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Abstract

Silicone is well-known for its appealing properties like high elasticity,
hydrophobicity and biocompatibility, which translates to diverse
applications including silicone foams. However, current foaming
methods are complex, lengthy and involves hazardous chemicals. The
direct templating approach tackles these complications by saturating
the silicone precursors with sacrificial templates, e.g. salts or sugar
crystals. These templates are leached out in appropriate solvents after
vulcanization, leaving behind porous structures. The resulting pores
and mechanical properties of the foams can be tuned by varying the
quantity of sacrificial templates introduced. In addition, 3D printed
architectures present greater degree of complexity for said silicone
foams. Herein, facile silicone foams with tuneable properties are
fabricated via Direct Ink Writing (DIW) with the inclusion of glucose
sugar crystals into a one-part room temperature vulcanizing (RTV-1)
silicone formulation, with deionized water as the eco-friendly solvent.
The silicone ink formulations were proven to fulfil viscoelastic
requirements of DIW. Pore morphologies of formulated foams with
varied glucose content of 15 phr to 55 phr were characterized by SEM.
The results showed presence of macropores with pore sizes ranging
from 26.44 pm to 52.39 um and porosity ranging from 15.03 % to 31.60
%. The pore size and porosity of the foam samples were found to be
linearly proportional to the amount of glucose content. Tensile tests
unveiled that with increasing sugar content, mechanical properties of
said foams had been varied with tensile strength (0.96-0.59 MPa),
elongation at break (511-362 %), and Young’s modulus (0.50-0.37
MPa). The foams also displayed decreasing Shore A hardness (35.8-
30.1) as porosity increased. This simplistic approach represents a
feasible method of creating silicone foams with tuneable properties
using easily attainable and safe materials.

This is an open access article under the CC BY-NC-SA 4.0 license.
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1. Introduction

Silicone is a polymeric material consisting of silicon, oxygen, carbon, and hydrogen, with the prevalent monomer
being polydimethylsiloxane (PDMS) [1]. The Si-O bonds with high bond energy that constructs the polymer
backbone facilitate its unique material properties such as excellent chemical and thermal stability,
biocompatibility, high elasticity, flexibility and hydrophobicity [2]. For instance, due to its soft and biocompatible
nature, silicone has been utilized in the biomedical domain for prosthesis or soft robotics [3]. Besides that, silicone
products such as sealants and dampers have found applications in various industries especially in automotive and
construction as the silicone material famous for its thermal stability and elasticity [4].

Recently, porous PDMS foams have been developed due to its softer, higher elasticity and porous properties
compared with nonporous PDMS materials [5]. Initially, porous PDMS were developed as membranes for
filtration, oil/water separation or even gas purification [6]. The separation characteristics of said membranes are
reliant on its pore properties. Besides that, porous PDMS were also reported to be incorporated into tissue
engineering in the form of scaffolds [7]. The PDMS-based scaffolds with three-dimensional porous network
possess chemical stability and biocompatible behaviours, able to support and facilitate cell growth as well as tissue
development. In more recent times, porous PDMS structures with soft and elastic characteristics have been
adopted as wearable devices and sensors [8]. The stretchability and robustness of porous PDMS drive its use for
pressure sensors, by measuring the capacitance or resistance changes when mechanical forces are applied on the
porous PDMS based sensors [9], [10].

Owing to the characteristics of silicone polymers, they have been exploited in the foam industry [11]. Chemical
and physical foaming techniques are available to fabricate silicone foams with different porosities. However, such
techniques often incorporate complex machineries or hazardous chemicals to introduce the formation of pores.
For instance, as an example of physical foaming, carbon dioxide (CO2) foaming involves the injection and
saturation of CO2 gas into the silicone precursor in its liquid or partially-crosslinked state at high pressures until
crosslinking is completed. For chemical foaming, harmful chemical blowing agents or corrosive acid/carbonate
systems are blended into the polymer which releases gaseous products while being crosslinked simultaneously.
Both gas and chemical foaming methods necessitate the use of heavy machineries and toxic chemicals at times.

The direct templating approach provides a simplistic yet safe alternative to construct porous silicone foams.
It involves encapsulating porogens or a sacrificial template into the silicone precursors followed by solvent
extraction which leaches out this template, leaving behind a porous structure [12]. Porous silicone foams have
been fabricated with this method by incorporating common and inexpensive materials such as sugar, salt or even
citric acid monohydrate particles which were used as purchased [13]. Environmentally-friendly solvents such as
deionized water and ethanol are proven effective to extract and dissolve these particles. Moreover, the foam
properties such as the degree of porosity and pores’ sizes are dependent on the size and number of particles
added. Hence, this technique benefits from its low-cost versatility while foams with tuneable properties can be
produced rapidly.

With additive manufacturing or 3D printing being focused on heavily as of late, parts are manufactured
directly from computer-aided-design models in a layered manner [1]. The conventional silicone products are often
limited to moulding or casting manufacturing processes due to the molten state and long curing duration of
silicone precursors, which limits its potential for advanced applications [5], [14]. With additive manufacturing,
soft and stretchable functional silicone parts can be fabricated rapidly, with minimized waste, while allowing for
intricate structures with geometrical freedom for applications such as soft actuators or wearable sensors [3], [15].
Among the types of 3D printing processes used for silicone printing, Direct Ink Writing (DIW) is favoured due to
its versatility [16]. DIW transpires to be a material extrusion process that dispenses a thixotropic ink through a
nozzle via applied pressure in a layered-manner [17]. Objects are 3D printed from continuous filaments that are
directly extruded from the nozzle and stacked layer-by-layer without any post-processing, thus making it a
straightforward process. For successful printing with a DIW printer, it is imperative for viscoelastic silicone inks
to exhibit certain rheological characteristics. Generally, such inks have to display rheological behaviours of having:
(i) shear-thinning characteristic to permit material extrusion through a nozzle smoothly at desired flowrate; and
(ii) adequate yield stress to maintain shape fidelity without sagging once exiting the nozzle [17], [18].

This study aims to fabricate low-cost porous silicone foams with tuneable properties by direct templating and
DIW. Glucose particles are mechanically mixed into a silicone blend and then 3D printed. Porous silicone foams
obtained from glucose/PDMS inks with different glucose loading were characterized to validate the relationship
between glucose loading and properties of silicone foams. To the best of the authors’ knowledge, this represents
the novel study upon introducing glucose particles as the template to generate porous silicone foams via DIW.
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2. Methodology

2.1 Materials

An RTV-1 silicone formulation with appropriate thixotropic behaviour was chosen from SiSiB® Silicones. The
silicone polymer backbone employed was «, w-silanol-terminated PDMS that has a viscosity value of 20,000 cPs.
To constitute a neutral-cure silicone formulation, methyltris(methylethylketoxime) (MOS) silane and vinyl
tris(methylethylketoximino) (VOS) silane oxime crosslinkers were adopted. Dibutyltin dilaurate (DBTL) served
as the catalyst. Fumed nanosilica powder with a BET surface area of 100 m2/g and silicone oil were utilized as the
rheology enhancers. Glucose particles (Glucolin) from Reckitt Benckiser were used as purchased as the sugar
template.

2.2 Preparation of Porous Silicone Samples

The parts per hundred rubber (phr) ratio of the silicone blend with PDMS: silicone oil: MOS: VOS: nanosilica: DBTL
at 100: 16.23: 10.80: 1.20: 8.33: 0.07 respectively were kept constant. Three different silicone formulation with
glucose contentat 15, 35 and 55 phr respectively were prepared. Glucose particles were dispersed into the silicone
blend via an overhead mixer at 300 RPM for 5 minutes to ensure homogeneous distribution. After 3D printing of
the formulated silicone, the samples were immersed in deionized water at 60 °C for solvent extraction of the
glucose templates in order to attain porous silicone foams.

2.3 Characterization of Rheological, Morphological, and Mechanical Properties

Rheology characterization of all inks was performed via an Anton Paar Physica MCR 301 Rheometer. Storage
modulus (G’) and loss modulus (G”) measurements were taken via oscillatory amplitude sweeps ranging from 0.01
to 100 % and shear strain at a constant angular frequency of 10 rad-s-1. Viscosity tests were conducted with shear
rates from 0.1 to 100 s-1.

Morphology of silicone foams was observed with a Hitachi S-3400N Scanning Electron Microscope (SEM).
Acceleration voltage and probe current were set at 15.0 kV and 40 mA respectively. Samples were gold coated
prior to imaging. Statistical analysis was done with Image] application to obtain the average pore size, pore size
distribution, as well as porosity from SEM images, while the porosity of the sample was evaluated based on Eq.

(1) [19].

p iy = Sum of pore area
orosity = Total area of SEM image

(1)

Mechanical performance of the silicone samples was evaluated by a Shimadzu AGS-kNX universal tensile
testing machine. Tensile tests were carried out according to ASTM D412 type-C standard. Multiple tests were run
and the average readings were plotted into stress-strain curves. Hardness values of the samples were measured
with a Shore A durometer from CONIC. 5 readings were taken at arbitrary points for each sample and the average
hardness values were reported.

2.4 Three-Dimensional Printing

Printing of silicone samples was done via a DIW printer. Inks were loaded into syringes, and extruded onto the
printing platform via a lead-screw driven by a stepper motor. The printing parameters were kept constant with
nozzle size of 0.84 mm and printing speed of 10 mm-s-.

3. Results

3.1 Rheological Properties

The rheological parameters of the prepared glucose/PDMS inks are summarised in Table 1. From Fig. 1(a), all
silicone inks showed shear-dependent behaviour. This was proven with the drop in viscosity with increasing shear
rate, facilitating flow through the printing nozzle at higher shear rates. Higher glucose loading had led to inks with
higher viscosities as well. At the printing shear rate of 30.32 s-1 with the printing parameters used, the increased
glucose content of 15, 35 and 55 phr displayed viscosities of 62.41 Pa-s, 73.65 Pa-s, and 109.66 Pa-s respectively.
This concurs with Teoh et al. [20] and Victoria et al. [21] as the larger quantity of glucose particles increased
particle-particle interactions which resulted in particle agglomerates that hindered material flow. Larger shear
stresses were needed to overcome the increased frictional forces.
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Table 1 Rheological properties of glucose/PDMS inks formulations
Glucose content Viscosity ~ Storage modulus of ~ Static yield stress, oy Loss factor at LVR,
(phr) (Pa's) LVR, G’vr (Pa) (Pa) tan &
15 62.41 4596.03 120.04 0.46
35 73.65 8072.76 132.99 0.38
55 109.66 12932.23 135.68 0.37
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Fig. 1 Rheological studies of glucose/PDMS inks with various glucose content for (a) Storage and loss moduli; (b)
Viscosity

The parameters of storage modulus (G’) and loss modulus (G”) describe the viscoelastic behaviour of the
sample, which measure the elastic and viscous response of a sample respectively [22]. The loss factor or also
known as tan §, is the ratio of G” to G’ which aids to identify at which point does a viscoelastic sample manifests
solid or liquid like behaviour [23]. The sample is said to resemble a solid when G’ > G” (tan § < 1), while the reverse
is true as the sample mimics a liquid when G” > G’ (tan § > 1) [18]. The Linear Viscoelastic Region (LVR) is defined
as the region where G’ remains relatively constant (plateau) even with increasing amplitude, and the storage
modulus at this region is termed as G’vr. According to ASTM D7175 standards, when there is a 10 % plunge in G’
from this plateau, the corresponding shear stress is defined as static yield stress, gy of the ink [24].

It is evident from Fig. 1(b) that all ink formulations showed the criteria of G’ > G” in the LVR with the tan 6 <
1, signifying that the inks flowed as an elastic solid rather than a viscous liquid at rest which promotes shape
retention during printing [22]. The optimal loss factor values for printable inks are highly specific for a material
and printing system used. M’'Barki et al. [18] had reported the loss factor values between 0.1 to 0.3, while Cheng
et al. [25] highlighted values between 0.2 to 0.7. Hence, the loss factor of 0.37 to 0.46 for the inks in this study
aligned with values reported in literature. Next, the increased glucose loading had enhanced the storage modulus,
G’Lvr from 4596.03 Pa to 12932.23 Pa. This can be explained as more glucose particles provided greater
reinforcement which caused an increase in elastic behaviour of the RTV-1 silicone formulation [5].

Moreover, the increase in G” with higher glucose content is expected as more energy dissipation was induced
by increased friction among glucose agglomerates [26]. The storage modulus values obtained in this current study
(4596.03 Pa to 12932.23 Pa) were comparable to those declared by Tang et al. [27] (103 Pa to 105 Pa) and Liao
et al. [28] (103 Pa to 106 Pa) for their printable silicone elastomer inks. Subsequently, printable inks have to
possess sufficient yield stress for shape retention during printing [29]. The yield stress for printable silicone inks
ranges from 102 Pa to 103 Pa as claimed by Lyu etal. [30], while 90 Pa was already adequate for printing according
to Perrinet et al. [31]. Thus, the static yield stress values of the glucose/PDMS inks obtained in the current study
were above 100 Pa which allowed for printing, while the increased glucose content led to the rise from 120.04 Pa

to 135.68 Pa. This is associated with glucose particles being rigid, thus resisting deformation and limiting shear in
the system which ultimately enhances yield strength [32].
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3.2 Pore Properties

The feasibility of the direct templating method to synthesize porous silicone was verified by the presence of pores
in the PDMS matrix as observed via SEM images. Elliptical closed-cell pores identical to the shape of glucose
particles were apparent in all samples illustrated in Fig. 2. The pore properties were assessed with the D10, Dso,
Doo (pore diameter at the 10th, 50th, and 90th percentile from the cumulative relative frequency curve in Fig. 3),
average pore diameter and porosity as tabulated in Table 2.

Table 2 Pore properties of different foam samples

Glucose content D1o (um) Dso (um) Doo (um) Average pore Porosity (%)
(phr) diameter (um)

15 9.00 17.00 61.77 26.44 15.03

35 12.00 28.54 67.00 35.07 26.47

55 18.00 44.00 106.85 52.39 31.60

The glucose particles acted as porogens for the direct templating technique used. From the studies on silicone
foam formation via direct templating and moulding, Sanderson et al. [33] attained pore sizes of 30 um to 100 pm.
When common sugar cubes were used, Gonzalez-Rivera et al. [13] recorded pores of 500 + 300 um, while Pandey
et al. [34] declared values of 200 pm to 300 um. However, the resulting pores from all samples templated with
glucose particles in this study were relatively small, which had pore diameters between 26.44 pm to 52.39 um,
and may be classified as macropores as their average pore diameters were larger than 50 nm [6]. The small pore
sizes created in the current study are specifically desired for 3D printing of silicone foam due to the fact that
silicone ink embedded with larger sugar cubes (> 100 pm) tend to clog the tiny printing nozzle head, subsequently
hindering from printing. From Fig. 2, the number of elliptical pores perceived were more prominent at higher
glucose content. The pore properties are reliant on the concentration of the porogen introduced [35]. Hence, the
increment of average pore diameters was a result of increased glucose loading from 15 phr to 55 phr with a higher
tendency for particle agglomeration. This eventually produced closed-cell porous silicone foams with their
porosities ranging from 15.03 % to 31.60 %.

()
Fig. 2 SEM images of foam samples with different glucose content of (a) 15 phr; (b) 35 phr; (c) 55 phr
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Fig. 3 Pore size distribution curves of different foam samples at different glucose content of (a) 15 phr; (b) 35 phr;

Linear regression in Fig. 4 illustrates that the relationship between the glucose content and average pore size,
as well as porosity. The average pore size and porosity are presumed to be linearly dependent to the glucose
content. High R2 values of 0.9706 and 0.9694 were attained respectively, suggesting a strong linear correlation
between glucose content with the average pore size and porosity respectively. Open-cell foams were not
witnessed in all three samples, which suggested that the amount of glucose introduced into the PDMS matrix were
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3.3 Mechanical Properties

Tensile tests of various porous silicone foams were carried out to establish the correlation between the pore
properties with the mechanical properties The stress-strain curves in Fig. 5 showing a decreased in mechanical
properties of Young’s modulus, ultimate tensile strength, elongation at break with the increased of pores density.
This trend agrees with the study from [37] which asserted that higher porosities generally result in lower
mechanical properties for PDMS samples. The formation of pores or pores density heavily dependent on the
glucose content in the ink formulation via direct templating approach. Thus, the mechanical properties of silicone
foams can be customized with precise tuning of glucose content.

15 phr
35 phr
0.8 55 phr

0.7

0.9

0.6
0.5

Stress (MPa)

0.4
0.3
0.2

0.1 —
0 200 400 600
Strain (%)

Fig. 5 Stress-strain curves of different foam samples with different glucose content

From Table 3, silicone foam with the smallest average pore diameter of 26.44 um and 15.03 % porosity,
resulted from 15 phr glucose added, had a Young’s modulus of 0.50 MPa and ultimate tensile strength of 0.96 MPa.
In contrast, silicone foam with 55 phr glucose added, had the lowest Young’s modulus and ultimate tensile strength
of 0.37 MPa and 0.59 MPa respectively, while having the largest pore diameter of 52.39 um and 31.60 % porosity.
This implies that as more pores were induced, the volume of PDMS matrix available for load bearing was lowered
while the bulk material suffered from increased inhomogeneity, thus effectively reducing tensile strength and
material stiffness [5]. All the silicone foams offered good elongation at break, with the range of 362 % to 511 %.
Moreover, a decay in Shore A hardness from 35.8 to 30.1 was recognized with increased porosity as well, which
conforms to the alleged trend by Zare et al. [38].

As observed from the Young’s modulus, the foams produced were up to 78.11 % more flexible than the silicone
formulation synthesized by Lim et al. [23], which had a reported value of 1.69 MPa. The hardness values were up
to 39.8 % lower than the conventional Silastic silicone formulation with Shore A of 50 [39]. This deduced that the
amount of porogen introduced is a manipulated variable which significantly affects the pore properties and
subsequently mechanical properties of the silicone foam [40]. Hence, the viability of the direct templating method
to produce silicone foam with tuneable mechanical properties was demonstrated.

Table 3 Mechanical properties of foams with various glucose content

Glucose content Young’s modulus Ultimate tensile Elongation at Hardness
(phr) (MPa) strength (MPa) break (%) (shore A)

15 0.50 0.96 511 35.8

35 0.43 0.76 427 34.5

55 0.37 0.59 362 30.1

3.4 Three-Dimensional Printed Silicone Structures

Fig. 6 demonstrates the printability of the glucose/PDMS inks. The printed articles are representative for all inks
with different glucose content. The printability of the inks was attributed to their satisfactory rheological
properties in Table 1. Firstly, all inks featured solid-like properties in the linear viscoelastic region, as their loss
factors were 0.46 to 0.37 (tan § <1). Next, the viscosities at the printing shear rate used of 62.41 Pa-s to 109.66
Pa-s were still relatively low. The torque provided by the stepper motor was sufficient to drive the lead-screw for
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smooth material extrusion, proven by the absence of under-extrusion. The static yield stress values of 120.04 Pa
to 135.68 Pa were high enough to maintain the stacking of layers, as the structures did not crumple during
printing, while the storage moduli varied from 4596.03 Pa to 12932.23 Pa. These values satisfy the rheological
parameters required for DIW as mentioned under Section 3.1, and were adequate to maintain shape retention
during printing, exemplified by the scaffolding which portrayed intricate details. In brief, the addition of glucose
particles did not diminish the thixotropic characteristics of the RTV-1 silicone ink formulation, which allowed for
successful printing.

(b)
Fig. 6 Successful printing of PDMS/glucose ink samples as (a) Scaffold; (b) Tensile bars

4. Conclusions

In short, the developed porous silicone foams via direct templating can be 3D printed even to the precise geometry
of a scaffold structure via DIW. The templating approach was cost-effective and not hazardous, with glucose
crystals chosen as the template, while deionized water was the solvent of choice. It was discernible that 3D silicone
structure with tuneable pores and mechanical properties while maintaining the printability criteria can be
realized under the feasible glucose content range of 15 phr to 55 phr. The average pore sizes and porosity are
evidenced to be linearly correlated to the glucose content, while the mechanical properties were reliant on the
resulting porosity.
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