mm diameter optical sapphire doped glass spheres (Edmund
Optics) were attached to screws that were then fed into a load cell (GSO-10, Transducer

Techniques). The load cell is attached to a high precision linear actuator (L-239.50SD, Physik
5
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Instrumente) to control displacement. The linear actuator was controlled with LabVIEW, and
force vs. distance data was recorded during all steps. Samples were prepared using the method
described above. Samples are indented at a rate of 0.1 mm/s to a depth of ~0.2 mm and
allowed to dwell for 30 s. The probe was then retracted at a rate of 0.1 mm/s until complete
detachment. Force data was then divided by the contact area to yield an apparent stress during
pull-off, ¢ = F /A,. This allowed for each adhesion test to provide a work of debonding
(Wyp). W4y, was found by taking the integral of the stress vs displacement curve produced

from each adhesion test.

2.5 Contact angle measurements

A goniometer (ramé-hart, 100-00) is used to measure the macroscopic static water
contact angles on the elastomers. 4 pL deionized water drops are placed on the elastomer by
using a microsyringe assembly (ramé-hart). Pictures of drops are captured using a digital
camera and analyzed with ImageJ and using Dropsnake to extract macroscale contact angle
data. For advancing and receding contact angles, a goniometer with an automatic dispensing
system is used. The dispensing system injects and withdraws water on the sample surface with
a constant inject/withdraw speed (0.1 puL/s). The advancing angles are taken as the measured
contact angle when the contact line depins and expands during water injection, while the
receding angles are obtained when the water contact line depins and start moving backwards
during water withdrawal. The recorded videos are analyzed with ImageJ and using the

Contact Angle plugin to extract macroscale contact angle data.

2.6 Uncrosslinked molecule extraction
After mechanical or adhesive characterization, three samples each of 10:1 and 35:1
Sylgard 184, 1:1 and 5:1 Solaris, and 1:1 Ecoflex 00-30 were prepared for uncrosslinked

molecule extraction. Circular samples ~25 mm in diameter and ~4 mm thick were cut in half.
6
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One half of each sample was set aside for comparison, while the other half was placed in a
tared vial, and the mass of the sample recorded (M;). Tared vials were then filled with hexane
and allowed to swell for ~72 hours. Solvent was refreshed after ~24 and ~48 hours. Solvent
was removed via pouring. Samples were dried for ~24 hours at ~65°C. Samples continued

drying until a constant weight was obtained (My). % extractable, uncrosslinked material was
calculated as (M; — M¢)/M;. Three samples of each mixing ratio were taken and the

calculated % uncrosslinked chains were averaged.

3. Results and discussion

SY has with a factory recommended mixing ratio of 10:1 Base to crosslinking agent
(CA). Both SO and EF come with a 1:1 part B to part A recommendation from the
manufacturer. In our experiments, SY samples are tested at mixing ratios from 5:1 to 70:1, SO
samples are tested from 0.5:1 to 20:1, and EF samples are tested from 0.5:1 to 60:1. Outside
of these ranges, the materials became challenging to manipulate. SY samples range in low-
frequency shear storage modulus (G") from ~0.5 kPa-620 kPa (Figure 2a), SO samples ranged
from ~0.6 kPa-175 kPa (Figure 2b), and EF samples ranged from ~1.3 kPa-35 kPa (Figure
2¢). To obtain these modulus values, we tested multiple samples several times across multiple
weight ratios to account for experimental batch-to-batch variance. We also made samples
from different batches of each product to account for manufacturer batch-to-batch variance.
For SY, the moduli generally decrease with increasing Base:CA ratio from the 10:1
recommendation. The modulus drops precipitously at first, in an evidently exponential
fashion. While the factory recommended mixing ratio (10:1) produces a G’ of ~620 kPa,
double the ratio (20:1) yields ~190 kPa and increasing to triple the ratio (30:1) yields ~59 kPa.
For the Solaris system, the moduli display a similar trend: the moduli decrease when

increasing the mixing ratios (B:A). While the factory recommended mixing ratio yields a
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material with G'~120 kPa, 5x the recommended ratio (5:1) yields ~31 kPa and 10x (10:1)
yields ~8.5 kPa. For the EF kit, the factory recommended mixing ratio (1:1) gives a shear
modulus of ~27 kPa, which is consistent with the manufacturer datasheet. A 5:1 mixing ratio
yields ~17 kPa while higher ratios can lead to moduli on the order of a kPa (e.g. 60:1 gives
~1.3 kPa). In general, both SY and SO show a continuous curve that appears exponential,
while EF does not. Although EF does not follow an exponential pattern, the trend of
decreasing moduli with increasing mixing ratios remains consistent.

For a more direct comparison between systems, we introduce a “Factor from Factory
Recommendation” parameter, FFR, which considers mixing ratios in relation to factory
recommendations. The FFR is obtained simply by dividing the mixing ratios by the factory
recommendation and plotted with G’ for each system (Figure 2d). SO and EF have a higher
relative modulus change when considering the FFR. This may also explain the increased
noise in SO and EF data at high mixing ratios, where crosslinking stoichiometries become
further from their recommendations. Across all systems, it is evident that increasing mixing
ratios decreases G'. This is a result of decreased crosslinking per volume in the networks.>?*3
Additionally, decreasing crosslinking by changing the mixing ratio of commercial silicone
kits leaves a greater number of free chains in the networks. Free chains are uncrosslinked
polymer chains that remain inside the polymer network after curing due to unbalanced
stoichiometry.*? These free chains can also decrease moduli by expanding the polymer
network.>>°>% For example, at the factory recommended ratios, the amount of extractable
material is =4.5%, 12% and 55% by weight for the Sylgard 184 (10:1), Solaris (1:1), and
Ecoflex (1:1), respectively. The presence of these free chains, in addition to polymer
backbone molecular weight differences and potential fillers, likely play a synergistic role in
the mechanical properties at both factory recommended mixing ratios and other mixing ratios.

In addition to increasing the mixing ratio, we also halved the mixing ratio below

factory recommendations to 5:1 for SY, and down to 1:2 for SO and EF. While 1:2 SO and
8
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EF show increased modulus, likely due to increased crosslinking, SY 5:1 decreases in
modulus. This decrease in SY suggests that excess crosslinker from the unbalanced
stoichiometry can also lower modulus. We also point out that SY shows the least batch to
batch variance of the three systems.

To provide quantitative values for the moduli for the three systems, Table 1 reports
the low-frequency G’ values for different mixing ratios. Low-frequency moduli are used to
compare the systems in a case where they are approaching equilibrium and the storage
modulus is near a plateau (Figure S1). Note that although we plot every data point in Figure 2,
the table includes averaged values within certain mixing ratios for clarity and brevity. In
general, these data shows that SY has a wider modulus range, followed by SO and then EF. It
should also be noted that we are reporting shear modulus values as directly measured.
However, it is often convenient to know the Young’s modulus. Assuming a Poisson’s ratio of

v = 0.5, which is common for elastomers, the Young’s modulus can be calculated as E = 3G.
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Figure 2: Plots of low-frequency (0.01 rad/s) shear storage moduli, G', for (a) Sylgard 184 (red,
circles), (b) Solaris (green, diamonds), and (c) Ecoflex 00-30 (blue, triangles) as a function of Base to
crosslinking agent (Base:CA) ratio for Sylgard 184 or part B to part A (B:A) ratio for Solaris and
Ecoflex 00-30. (d) Plot of G’ vs the factor from factory recommended mixing ratio (FFR) for each
measured modulus.

10
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Table 1: Low-frequency (0.01 rad/s) moduli of commercially available, two-part silicone elastomers
with varied mixing ratios.

SY SO EF
Né}i;ilrslég:é{?)io G’ (kPa), Mix(ilr;%A%atio G (kPa) Mix(i}rslg:gAI;atio G’ (kPa)
5 234 +£120 0.5 175+ 36 0.5 35+24
10 620 £49 1.0 120+ 12 1 27 +£8.1
20 190+ 19 3.5 49+£5.5 5 17+0.4
30 59+ 1.5 5.0 31+89 10 13+£22
40 18+ 0.8 10.0 8.5+4.1 20 12+04
50 54+£04 12.1 2.3+0.03 30 9.1+1.0
60 09=+0.1 15.0 1.7+ 0.2 40 6.0+1.8
71 0.5+0.05 19.6 0.6£04 60 1.3+£0.6

To investigate the adhesive properties of these commercial silicones as a function of
mixing ratios, we use a glass spherical probe adhesion test to measure the work of debonding
(Wyp). Wy 1s obtained by integrating the stress vs. displacement measured during pull-off to
quantify the energy dissipated during breaking of the silicone-glass interface. It should be
noted that this is not the work of adhesion in the thermodynamic sense, calculated from
surface energies, but an empirically measured macroscale value gathered from probe adhesion
tests run at a constant rate of 0.1 mm/s, an indentation depth of 0.2 mm, and a 30 s contact
time (or dwell time). The selected depth, &, ensures that sample thickness is large enough that
effects from the rigid underlying substrate does not impact the adhesive measurement.’*> The
dwell time is selected to allow for relaxation of the softest materials tested (Figure S2). To
confirm that the mechanical properties of each sample are in the expected range prior to
adhesion testing, moduli are measured at a frequency of 0.1 rad/s. This frequency was
selected to increase the testing throughput by reducing the time required for frequency
sweeps, and because it corresponds to the adhesion testing velocity via the relation wR /41 =

Vesr, Where v,f is an effective linear velocity (Equation S1). However, it should be noted

11
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that the higher frequency test will yield slightly higher G’ values, but consistent with the
trends in Figure 2. Wy, is plotted against G’ for the three material systems in Figure 3. In
general, Wy, increase as G’ decreases for all samples. Softer materials usually display higher
adhesion as a result of increased contact and deformability,’®*” but this trend is likely
exacerbated by an increase in free chains that may also lead to capillary behaviors,2433-5%3859
When comparing the different material systems, EF is generally less adhesive at similar
modulus values to SY and SO. For example, if we consider the W,;, at a modulus of ~10 kPa,
SY has the highest W, at ~3.0 J/m? with SO at ~2.7 J/m?, and EF has the lowest adhesion at
~1.0 J/m?. Considering a higher modulus of ~100 kPa, SY maintains a higher adhesion on
average at ~0.7 J/m? while SO gives a W, at ~0.1 J/m? (EF cannot achieve this high of a
modulus). At lower moduli, we find more scatter in the data for the EF and SO systems. This
can be attributed to the increased mixing ratio required to achieve a low modulus, which has
significant departure from the designed stoichiometry of the factory recommendation. For
example, 45:1 SY is 4.5x the factory recommendation while 10:1 SO is 10x the factory
recommendation, which have similar moduli at G'~10 kPa (Figure 2d, Table 1). This higher
deviation from designed mixing ratio may introduce more heterogeneity into the polymer
networks of SO and EF relative to SY. In general, these commercial systems may include
adhesion promoters or other fillers, like silica in Sylgard 184.3**% However, there are
significant changes in the amount of free extractable chains as we modify the mixing ratios
from the factory recommendation. For example, at a low frequency modulus of ~30 kPa, the
amount of extractable material is #24%, 26%, and 55% for the Sylgard 184 (35:1), Solaris
(5:1), and Ecoflex (1:1), respectively. The difference in adhesion between Sylgard 184 and
Solaris samples of the same modulus (~30 kPa), which also have similar % of extractable
material, suggests that the fillers present in Sylgard 184 may act as adhesion promoters.

Moreover, it is interesting to note that there is a significant difference in color before and after

12
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extraction for the Ecoflex, going from cloudy to opaque white, while little change is seen in
Solaris or Sylgard 184 (Figure S3). This illustrates that different fillers can be a large

component.

10.0

“4

s
g4

°<I>

Wy (J/m?)

0.0

0.1 1 10 100 1000
G' (kPa)

Figure 3: Plot of Wy, vs G’ for the three tested systems. Red circles represent Sylgard 184, green
diamonds represent Solaris, and blue triangles represent Ecoflex 00-30. Each data point is an average
of 5 adhesion tests. Error bars denote one standard deviation. Moduli are measured with 25 mm
parallel plate shear rheology at 0.1% strain and 0.1 rad/s frequency.

As an additional support of adhesion results, we also measure the static (6s),
advancing (6,) and receding (6 ) contact angles with water. To compare SY, SO and EF
elastomers without modulus variance, we control the modulus to G’ =10 kPa for all three
systems (Figure S1). The samples are sufficiently thick (>1 mm) to exclude a potential effect
of thickness on wetting properties.®* > EF has the smallest static contact angle at g =
110.7°+ 3.4°, while SO and SY have relatively similar contact angles of 85 = 120.1°+ 1.5°
and 121.5°% 1.4°, respectively (Figure 4). Based on static contact angles, SY and SO are
more hydrophobic than EF. On the other hand, contact angle hysteresis (CAH = 6,—0g) can

provide more insight into drop-surface adhesion. Generally, higher CAH indicates higher

13
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adhesion.®*%* SO and EF have similar CAH at 44.8°+ 3.0° and 47.2°+ 4.5°, respectively, while
SY has the largest CAH at 83.5°+ 2.1° (Figure 4). The CAH results indicate that EF and SO
are less adhesive (or more slippery) than SY, even though 6 for SO is similar to SY. The EF
and SY results are consistent with our adhesion measurements that show EF is the least
adhesive and SY is the most adhesive at G’ = 10 kPa. The difference in the wetting properties
of these three different commercial PDMS elastomers may be due to differences in surface

tension, fillers, or the amount of free chains in the elastomers®*%3-:%,
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SS) i NN

O caH

S?

—

N

o
T

190

0.,
N
o
o

T

_ 180
80

170

(@]
o
T

160
150

1N
o
—

Contact angles,

N
o

40

(o) HY) ‘sisaislsAy o|bue 10e1u0)

Sylgard 184  Solaris  Ecoflex 00-30

Figure 4. Water contact angles on Sylgard 184 (red), Solaris (green), and Ecoflex 00-30 (blue)
elastomers at G’ = 10 kPa. Receding (forward slash patterned bars), advancing (backslash slash
patterned bars) and static (solid bars) contact angles differ among Sylgard 184, Solaris, and Ecoflex
00-30. The corresponding contact angle hysteresis is shown as orange open circles.

4. Conclusion

We have quantified how changing mixing ratios of two-part, commercial, silicone elastomers
affect their low-frequency shear storage moduli. In general, increasing the Base to curing
agent, Base:CA, or part B to part A, B:A, mixing ratios of the tested two-part elastomers

decreases the modulus. This is a result of decreasing the crosslinking density and likely
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introducing uncrosslinked polymer chains to the elastomer network. Within the tested mixing
ratios, Sylgard 184 can produce elastomers with a modulus range from ~0.5 kPa to ~620 kPa,
Solaris from ~0.6 kPa to ~175 kPa, and EF from ~1.3 kPa to ~35 kPa. Using spherical probe
adhesion tests, we demonstrate that Ecoflex 00-30 is generally the least adhesive of the
materials while Sylgard 184 is generally the most adhesive; we further confirm this trend with
contact angle experiments. Our study offers a baseline set of data on mechanical and
interfacial properties of two-part silicone kits, which aims to help researchers select

appropriate materials for their end-use applications.
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