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Abstract

3D printing of silicone has been a challenge for medical applications for several years. The main property of
medical silicone (mostly Polydimethylsiloxane) is its mechanical similitude with human tissues. The very
soft tissues as prostate, skin, liver, etc, are of Young's modulus lower than 100 kPa. 3D printing for such soft
materials is not as obvious as printing thermoplastic polymers. In this work, the goal was to elaborate
formulations of Room-Temperature-Vulcanizing silicone leading to final materials of Young’s modulus
down to 25 kPa while being processable by Liquid Deposition Modeling, a layer by layer deposit of
extruded filament. The main challenge is keeping the material with a sufficient firmness during the process
to maintain the shape of the object but without increasing its final rigidity. Therefore, a RTV silicone was
mixed with a hydrophilic liquid to create an emulsion of high yield stress behavior. Different emulsions
were tested to optimize the composition on the basis of rheological measurements carried out to determine
the yield stress variation and compare it to an emulsion model. Then, after printing and curing, the
hydrophilic liquid is removed to create a material of fine porosity and consequently of low Young’s

modulus.



1. Introduction

Additive Manufacturing of Silicones for medical applications has been a challenge for several years. 261 The
main property of medical silicone (mostly Polydimethylsiloxane, PDMS) is its potential mechanical
similitude with human tissues and its biocompatibility.[”" & Young’s modulus of all Human tissues is
included in the range of 10 kPa to 10 MPa [* 1% Above 1 MPa, it corresponds to cartilaginous tissues
(trachea, esophagus, muscles...) %3 and under 100 kPa are very soft tissues 14281 as prostate, skin, liver....
However, 3D printing of such soft PDMS to mimic those tissues is not as obvious as printing of classical
polymersi’l (PLA, ABS, photo resins...), mainly because of their very poor firmness in the liquid state.
Moreover, for a prospective in vivo application, photo-sensible silicones are excluded since they are known
as not compatible with living cell. Lastly, thermal variation of mechanical properties, as for Fused
Deposition Modeling (FDM) system, is impossible because silicone is elastomeric and, without curing, it

remains liquid at ambient temperature.

In a previous publication ™ we proposed a solution to print soft PDMS down to 2 MPa of Young’s
modulus. In the present work, a solution is proposed to print materials of Young’s modulus down to 50 kPa.
The selected additive manufacturing process is the simplest, known as Liquid Deposition Modeling (LDM),
a derivative of the Fused Deposition Modeling (FDM) process which is basically an extrusion driven by a
computer. In this process, the original PDMS formulation is made of two liquids which are mixed in suitable
proportions. Then, the PDMS printing is conducted at the liquid state. It must be pointed out that a long
enough pot-life is necessary to avoid a hasty hardening of the formulation. Then, once the shape is given to
the formulation by extruding it through a die using a syringe, the cross-linking occurs to fix the shape. The
main challenge here is to obtain a formulation liquid enough to be easily extruded but becoming rapidly hard
enough to maintain the shape of the layer by layer made object Nevertheless, this is generally fulfilled with
PDMS formulations of high contents of silica and yield stress agents.[*®! The consequent drawback of these
formulations is that, after curing, the rigidity becomes too high, making the 3D printing of PDMS a paradox.
Therefore, a different strategy is needed to hope obtaining printable PDMS with very low Young’s modulus

after curing. As enounced in our previous work,® the main rheological properties driving the printing



ability is the yield stress of the fluid material. The higher is the yield stress; the better is the quality of the

printed object (even though it may induce very high values of extrusion pressure).

One of the most studied ways for enhancing the yield stress of the initial fluids consists in adding fillers in
the formulation %221 and tuning the interactions between particles to make them forming a network leading
to a solid-like behavior at low strains. However, generally this also leads to raising the final rigidity of the
material. As a result, increasing the yield stress of the initial silicone fluid becomes paradoxical with the aim
of obtaining very soft printed pieces. Another way to generate a yield stress fluid is to make emulsions. In
that regard, an important work on the rheological behaviors of concentrated emulsion has been conducted by
Mason et al.?32%1 Their conclusions were that the interfacial structure of the droplets, responsible of the

droplets size and their chemical interactions with the continuous phase, governs the behavior.

This so-called “Mayonnaise effect” (leading to a yield stress fluid) in concentrated emulsions is well
described in the literaturel® as the formation of a continuous (percolated) network of inclusions in contact
with one another at rest (no shear state). The network is called “jammed” under low shearing because of its
elastic response in such conditions, meaning it will not break but rather will be deformed in a reversible
way.[?®l Under stronger shearing, the network will break, and the system will flow as a liquid. The exact
value of the shear stress separating both behaviors is called the yield stress and the emulsion is qualified as
yield stress fluid (like the mayonnaise). To extend the metaphor, the mayonnaise has an elastic behavior
under low stress gravity, meaning it keeps its shape, but will flow and will be easily spread with a knife,

with a little more effort.[?”]

According to the literature the jammed state for stabilized emulsion is the state with a volume ratio of
inclusions bigger than 0.645 leading to the droplet deformation without any external shearing. In this work,
the emulsions are not stabilized and such a ratio cannot be reached because a phase inversion occurs
underneath. However, even for lower values, the mayonnaise effect can be still effective. In that case, the
yield stress is likely due to a percolation of the dispersed phase in the emulsion which produces certain
elasticity for a volume ratio of inclusions much lower than the fraction of jamming. The percolation

threshold is the first volume ratio where the contacts between droplets become numerous enough to form a



macroscopic continuous network. From this threshold, a non-zero yield stress appears. Nevertheless it can
be very weak depending on the number and the strength of the interactions between droplets. From silicone
oil-in-water emulsions, stabilized with sodium dodecyl sulfate (SDS), Mason et al.[?® 25 281 derived a semi-
empirical relation between the yield stress, 7, and the volume fraction of inclusions ¢. For that purpose,
they considered the plateau of storage modulus which appears in the low frequencies range for the
percolated emulsions (G',,) characteristic of a yield stress fluid behavior. It can be noticed that if this plateau
modulus exists, its value is equivalent to |G*| because the loss modulus becomes much smaller than the
storage modulus in that range. Moreover, from strain amplitude sweep measurements, they noticed the strain
value from which the modulus starts to decrease (y,,s) indicating the limit of the linear viscoelastic domain

due to the network destruction. Then, the yield stress was obtained from:

Tys = G'pYy (1)

Besides, by varying ¢, they obtained a semi-empirical relation to describe G',:

G'y ~ 1.7 (2) bepr(berr — b) 10T depy = e )
where o is the interfacial tension between oil and water, a is the droplet radius and ¢, is the effective
volume fraction of droplets which takes into account the presence of a water film around the droplets due to
the surfactant SDS. Nevertheless, because the thickness of this film is dependent on ¢ 2%, the expression of
Gesr is Not trivial [ 2 3% However, in any case, it is of a few tens of nanometers thick so that from a
droplet radius of a few hundreds of nanometers, ¢, can be assimilated to ¢. In Equation 2, the parameter
¢, is the critical volume fraction above which a yield stress threshold is observed. This parameter is
generally considered by Mason et al®! as the random close packing of monodisperse, undeformed spheres
¢. = 0.646 . Nevertheless, it has been reported as possibly much lower than this value, particularly in the
case of attractive emulsionst®-33 where a percolation between droplets can occur. From a quantitative point
of view, as shown in Equation 2, the Laplace pressure scale ofa is the important microscopic property which

determines the level of plateau modulus.



Furthermore, the yield strain variation with the volume fraction!? 2%l can be empirically expressed by :

Yy = 0-3(¢eff —¢c) 3)
Therefore, an empirical expression for the dependence of the yield stress on the volume fraction is obtained

by multiplying Equation 2 and Equation 3:

Ty s(Pesr) = 0.5 (g) Gerr(Perr — P)? berr = ¢ 4)
This model shows the dependency of the yield stress on the interfacial tension and the size of particles.
Practically, in order to obtain the highest possible yield stress, Equation 4 shows that the emulsion must be
made of liquids with high interfacial tension, low droplet radius and, to the extent that the phase inversion is

not attained, the largest concentration of the dispersed liquid is required.

In the present work, emulsions of two hydrophilic liquids in PDMS will be tested at different contents. The
rheological behavior will be characterized to identify the best concentrations. Then, 3D printing experiments
will be done and, after curing (and the removing of the hydrophilic liquid), the mechanical properties of the

obtained material will be tested. Figure 1 schematically shows the overall approach of this work.

More precisely, the hydrophilic liquids used to enhance the yield stress will be a polyethylene glycol of 400
g.mol* of molecular weight (PEG 400) or the glycerol and make the printing possible. It can be mentioned
that similar emulsions have already been tested in 3D printing by Rauzan et al.>*l However, in their work,
the dispersed phase was mainly constituted of water; PEG and sodium dodecyl sulfate being the surfactants
used to stabilize the emulsion. The printing is then carried out with PDMS at the liquid state. Afterward, the
PDMS continuous matrix is cross-linked while the shape is maintained owing to the yield stress of the
emulsion. Lastly, the hydrophilic (sacrificial) part may be washed off by solvent extraction in order to leave

a porous PDMS structure presenting a lowered Young’s modulus.
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Figure 1: Evolution of the process, from liquid PDMS to solid soft PDMS. Y.S stands for Yield stress and E for Young modulus.
2-Results and discussions
2.1 Emulsions
2.1.1 Interfacial tension

First, optical observations were conducted to evaluate the interfacial tension®> ®I. As seen in Figure 2, the
glycerol (or PEG 400) drop is sheared and gets an ellipsoidal shape. Then it relaxes to its original spherical

shape. During the relaxation, the long (L) and the short (B) axes are measured.

From the time variation of B and L, the interfacial tension can be obtained using the deformability

equation:[8-37]

—40(p+1) o
(2p+3)(19p+16) N Ry

D = Doexp( t) = Dyexp (— TL) == (5)



where Dy is the deformability parameter at the initial time to, 7m the viscosity of the matrix (PDMS), p the
viscosity ratio between the hydrophilic liquid and the PDMS, and Ro the droplet radius before the shearing.
In Equation 5, a relaxation time g is defined. This relaxation time is obtained from the fit of the

deformability curve versus time.
Then ois deduced from:

_ (2p+3)(19p+16) NmRy
o 40(p+1) 7o

(6)

Figure 2: Relaxation of a glycerol droplet in liquid PDMS (Part B).

The viscosity values of the components necessary in Equation 6 were obtained from the complex viscosities
measurements displayed in Figure S1 in supporting information. These measurements clearly show
Newtonian behaviors for all the considered liquids. The obtained viscosity values are 1.52, 0.59 and 0.1 Pa.s
for respectively PDMS, Glycerol and PEG 400. Hence, the viscosity ratios p are 0.38 for Glycerol and 0.066

for PG 400.

The interfacial tension values obtained from these measurements were of 7.3 +/- 0.6 mN.m?* for

PEG 400/PDMS system and 25.6 +/-1.4 mN.m for Glycerol/PDMS system.
2.1.2. Droplets size

Optical microscopic views were taken of both systems (PDMS/glycerol and PDMS/PEG 400) with an
increasing volume ratio of hydrophilic content (see Figure S2 in Supporting Information). These images
show an increasing of the droplet size with the volume ratio of hydrophilic liquid and an important
polydispersity. In that regard, it can be mentioned that the mixing duration in Ultra-Turrax is a complex
parameter to handle that cannot be extended a lot because, after 5 minutes of treatment, the self-heating

becomes important modifying the viscosities and interfacial tension so that a longer exposition does not



significantly improve the size distribution. Moreover, in the case of Glycerol, the droplets appear generally
larger than for PEG 400. From this type of pictures, the average size of the droplets was evaluated for each
ratio in both PEG/PDMS and Glycerol/PDMS systems. It was impossible to claim to measure this mean
droplet size with very high accuracy from those images and only rough values will be used in the following.
Hence, according to the volume fractions, the average droplets measured radius varies from 1 to 7 um for
PEG 400 and from 1 to 17 um for Glycerol (see Table S3 in Supporting Information). Moreover, from the
pictures, it could be tempting to get information about the percolation threshold of the droplets network.
However, due to high polydispersity and above all, the lack of resolution for low ratios, this is very tricky.
Nevertheless, in any case, this threshold appears from volume fraction of dispersed phase much lower than

0.646 that is the expected value for a random close packing of monodisperse, undeformed spheres.
2.1.3. Yield Stress

(Top) shows the yield stress measurements of both PEG 400/PDMS and Glycerol/PDMS systems and their
variations with the volume ratio of hydrophilic liquid. The variations of storage modulus with angular
frequency are also shown in Figure 3 (Bottom). The first obvious conclusion from these results is that the
PEG 400 is much more efficient as thickening agent than the Glycerol in spite of its lower viscosity. This is
clearly shown by the storage modulus curves where a plateau in the low frequency range is noticeable from
much a lower volume fraction for PEG 400 than for glycerol. It must be admitted that results at even lower
frequencies could have been interesting to clearly observe the presence of the plateau modulus and thus
distinguish the percolation threshold. However, these measurements were not conclusive because of a lack
of accuracy. Therefore, the values of yield stress (7, ;) were taken at the maximum of stress growth curves
(Top of Figure 3). It can be seen that a yield stress is observable in these stress/strain curves from volume
fraction of PEG 400 or glycerol in accordance with the presence of the plateau modulus. Hence, the
maximum of the yield stress appears for an amount of around 50% for the PEG 400 and 64% for the
glycerol. Beyond these values, the yield stress and the storage modulus decrease remarkably indicating the
phase inversion that leads to droplets of PDMS in the hyrophilic liquids (PEG 400 and Glycerol) of very low

viscosities.
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Figure 3: Rheological characterization: Left Top: Yield stress measurements of PEG 400/PDMS (Part B) systems
Right Top: Yield stress measurements of Glycerol/PDMS (Part B) systems.
Left Bottom: Storage modulus versus angular frequency of PEG 400/PDMS (Part B) systems,
Right Bottom: Storage modulus versus angular frequency of Glycerol/PDMS (Part B) systems.

Figure 4 shows the variation of the yield stress with the volume fractions of PEG 400 and Glycerol in
PDMS. Again, despite its lower viscosity, the better efficiency of the PEG 400 to enhance the yield stress is
clearly shown compared to the Glycerol. As an example, the yield stress is 8 times higher at a volume
fraction of 0.5 using PEG 400. As already mentioned, the values of volume fraction at the percolation
threshold (¢,) could not be determined from the microscopic observations. Thus, the values of ¢, used to
compare the Mason’s model (Equation 4) with the experimental yield stress were adjusted and the fitting led
to values of 0.2 and 0.21, respectively for PEG 400/PDMS and Glycerol/PDMS systems. These values can
seem very low, especially in the case of PEG 400 recalling the value of 0.646 considered in the original
model. However, these very low values are still in accordance with the storage modulus curves shown in
Figure 3 where, for example, a plateau modulus already appears from very low PEG 400 content. Such low
value of percolation thresholds have been referenced in attractive emulsionst3. Yet, it must be recalled that
the used PDMS contains around 4.5 vol% of silica. Thus, the possibility of a network formation including

silica and PEG which has been reported for systems with higher silica amounts!*® cannot be ruled out.



However, for high volume fractions of PEG, the emulsion formation is clear (see Figure S2 in Supporting
Information) and its role in the yield stress level is evident. Moreover, the maximum volume fraction
depends on the interfacial tension and the viscosity ratio. Exceeding this maximum value leads to the phase
inversion and the loss of yield stress property of the fluid. Figure 4 shows an important difference of
maximum vyield stress between PEG 400 and Glycerol. This may be explained by the difference of
interfacial tension and viscosity ratio which impact the size of the inclusions. However, it can be recalled
that the Ultra-Turrax mixing speed has been set constant for the present study but this parameter could also
influence the dispersion state in the emulsion and, possibly, increase this maximum volume fraction. Hence,
the further conclusion is that PEG 400 is more efficient to generate a yield stress, which is obviously
beneficial for 3D printing. However, in order to finally obtain a softer material, increasing the maximum
volume fraction before phase inversion may be researched for generating a higher porosity and hence,

reducing the Young’s modulus.
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Figure 4: Yield Stress Tys variation with volume fraction of PEG 400 and volume fraction of Glycerol in PDMS (Part B).
Calculated curves (Model) are deduced from Equation 4 with an interfacial tension value of 7.3 mN.m™ for PEG 400 and

25.6 mN.m for Glycerol. The droplets radius a varies from 0.3 to 5 um for PEG 400 and from 3 to 35 um for Glycerol. From
fitting, the obtained percolation threshold ¢, was 0.20 for PEG 400 and 0.21 for Glycerol

2.1.4 Printing

In the following 3D printing tests, the formulations with 64 vol% of glycerol (PDMS Gly64) and with 50
vol% of PEG 400 (PDMS PEG50) were chosen for their maximum vyield stress of respectively 41 Pa and

90 Pa.
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shows the 3D printing results obtained for the hexagonal object using the emulsions. This object was
selected to challenge the material’s properties. It is obvious that without preparing a silicone emulsion, the
printing is totally inconceivable (n°2 in Figure 5). The yield stress of the PDMS 3503 is clearly too low
(practically null); there is absolutely no holding of the object. On the contrary, by making an emulsion, an
object of medium complexity can be printed with satisfactory fidelity. As discussed previously,*® the
increase of the yield stress enables the printing of more complex structures. The first layers can be printed

and withstand the weight of upper layers without collapsing.

Figure 5: Printing results, from left to right: 1: the control object, 2: the unmodified PDMS object after curing, 3: the
PDMS+64vol% of glycerol object after curing and washing, 4: the PDMS +50vol% of PEG 400 after curing and washing.

Moreover, the yield stress difference between both emulsions leads to a variation in the printing quality. The
PDMS PEGS50 object, for which the yield stress of the initial formulation was 90 Pa is better shaped than the

PDMS Gly64 object of which the emulsion yield stress was of 40 Pa.
2.2. Solvent Extraction and Mechanical Analysis
2.2.1. Solvent selection

The purpose of solvent extraction is to eliminate the hydrophilic liquid from the PDMS after curing to leave
porosity and reduce Young’s modulus of the cross-linked PDMS. The goal is then to remove all these liquid
inclusions out of the PDMS matrix. Several solvents can be chosen, but hydrophilic solvents which can also
swell PDMS at high temperatures are more appreciated because this should be helpful for the extraction by
enhancing the access to the hydrophilic liquid. Ethanol and diethyl ether are well known hydrophilic

solvents which swell PDMS.

The results for the best solvent selection are summarized in Figure S4 in Supporting Information. The

tests were conducted on the PDMS PEG50 sample; the maximum mass loss expected (with the total
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extraction of PEG 400) was of 52wt% (50 vol%). The swelling volume corresponds to the ratio between the

volume of the sample swelled by the solvent and its initial volume!®l,

Results of the extraction are resumed here: water as only solvent does not swell cured PDMS and the mass
loss measured was only of 40wt%. Diethyl ether swells the PDMS increasing its volume eight times and
washing the totality of PEG 400 (52wt %) but this solvent obviously modify the PDMS getting harder.
Water/ethanol 1:1 mixing swells lightly the PDS and wash 45wt% of the total mass. Finally boiling ethanol

alone swells the PDMS and allows the washing of all PEG 400 without obviously altering the PDMS.

As shown by the result description, although the diethyl ether swells very well the PDMS and washes off the
PEG 400, it alters the PDMS material, letting a deformed and shrunk sample with an apparent hardening.
The explanation effect is out of the scope of this work but that makes the diethyl ether unacceptable. The
water and the water/ethanol mix (50%-50% by weight) are less efficient in PDMS swelling and
consequently, in washing PEG 400. Hence, the pure ethanol turned out to be the best solvent for this

application.
2.2.2. TGA analyses

TGA analyses (degradation under helium atmosphere with a 5°C.min ramp to 600°C) were carried out to
check the extraction of the hydrophilic component. Figure 6 shows the superposition of curves that
represent the raw PDMS, the raw hydrophilic liquid, the solid blend of both PDMS and hydrophilic liquid
and the washed off sample after solvent swelling and drying. In both blends, it is shown that the hydrophilic
liquid departure is from about 200°C.Then, the first PDMS degradation starts either at 400°C or 350°C
depending on the ratio of polyols in the system®¥ since polyols make the PDMS burning at lower
temperatures. Finally, in the range of 500- 600°C, the PDMS is degrading faster. The most important
conclusion here is that the curves concerning the raw PDMS and the samples coming from the emulsions
after washing are identical showing that after washing, all the hydrophilic liquid has been removed from the

material without altering its thermal resistance.
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Figure 6: ATG analyses of PDMS Gly64 (top) and PDMS PEG50 (bottom) at different steps of the process and comparison with
the raw hydrophilic liquid

2.2.3. SEM observations

SEM analyses allow the characterization of the porous matrix obtained after the extraction. In Figure 7, the
pictures show the good extraction of the hydrophilic liquid, the pores size and the possible connections
between pores. The heterogeneous distribution of the pores size is the same as before the cross-linking as it
can be seen in Figure S2 in Supporting Information. For Glycerol/PDMS (right) formulation, the initial
inclusions size and the high volume fraction of glycerol has led to the formation of macroscopic holes.
Those holes were even visible during the preparation of the sample and could reach 0.3 mm. The last image
in Figure 7 shows the unwashed PDMS with 50 vol% of PEG 400 which is oozing out of the material as

little droplets. This image is representative of all unwashed PDMS with PEG 400 or glycerol.

Pores Pores Connections  Pores Macroscopic holes trace
> = - o

Oozing doplets

Figure 7: SEM pictures of PDMS PEG50 (left) and PDMS Gly64 (middle) after extraction, unwashed PDMS PEG50 (right).
Scale bar is of 20 pm.

2.2.4. Mechanical analyses

13



As previously explained, one of the main goals is to get a PDMS material with a very low Young’s modulus
to mimic this of soft human tissues under 100 kPa.[*4161 The mechanical measurements shown in Figure 8
witnesses a huge decreasing of Young’s modulus (slopes of the curves) thanks to the proposed protocol.
From 250 kPa of the initial PDMS Young’s modulus, it is possible to go down to 60 kPa for the formulation
with PEG 400 and even 25kPa for the system with glycerol. This last remarkable decrease of modulus by a
factor of ten is obtained because of the high maximum fraction of glycerol which leads to a large porosity in

the final material.

=== PDMS
— POMS + 50% PEG 400
0.10 7 =« PDMS + 64% Glycerol

2
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v T T T T T
0.0 0.2 04 06 08
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Figure 8: Compression measurements (repeated 3 times to show the good reproducibility) of unmodified PDMS silicone
(dashed lines), PDMS modified with PEG 400 after extraction (solid lines), PDMS modified with Glycerol after extraction (dot-
dashed lines)

3. Conclusion

The 3D printing of materials like PDMS is based on the ability to create a yield stress fluid from the initial
uncured silicone. The value of this yield stresses impacts the panel of printable objects and the quality of the
printing. Emulsions are few of the known yield stress fluids and the main idea of this work was to create an
emulsion with uncured silica-poor PDMS and a viscous hydrophilic liquid to obtain a “mayonnaise like”
system which is easily printable. As hydrophilic liquids, PEG 400 and glycerol have been chosen but the
methods can be applied to other hydrophilic fluids. The panel of these other liquids should be extended as
far as the interfacial tension is measurable and drives the energetic equilibrium of the system. Combined
with the average inclusions size and the proportion of hydrophilic liquid, this physical value leads to the
control of the yield stress which is well described by the Mason’s model. The innovation described in this

work bears also on the ability to extract the hydrophilic liquid inclusions after the printing and the curing to
14



reach expected elastic behaviors by creating a porous system. Those elastic behaviors are directly linked to
the liquid volume fraction introduced in the system. Such PDMS is then an efficient key to get one of the

softer 3D printed PDMS.
4. Methods

- Emulsion: The BLUESIL® RTV 3503 silicone formulation from Elkem Silicones is a two parts liquid
formulation made of Part A, containing vinyl groups and part B containing Si-H groups. Both parts have to
be mixed in equal volume and the cross-linking by hydrosilylation results in a gel after approximately 20
min at ambient temperature (i.e. the pot life is of 20 min). It must be mentioned that this PDMS formulation
contains 4.5 vol% of silica. The emulsion for 3D printing was prepared by mixing a volume of the sacrificial
hydrophilic liquid with the desired volume of RTV of part A and part B. The hydrophilic liquid was either
the PEG 400 (purity 98% from Sigma-Aldrich) or the glycerol (purity 96% from Sigma-Aldrich). PEG 400
and glycerol™ were chosen as sacrificial liquids because of their viscosity compatible with the
manufacturing of an emulsion with uncured PDMS and their hydrophilic property. The emulsions were
prepared using an Ultra-Turrax T50 Homogenizer (IKA) at 7000 tr.min™ until the emulsion gets a gel
consistency, if occurring, or for 5 min otherwise for lowest levels of hydrophilic liquids. Because of the
relatively short pot life, a lot of measurements (rheology, interfacial tension...) could not be properly carried
on the reactive blend of PDMS constituted of both components A and B. Thus these experiments were
performed with emulsions of hydrophilic liquid in only one component of the PDMS, namely Part B.
Nevertheless it must be mentioned, firstly, that the viscosities of Part A and Part B are very close and,
secondly, that some tests, not presented in the following, have been carried out using Part A and the

conclusions were very similar.

- Interfacial tension measurement: According to the work of Utracki % %¢1 and previous tests in our lab, 7]
the measurements of the interfacial tension between silicone and PEG400 or glycerol were carried out, using
a Leica DM2700 M microscope (transmission) with 20x lens coupled with a shearing stage Linkam CSS-

450. Strain relaxation experiments were conducted by applying an oscillatory strain of 70% at 5Hz, for 10 s
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to deform the studied droplet of hydrophilic liquid imbedded in PDMS. Then pictures were taken at 40

images per second, allowing us to follow the droplet retraction.

- Rheological tests: The rheological measurements were conducted at ambient temperature using an ARES
G2 rheometer (TA Instruments, USA) with a cone-plate geometry of 25 mm of diameter and a cone angle of
0.1002 rad. The vyield stress measurements were made in transient mode carrying out a stress growth
experiment at a constant strain rate of 1 s™. The stress/strain curve presented a maximum of stress which
was taken as the static yield stress value. The viscosity measurements of each liquid (PDMS, PEG400 and
glycerol), necessary for the interfacial tension evaluations, were conducted using a Couette system with a 27
mm cup diameter and a 2.34 mm gap between walls of concentric cylinders. After a soak time of 300 s, a

frequency sweep was conducted from 1 to 100 rad.s™ at a strain of 1%.

- 3D Printing process: A Liquid Deposition Modeling (LDM) device with a COSMED 333 Cartesian 3D
printer (Tobeca®, France) of 10 um movement precision was used to print the emulsions. Bi-component
cartridges of 50 mL (Nordson EFD, USA) were filled with the PDMS inks. These cartridges were fitted with
a static mixer positioned upstream of a 200 um diameter conical nozzle (Nordson EFD, USA). The
extrusion was ensured using a pneumatic system, Equalizer and Ultimus V (Nordson EFD, USA). The
dispensing pressure was adapted for each emulsion. The 3D printing was controlled with the Repetier Host
software (Repetier, V2.0.1, Germany) at a printing speed of 10 mm.s. The STL file was this of a
homemade hexagonal model of medium complexity 8. It is non-print travel-free, a small overhang of 5° (0
being the vertical). The file was sliced with the Slic3r software (Slic3r, V3, Italia) using adapted printing
parameters. The control sample was printed with Verowhite resin using the Object30 Pro 3D printer

(Stratasys, USA).

- Solvent extraction: The cross-linked silicone containing the hydrophilic liquid was immerged in a boiling
selected solvent for 12 h and dried at 80°C for 12 h and at 100°C for another 12 h. The sample is a cylinder

of 13 mm of diameter and 7 mm width, designed for mechanical characterization.
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- Purification measurements: The first analysis was conducted by measuring the mass lost after extraction.
TGA tests were conducted using a Q500 TGA (TA Instruments), with a temperature ramp of 5°C.min™* up to

600°C.

- Optical microscopic observations of the uncured emulsions to evaluate the droplets sizes were made using
an Olympus BX 41 microscope in transmission mode. The droplet sizes distributions were obtained from
typical parts images by measuring the size of 50 droplets. For the cured systems, a Merlin Zeiss SEM was

used to characterize their porosity. A 1 kV electron beam was used in high vacuum with a zoom x200.

- Mechanical Characterization: Compression tests were carried out to determine Young’s modulus. A
sample of 13 mm of diameter and 7 mm width was compressed within 25 mm plates on an ARES G2 at 0.01
mm.s? for 600 s. From the force measurement, the nominal stress was obtained by dividing the measured
force by the sample section (132.7 mm?). The nominal strain was obtained by dividing the plate
displacement by the initial sample thickness. Then, Young’s modulus was obtained from the slope of the

stress/strain plot for the first 20 % of strain.
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