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SUMMARY

Silicone elastomers exhibit extraordinary compliance, positioning them as a material of
choice for soft robots and devices. To accelerate curing times of platinum-catalyzed
silicone elastomers, researchers have employed elevated temperatures; however,
knowledge of the requisite duration for curing at a given temperature has remained
limited to specific elastomers and relied primarily on empirical trends. This work
presents an analytical model based on an Arrhenius framework coupled with data from
thermo-rheological experiments to provide guidelines for suitable curing conditions for
commercially available addition-cured platinum-catalyzed silicone elastomers. The
curing reaction exhibits self-similarity upon normalizing to a dimensionless reaction
coordinate, allowing quantification of the extent of curing under arbitrary time-varying
thermal conditions. Mechanical testing revealed no significant changes in properties or
performance as a result of thermally accelerated curing. With this framework, higher
throughput of elastomeric components can be achieved and the design space for

elastomer-based manufacturing can be developed beyond conventional casting.
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INTRODUCTION

Silicone elastomers exhibit properties that make them an attractive class of materials for
a variety of applications, for example (i) biocompatibility and softness for medical devices,
implants, and prosthetics,'? (ii) liquid-like properties (prior to curing) for painting or
molding prosthetic makeup,? (iii) viscoelastic behavior that dampens vibrations for use as
shock absorbers,* (iv) low surface energy to create superhydrophobic surfaces and
coatings that prevent dehydration,>® (v) high temperature resistance for cookware,” and
(vi) high dielectric strength for electrical insulation.® The versatility of silicone elastomers
has also facilitated the growth of the field of soft robotics in which traditional rigid robotic
components are progressively being supplemented or replaced with softer
counterparts.®'® For instance, over the past decade, more than half of the soft robotic
components developed were made from elastomers.”” The embodied intelligence
imparted by the mechanical compliance of elastomers reduces the complexity and
number of control parameters required while allowing a soft robot to interact safely with
delicate environments and conform to irregular objects.®'>-'4 Platinum-catalyzed
addition-cured silicones represent the most commonly used elastomers in soft robotics,
owing to their ease of use, commercial availability, and wide range of mechanical
properties.'>'” These addition-cured silicone elastomers are typically sold as two-part
systems, one containing the platinum catalyst and the other the crosslinking agent
(Figure 1). The two components start out as viscoelastic liquids which, after mixing,
undergo crosslinking to form a network with no reaction byproducts (Figure 1B).” The
formation of crosslinks transforms the viscoelastic mixture into a solid rubber over a
period of time known as the cure time, but the initial fluid state of the silicone prepolymer
allows it to flow and conform to intricate mold geometries, a behavior that can be

leveraged for casting complex components.'8-20

Elastomer-based robotic components, such as the pneumatic network (pneu-net)
actuator, are usually fabricated by pouring the prepolymer into a 3D-printed negative

mold.?"?2 During the casting step, the elastomer must be left inside the mold until it cures,
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rendering the mold temporarily unavailable. After a component has fully cured,
subsequent steps, such as assembling multiple components into assemblies or adding a
fluidic connection for pressure-driven actuation, are performed to produce a finished
device. Printing the mold typically consumes the most time of each of these individual
tasks, and therefore limits the fabrication speed of one-off components;?? however, as the
number of components fabricated with a given mold increases, the curing step dominates

the bulk of the fabrication time when performed at room temperature (Figure 1A).
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Figure 1. Thermally accelerated curing of platinum-catalyzed silicone elastomers

(A) Typical method of fabricating soft actuators consists of casting the elastomer in a negative
mold. The time required to create a single component consists of mold printing (which typically
demands 50% of the total fabrication time), elastomer casting and curing (33%), and any
intermediate steps to assemble and complete the final actuator (17%). As the number of casted
components increases, however, the bulk of the fabrication time is dominated by curing (> 60%)
if the same mold is used repeatedly.

(B) The curing chemical reaction of platinum-catalyzed addition-cured silicone elastomers exhibits
a rate of crosslinking with an exponential dependence on temperature.

(C) Elevated temperatures are used to increase the rate of curing for platinum-catalyzed
elastomers, leading to faster fabrication of soft actuators and greater production efficiency (up to
two orders of magnitude more elastomeric components per time compared to curing at room
temperature).

(D) We quantitatively show that increasing temperature decreases the gel time, which is
characterized as the time at which the loss tangent tan(®) equals 1, where tan(d) is defined as
the ratio of the loss modulus (G") to the storage modulus (G').
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Researchers have observed that temperature can be used to speed up or slow down the
time required to cure a component. Elevated temperatures have been used to reduce
fabrication time by heating an elastomer-filled mold to accelerate the curing
process.'6.17.21.23-27 Conversely, cooling the uncured elastomer mixture will delay the
curing process and thereby prolong the “pot life” of the elastomer if more processing time
is desired or to eliminate the need to prepare freshly mixed batches of elastomer for use
in secondary post-curing steps.'9212526 The temperature and duration for curing,
however, are often determined empirically based on trial and error without a mechanistic
understanding of the reaction kinetics. Without guidelines, this approach can result in
exposing a component to heat for longer than necessary and subsequently over-curing
(and thus decreasing the adhesion between components during assembly of multi-
component devices) while also wasting energy during excess furnace dwell time;
meanwhile, for cooling, it can result in uncertainty in the pot life during storage of uncured

prepolymer, leading to failed attempts at casting.

To better understand this process, prior research has indicated that the rate of the curing
reaction for hydrogels (such as gelatin), epoxies, and silicones exhibits an Arrhenius-like
dependence on temperature;?8-33 however, in the case of elastomers, the quantitative
analysis of how temperature affects the curing timescale has been limited to specific
silicones, such as Sylgard 184,34 and there is a need to characterize a broader range of
commonly used, commercially available silicone elastomers to advance the field of soft
robotics and other applications.?431.3536  Fyrthermore, state-of-the-art models for the
crosslinking kinetics of thermoset elastomers involve the superposition of multiple
Arrhenius-type rate terms, introducing as many as nine free parameters or temperature-
dependent exponents that must be determined by fitting to data obtained from differential
scanning calorimetry (DSC) during curing.®® Despite the specificity provided by such
models, they do not provide any information on the mechanical properties of the
elastomer during curing (which is crucial for material processing), and are not practical

for high-level predictions of curing times; the application of these models becomes
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especially complex when accounting for spatiotemporal variations in temperature.
Moreover, an important consideration when selecting elastomers for fabricating soft
robots is their mechanical properties after curing, which dictate the performance of the
finished component. Prior work that employed elevated temperatures to accelerate the
curing process did not investigate the effect of curing temperature (relative to curing at
room temperature) on mechanical properties such as tensile strength and extensibility,
which could be critical to the overall performance of the cured component.6.2123.37,38

In this work, we explore the temperature-dependent kinetics of crosslinking for a total of
six commercially available elastomers from two of the most commonly used series of
platinum-catalyzed silicone elastomers in the field of soft robotics, both of which are
produced by Smooth-On: (i) Ecoflex 00-10, (ii) Ecoflex 00-30, (iii) Ecoflex 00-50, (iv)
Dragon Skin 10 NV, (v) Dragon Skin 10 Medium, and (vi) Dragon Skin 30. We applied a
thermo-rheological approach similar to prior work on gelation to characterize the curing
process (Figure 1D). We used a kinetic model based on an Arrhenius framework in
combination with data from small amplitude oscillatory shear (SAOS) tests to determine
parameters specific to the curing chemistry of each elastomer (i.e., activation energy and
frequency factor) to describe the crosslinking reaction underpinning elastomer curing,
eliminating any guesswork required to determine the time and temperature for curing. The
model quantitatively shows that by curing these slow-cure elastomers at temperatures
easily achieved in low-cost ovens (e.g., 60-70 °C), cure times can be reduced by more
than two orders of magnitude as compared to curing at room temperature (RT) (e.g.,
Dragon Skin 30, 16 h cure time at room temperature as stated by the manufacturer). We
describe how this reduction in curing time results in significantly improved throughput,
enabling rapid production of many components using a single mold (Figure 1C) while
minimizing wasted energy resulting from heating components longer than required for
curing. We also highlight that the crosslinking reaction exhibits temperature-independent
self-similarity for these commercially available silicone elastomers, corroborated by

superposition of experimentally measured dynamic moduli normalized by a characteristic
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timescale based on the reaction coordinate. We demonstrate the use of the resulting self-
similar “reduced curves” to track the extent of crosslinking and the dynamic moduli for an
elastomer exposed to arbitrary heating conditions (i.e., any scalar field of temperature
varying in both time and space) via the dimensionless reaction coordinate. To investigate
whether differences in mechanical properties and performance arise as a consequence
of thermally accelerated curing, we performed mechanical tests on elastomers cured at
a range of temperatures, and we observed that elevated temperatures do not alter either
the fundamental mechanical properties (e.g., elastic modulus and failure strength) of
elastomers or the performance of an elastomeric pneu-net actuator, supporting the

feasibility of using heat to modulate or accelerate the curing of elastomers.

RESULTS

Measuring gelation kinetics via mechanical spectroscopy

We performed small amplitude oscillatory shear (SAOS) tests using an ARES G2
rheometer to track the evolution of dynamic moduli (i.e., the storage modulus, G', and the
loss modulus, G") of silicone elastomers during isothermal curing. The temperature, T, of
the geometry was kept constant (within £ 0.1°C) using a Peltier module. A cone-and-plate
geometry was used to perform the SAOS test at an angular frequency of 10 rad/s (or 1.6
Hz) and 0.25 % strain amplitude (see Supplemental Information, Figure S1, for more
details). We dispensed 1 mL of each component (“part A” and “part B”) for each elastomer
sample in a weighing boat and manually stirred the mixture for ~1 minute (duration and
method of mixing are shown in Figure S3 and S11 to have no effect on the overall
properties of the samples). The prepolymer was then poured onto the geometry that had
been preheated to the setpoint temperature (Figure S2). From the SAOS results, we
inferred a characteristic timescale for crosslinking from the gel point, a method often used
when studying curing behavior.'8-20.24.3239 For simplicity, we employed a commonly used
characterization of the gel point, and according to the ASTM 4473 standard, as the time
at which the loss tangent, tan & = G" / G, reaches unity (also known as the crossover

point);323° beyond the gel point, the storage modulus of the elastomer exceeds its loss
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modulus, indicating a more solid-like behavior. Because elevated temperatures will
expedite the curing process, we quantified our experiment “setup time,” i.e., the time
elapsed between pouring the elastomer on the pre-heated test geometry and the start of
the SAOS measurement (see Supplemental Information), which we added to the gelation
time obtained from the data to determine the actual gelation time, fqel (setup time at room
temperature was neglected). We performed experiments for six elastomers: (i) Ecoflex
00-10, (ii) Ecoflex 00-30, (iii) Ecoflex 00-50, (iv) Dragon Skin10 NV, (v) Dragon Skin 10
Medium, and (vi) Dragon Skin 30, with three measurements taken at each of four distinct
temperatures (a total of 72 thermo-rheological experiments), and plotted the dynamic

moduli for representative experiments at each temperature in Figure 2A.

Determining the activation energy and frequency factor

The temperature dependence of polymer gelation has been shown to exhibit Arrhenius-
like behavior, 28-32 mirroring other temperature-dependent phenomena such as diffusion,
creep, and even the inactivation of viruses.*®%? Using the gelation time tge at each
temperature T obtained from SAOS experiments, we can plot the data according to the

linearized Arrhenius equation (Figure 2B):
E, .
In(tger) = 2T In(A) (Equation 1)

where R is the gas constant, Eais the activation energy, and A is a constant proportional
to the Arrhenius frequency factor. The values for Ea and A for each elastomer were
determined by equating the slope of the best fit line to Ea/R and the intercept to In(A)
(Figure S4, Table S3).
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Figure 2. Dynamic moduli curves and corresponding gelation times at each temperature
plotted according to the linearized Arrhenius equation

(A) Dynamic moduli (storage modulus denoted with solid lines and loss modulus denoted with
dashed lines) obtained from small amplitude oscillatory shear (SAOS) experiments for six
elastomers. Experimental setup time was recorded and added to offset the time axis to account
for sample crosslinking when in contact with the preheated test geometry before the start of the
experiment. The point at which the storage and loss moduli intersect is taken as the gelation time,
tgel, for each temperature.

(B) The gelation time at each temperature was plotted according to the linearized Arrhenius
equation, and the values of slopes and intercepts from best fit lines yielded the activation energy,
E., and the frequency factor, A. All best fit lines had a coefficient of determination R? greater than
0.99. Error bars represent the standard deviation across three experiments.

We found that the value of In(A) varies linearly with Ea across the range of elastomers
tested (Figure 3A), indicating that the crosslinking of these silicones follows the Meyer-
Neldel rule, which has been observed in other phenomena such as virus inactivation, ion
diffusion, fouling, and electrical conductivity of solids.*%43-45 As a result of this Meyer-
Neldel relationship, the slope of the best fit curve in Figure 3A can be used to determine
the isokinetic temperature—i.e., the temperature at which the crosslinking reaction
proceeds at the same rate for all silicone elastomers—for which all the elastomers studied
in this work exhibit approximately the same gelation time, which we determined to be 65.5
°C (Figure 3B). The values for Eaand In(A) determined experimentally for each elastomer
are substituted into Equation 1 to predict the gelation time as a continuous function of

temperature (Figure 3C,D, Figure S5).
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Figure 3. Prediction of gelation time as a function of temperature

(A) Esand In(A) determined for all six elastomers studied in this work; the linear fit shows that
the crosslinking reaction follows the Meyer-Neldel rule.

(B) The isokinetic temperature can be determined from the slope of Eavs In(A) and is
corroborated by the concurrent intersection of the best fit lines plotted according to the
linearized Arrhenius equation for all elastomers.

(C and D) The predicted gelation time for each elastomer as a function of temperature,
determined using Ezand In(A) in Equation 1, is shown for (C) Ecoflex and (D) Dragon Skin
families of elastomers.

Modeling non-isothermal curing with self-similar curing kinetics
The predicted gelation time in Figure 3B assumes isothermal curing, i.e., the elastomeric
component being cured experiences a constant and uniform temperature. However, in

reality, components with a significant thermal mass will require a non-negligible heating

10



Cell Reports

Physical Science @ cerress [

duration to achieve an elevated temperature via natural or forced convection. To expand
the capabilities of our modeling framework, we predict the time required to cure an
elastomeric component in a mold that has a transient temperature profile. We first
describe the temperature evolution of the component that is being heated in an oven at

~60 °C using the lumped capacitance equation:

T(t) =(T;—T,)exp (— phc‘zsv t) +T, (Equation 2)

where To is the setpoint temperature of the oven, Ti is the initial temperature of the
elastomer in the mold, h is the convective heat transfer coefficient of the surrounding air
in the oven, As and V are the surface area and volume of the component being cured, ¢p
is the specific heat capacity, and p is the density of the elastomer. The lumped
capacitance assumption—i.e., a uniform temperature throughout the material—is valid
because the geometry we used satisfies the low Biot number (Bi << 1) requirement
(details in Supplemental Information, Section 2). We plot the temperature profile predicted
by the lumped capacitance model in Figure 4A, including a constant value of room
temperature for 5 minutes initially to account for the mixing and degassing time prior to
loading the elastomer into the oven. We recorded the real-time temperature inside the
oven as well as the temperature of the component being cured in the mold as a function
of time using a pair of thermocouples. Aside from discrepancies due to the temperature
fluctuations of the oven itself, the lumped capacitance model captures the transient

temperature response with reasonable accuracy.
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Figure 4. Self-similar behavior of curing reaction to predict the cure extent for time-
varying temperature profiles

(A) The temperature profile determined using the lumped capacitance (LC) model with an initial
5 minute setup time at room temperature (solid pink). The temperature profile was obtained
experimentally with a thermocouple inside an elastomeric component (dotted pink) while being
cured in an oven at an elevated temperature, shown alongside the real-time temperature of the
oven (blue).

(B) The dynamic moduli of the elastomer (Ecoflex 00-30) collapse onto a reduced curve after
the time axis is normalized by the gelation time. From the reduced curve, we were able to
extract the reaction coordinate, 1, at which the elastomer has cured fully. From this self-similar
curve, the curing point for Ecoflex 00-30 occurs at T = 2, or double the gelation time.

(C) The reaction coordinate T as a function of time was determined numerically using Equation 4
based on the temperature profile of the LC model shown in (A). When the reaction coordinate
reaches 2, the elastomer has attained its maximum shear modulus and has fully cured.

(D) Based on this reduced curing time, we are able to create more components per mold over a
fixed duration of time using elevated temperatures. We show that curing at 60 °C and 70 °C
yields 24x and 96x the number of components (for the specific geometry used here),
respectively, over the same time compared to curing at room temperature (as specified in the
datasheet) for Ecoflex 00-30 and Dragon Skin 30. When compared to the curing time at room
temperature determined from our model, we predict an order of magnitude increase in
throughput when curing with elevated temperatures.
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We further used the gelation time for each elastomer at different temperatures to rescale
the time axis, T = t/tgel, for each set of transient curing data obtained from SAOS time-
sweeps.*647 Upon rescaling, the storage and loss moduli curves at each temperature for
a given elastomer collapse onto a single reduced curve (Figure 4B, Figure S6), exhibiting
self-similar behavior and illustrating that the dimensionless shapes of the dynamic moduli
curves do not change with temperature. The nondimensionalized time 1 can be
interpreted as a reaction coordinate that increases monotonically as crosslinking
progresses, and its value indicates the transient state of the elastomer as it is curing.
When 1 =1, the elastomer has reached its gel point (denoted by a ‘cross’), and we identify
the cure point as the point at which the storage modulus reaches a plateau region
(denoted by a ‘star’). The value of T at the cure point varies for each elastomer (see
Supplemental Information). In Figure 4B, we show the collapsed reduced curve for
Ecoflex 00-30; the value of 1 at which the elastomer has cured is approximately 2,
indicating that the cure time is double the gelation time for this elastomer. Self-similar
curves for all the elastomers characterized in this work and their cure point T values are

provided in the Supplemental Information, Section 3.

To incorporate the effect of a time-varying temperature when predicting the elastomer
cure rate, we combined the lumped capacitance model (Equation 2) with the temperature-
dependent rate law in Equation 1. Adapting our definition of the reaction coordinate for

transient temperatures, we obtain:

dt __Ea ]
— = Ae RT(®) (Equation 3)
dt
which, in integral form, reads:
t
__Eqa
(t) = fAe RT(®) dt + T, (Equation 4)

to
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The integral on the right-hand side of the equation is computed numerically using a
fourth order Runge-Kutta (Dormand-Prince) method, where 10 = 0 at t = 0. Figure 4C
shows the reaction coordinate as a function of time corresponding to the temperature
profile in Figure 4A, from which we determined the gelation and cure points of the
elastomer. For a nominal oven temperature of T =60 °C, the elastomer inside the mold
was shown to cure within 10 minutes, which is 24x faster than the 4 h cure time
required for Ecoflex 00-30 at room temperature as specified by the manufacturer. We
also show for Dragon Skin 30, which has a longer curing time of 16 hours (according to
the datasheet), that a part can cure within 10 minutes at 70 °C, we achieve 96x faster
than curing at room temperature (Figure 4D). Because the manufacturers follow
different criteria for determining the curing time, we also compared the curing time at
room temperature and elevated temperature predicted by our modeling framework, and
we show an order of magnitude greater throughput for both elastomers when using
elevated temperatures for curing. For the same duration, curing the part inside the oven
therefore achieves a substantially higher throughput, by approximately two orders of
magnitude, for a single mold for either elastomer. This accelerated curing decreases the
number of molds that would otherwise be needed to fabricate a large number of parts

within a specified timeframe.

We also verified our model with results in the literature obtained independently of our
work (Figure 5). We compared our predicted results with experimental measurements
by Xie et al., who recorded the dynamic moduli of Ecoflex 00-50 subjected to
temperature ramps of different rates.3® As a reference, we used the reduced curve for
Ecoflex 00-50 that we determined by averaging the dynamic moduli across the four
temperatures at which we performed SAQOS tests (the methodology for averaging the
reduced curve is described in the Supplemental Information, Section 3); the ranges of
storage and loss moduli determined from SAOS experiments at four temperatures are
denoted by the light pink shaded regions (Figure 5A), and the curing point occurs at 1 =
1.8. Using Equation 4, we computed the evolution of T as a function of time for a
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temperature ramp of 10 °C per minute starting from room temperature, corresponding to

the protocol adopted by Xie et al. for their rheological measurements.

As a preliminary verification, we estimated the sample temperature corresponding to the

gel point (1 = 1) and cure point (T = 1.8) during their experiment, as shown by the dotted
lines in Figure 5B.
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Figure 5. Comparison of the modeling framework with independent results

(A) The reduced curve for Ecoflex 00-50 generated by averaging the normalized data obtained
at four temperatures. The shaded region represents the min and max range of dynamic moduli
values.

(B) The black curve indicates the temperature profile with a 10 °C/min ramp as performed in
prior work by Xie et al., and the pink curve indicates the corresponding reaction coordinate
determined using Equation 4. Using this temperature profile, we determined the temperature at
which Ecoflex 00-50 reaches its gel and cure points by first relating the reaction coordinate at 1
=1 and 1.8 to the corresponding times, and then identifying the corresponding temperatures at
those times. The temperatures at which the elastomer reaches the gel and cure points are
denoted with a cross and star, respectively, on the temperature axis.

(C) Using the reduced curve in (A), we estimated the dynamic moduli using the reaction
coordinate T predicted by our model. Values predicted by our model (pink curves) show good
agreement with the experimental data reported by Xie et al. (purple curves) in the region beyond
the crossover point. The temperatures corresponding to the gel and cure points are again
indicated as in (B) on the x-axis.
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Our model predicts that the gel and cure point occur when the temperature reaches 69
°C and 77 °C (indicated by the ‘cross’ and the ‘star’ in Figure 5C, respectively, in good
agreement with the experimental values of 70 °C and 78 °C reported by Xie et al., thus
providing independent validation of our model’s capability to predict the curing behavior
of elastomers. We also applied our modeling framework to back-calculate the evolution
of dynamic moduli during crosslinking under non-isothermal curing conditions. We used
the reduced curve from Figure 5A and related each 1 value to a corresponding loss and
storage modulus (more details in Supplemental Information, Section 3). In Figure 5C,
we show the dynamic moduli that we predicted (pink) against experimental data
obtained by Xie et al. (purple) as a function of temperature for their dynamic rheological
measurement at a heating rate of 10 °C per minute; the temperature axis can also be
converted to a time axis using the known, constant heating rate. We repeated this
analysis for their experiment performed at a heating rate of 1°C per minute, which also
showed good agreement with our prediction (Figure S7). Our model is thus able to
extrapolate the kinetics of crosslinking of silicone elastomers based on experimental
data obtained at a few temperatures, enabling the prediction of cure times and curing
behavior not just for isothermal curing conditions, but also for more complex time-

varying temperature profiles.

Effect of elevated temperature curing on mechanical properties and performance

Although elevated temperatures have been employed in prior work to decrease the
fabrication time of soft robotic components, the effect of accelerated curing, if any, on the
mechanical properties of the cured elastomer has not been conclusively investigated in
the literature.3"484° This analysis is important because the mechanical behavior of the
elastomer ultimately dictates the behavior of the resulting soft device, which in the case
of soft robotics, for example, could be an actuator. Although mechanical testing has been
performed in prior studies on some elastomers after curing at elevated temperatures,

these results have not been compared with components cured at room temperature.3”
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To fill this gap, we investigated the mechanical properties of elastomers cured at elevated
temperatures and compared them against those of elastomers cured at room temperature
as a baseline. We performed tensile tests on dog bone samples (as specified in the ASTM
D412 standard for rubbers) on a universal testing machine (see Supplemental
Information, Section 4).48-%0 We report the tensile test data performed at a rate of 500
mm/min for Dragon Skin 30 and Ecoflex 00-30 elastomers, cured at 70 °C and 60 °C,
respectively, in Figure 6. Tensile test data for Dragon Skin 30 and Ecoflex 00-30 were
obtained at a lower strain rate (100 mm/min), and showed no difference in the mechanical
behavior (Figure S10). Tensile test experiments for all other elastomers studied in this
work are provided in Figure S9. We also performed compression tests on cuboidal
samples to investigate the mechanical behavior of the same elastomers under
compressive stresses. Results from these mechanical tests revealed no discernible
difference in the response to tensile and compressive stresses between elastomer
samples cured at elevated temperatures and those cured at room temperature (Figure 6
A-D).

For further comparison, we report the values of the Young’'s modulus, E, the maximum
tensile stress, omax, and the maximum tensile strain, emax, Of the elastomers obtained from
three trials of tensile testing, and we compare the average values obtained experimentally
to those supplied in the manufacturer’s datasheet (Figure 6 E,F). The maximum tensile
strain obtained directly from the crosshead displacement (solid bars) exhibits higher
values relative to those reported in the manufacturer's datasheet. This discrepancy is
attributed to deformation of the sample at the grips, which results in greater strain values
than the actual strain occurring at the gauge length region.%' Using optical extensometry,
we quantified the strain occurring locally at the gauge region, and the magnitude of the
optically determined maximum strain (diagonally shaded bars) is comparable to the
values reported in the datasheet. Our experimental results confirm that the temperature
at which the elastomers were cured did not significantly alter the mechanical
performance, and thermal modulation is therefore a viable strategy for controlling the rate
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of curing with either elevated temperatures to fabricate more components per mold per

time or cold temperatures to delay curing for storage or to prolong the working time of the

prepolymer (Figure S14) without affecting the overall mechanical properties.
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Figure 6. The effect of elevated temperature curing on mechanical properties

(A and B) Tensile test results corresponding to the crosshead values for (A) Dragon Skin 30 and
(B) Ecoflex 00-30 (performed on an ASTM D412 dog bone sample) were obtained to compare
the tensile performance when cured at room temperature to the performance when cured at
elevated temperatures, with no significant difference in performance between the two cases.

(C and D) Compression test results show no significant difference in mechanical behavior or
performance and follow the expected trend for elastomeric materials.

(E and F) Young’s modulus, maximum tensile stress, and maximum tensile strain values were
compared across three experiments for (E) Dragon Skin 30 and (F) Ecoflex 00-30 cured at room
temperature and elevated temperatures, shown alongside values obtained for curing at 23 °C
from the manufacturer's datasheet. Maximum tensile strain values determined using the
crosshead displacement are indicated with solid bars, while values obtained with optical
extensometry are indicated with bars shaded with diagonal lines to account for discrepancies in
crosshead strain measurements that arise due to deformation of the samples near the grips. Error
bars represent the standard deviation across three trials.

As a further demonstration of accelerated curing of soft robotic components at elevated
temperatures, we fabricated pneumatic network (pneu-net) actuators at both room
temperature and elevated temperatures and evaluated their performance (fabrication
details in Supplemental Information, Figure S12). We recorded the bending profile of the
pneu-nets upon quasi-static pressurization with compressed air (Figure 7A), and we
determined the curvature k (inverse of the bending radius) as a function of actuation
pressure. In Figure 7B and C, we compare the experimentally measured curvature of the
pneu-net actuators made from Ecoflex 00-30 and Dragon Skin 30 elastomers at various
pressures; the deformation was identical for actuators cured at room temperature and at
elevated temperatures (Movie S1). This demonstration highlights that accelerated curing
at elevated temperatures decreases fabrication time while retaining the anticipated

performance of the soft actuator.
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Figure 7. Investigating the effect of elevated temperature curing on mechanical
performance of pneu-net actuators

(A) Time lapse images of an Ecoflex 00-30 pneu-net actuator being quasi-statically pressurized.
(B and C) The curvature of the pneu-net is shown as a function of pressure for both (B) Ecoflex
00-30 and (C) Dragon Skin 30 cured at room temperature and at elevated temperatures.

DISCUSSION

We showed using tensile and compression tests that the mechanical properties of the
material do not vary significantly within the range of curing temperatures that we tested;
however, extreme temperatures (close to the recommended maximum and minimum
working temperatures for the elastomers which corresponds to -53°C to 232°C according
to the manufacturer’s datasheet) could potentially affect the mechanical properties of the
final cured component or cause chemical degradation. Future studies can identify the full

temperature range for curing that will not significantly affect the performance, as well as
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temperatures that will alter the mechanical properties such that the mechanical response
of the elastomer can be spatially programmed with temperature to create functional,
monolithic actuators without any need for a secondary adhesion step, decreasing the risk
of assembly failure at the joints. For instance, mechanical properties that can be spatially
tuned with extreme temperatures could potentially allow for local changes in stiffness (or
Young’s modulus) that would allow increased or decreased deformation at a given
actuation pressure. Additionally, the effect of temperature on viscosity should be
accounted for, especially when modeling a flow-mediated process where the flowing
prepolymer is simultaneously undergoing curing.'®2952 We included a plot of the complex
viscosity as a function of reaction coordinate, and showed that higher temperatures will
result in a lower viscosity of the prepolymer (Figure S13). We also note that the shelf life
or period after opening (PAO) of the elastomers, as well as the presence of thinners,
retarders, contaminants, or inhibitors, could also influence the gelation time; all
experiments conducted in this work used fresh elastomer kits that were tested within a
month of opening to limit the effect of PAO on the reaction kinetics.

The modeling framework proposed in this work enables prediction of the temperature-
dependent curing of commercially available silicone elastomers commonly used for
fabrication of soft robotic actuators. The approach used in this work can also be applied
to differential scanning calorimetry (DSC) data as shown in prior studies in the
literature.?82%:34.35 |In our work we use a mechanical rather than a calorimetric analysis of
the progress of the curing reaction to determine the dynamic mechanical properties of the
elastomer; However, the underlying physics of the crosslinking reaction obey the
Arrhenius equation and should work for both methods. Based on the Arrhenius equation
with only two physical parameters—namely, the activation energy and frequency factor—
our model accurately predicts the crosslinking rate of silicone elastomers during curing,
as validated by comparisons against rheological measurements performed here and
reported previously in the literature. This understanding of the temperature-dependent

curing reaction elucidates the time required to cure an elastomeric component at an
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elevated temperature while reducing energy wastage that would be incurred by heating
the component for longer than necessary. Furthermore, the reduced curves generated by
nondimensionalizing the time coordinate to a reaction coordinate allow tracking of the
evolution of dynamic moduli for complex, time-varying temperature profiles as an
elastomer cures. Using this capability, the modeling framework can therefore be
incorporated into the design space of additive manufacturing using off-the-shelf thermally
curable elastomers, circumventing the need to modify the chemistry to be
photopolymerizable for stereolithography (SLA) or digital light processing (DLP) printing,
and taking advantage of the unmodified properties of these commercial elastomers.53:54
The parameters for vat photopolymerization and extrusion-based 3D printing of thermally
curable elastomers can be fine-tuned based on the fundamental understanding of the
temperature dependence of the extent of curing presented in this work to optimize the
printed component and promote better layer-by-layer adhesion.?436:53.55-57 Although
mainly demonstrated for platinum-catalyzed, addition-cured silicone elastomers, the
thermo-rheological modeling framework may be extended to other commonly used
thermosets that exhibit temperature-dependent crosslinking, such as polyepoxides,
natural rubbers, and polyurethanes. Ultimately, in addition to guiding existing fabrication
methods, the ability to thermally control curing will generate avenues for complex
manufacturing techniques extending beyond casting and molding, achieved through

precise spatiotemporal control over temperature.

EXPERIMENTAL PROCEDURES

Resource Availability

Lead Contact

Further information and requests for resources and reagents should be directed to and
will be fulfilled by the Lead Contact, Daniel J. Preston (djp@rice.edu).

Materials Availability

This study did not generate any new materials.
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Data and Code Availability

All data needed to evaluate the conclusions in the paper are present in the paper and/or
the supplemental information. Additional data related to this paper may be requested from
the authors. This paper does not report any original code or algorithms.

Mechanical Spectroscopy

Small amplitude oscillatory shear (SAOS) experiments were performed on an ARES G2
rheometer using a cone and plate fixture (25 mm, 0.1 rad). A Peltier system was used to
modulate and maintain the temperature of the bottom plate. The tests were performed at
a frequency of 10 rad/s and strain amplitude of 0.25% (selected because it was within the
linear viscoelastic regime). The prepolymer was prepared by dispensing 1 mL each of
part A and part B into a weighing boat and manually mixing for ~ 1 minute (see
Supplemental Information for more details, Figures S3 and S11). Prepolymers with
viscosities greater than 20,000 cPs were degassed for 5 minutes prior to loading onto the
bottom plate. The setup time was recorded as the time between loading the sample onto

the bottom plate and starting the experiment

Mechanical Testing

A universal testing machine (Instron, 68SC-2) was used to perform tension and
compression tests on the elastomers cured at different temperatures. Each tensile test
was performed on an elastomer sample with a dog bone geometry (made according to
the ASTM-D412 standard) at a strain rate of 500 mm/min. Tests were also performed at
100 mm/min to show that the stress-strain curves obtained in this work represent quasi-

static behavior and are independent of strain rate (Figure S10).

Mold Fabrication
The negative molds for the pneumatic network actuator and dog bone tensile test were
manufactured using a fused deposition modeling (FDM) additive manufacturing process.

The molds were designed in a computer and A Creality CR10s Pro v2 FDM 3D printer
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was used to manufacture the molds. The molds were printed from polylactic acid (PLA)
filament at a print speed of 60 mm/s, nozzle temperature of 215 °C, and build plate
temperature of 50 °C. Once the prints were completed, the molds were removed from the
build plate.

Temperature Measurement

The real-time temperature measurements of the elastomer and the oven were obtained
using 0.01-inch diameter fiberglass-insulated T-type thermocouples from Omega.
Temperature data were processed using MATLAB with a NI-9212 DAQ.

SUPPLEMENTAL INFORMATION

Supplemental information can be found online at

Document S1. Supplemental Experimental Procedures, Figures S1-S15, and Tables S1—-
S3

Video S1. Comparison of pneu-net actuation
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