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Abstract: Recently, the manufacturing of porous polydimethylsiloxane (PDMS) with engineered
porosity has gained considerable interest due to its tunable material properties and diverse applica-
tions. An innovative approach to control the porosity of PDMS is to use transient liquid phase water
to improve its mechanical properties, which has been explored in this work. Adjusting the ratios of
deionized water to the PDMS precursor during blending and subsequent curing processes allows
for controlled porosity, yielding water emulsion foam with tailored properties. The PDMS-to-water
weight ratios were engineered ranging from 100:0 to 10:90, with the 65:35 specimen exhibiting the
best mechanical properties with a Young’s Modulus of 1.17 MPa, energy absorption of 0.33 MPa,
and compressive strength of 3.50 MPa. This led to a porous sample exhibiting a 31.46% increase in
the modulus of elasticity over a bulk PDMS sample. Dowsil SE 1700 was then added, improving
the storage capabilities of the precursor. The optimal storage temperature was probed, with —60 °C
resulting in great pore stability throughout a three-week duration. The possibility of using these
water emulsion foams for paste extrusion additive manufacturing (AM) was also analyzed by im-
plementing a rheological modifier, fumed silica. Fumed silica’s impact on viscosity was examined,
revealing that 9 wt% of silica demonstrates optimal rheological behaviors for AM, bearing a viscosity
of 10,290 Pa-s while demonstrating shear-thinning and thixotropic behavior. This study suggests that
water can be used as pore-formers for PDMS in conjunction with AM to produce engineered materials
and structures for aerospace, medical, and defense industries as sensors, microfluidic devices, and
lightweight structures.

Keywords: polydimethylsiloxane (PDMS); foam; rheology; 3D printing; tunable mechanical properties

1. Introduction

Porous materials are a major focus of material science, providing versatility for many
applications. One of the earliest known applications of porous materials was by the ancient
Egyptians, who used charcoal to aid indigestion [1]. Later, European scientist Carl Scheele,
studied the adsorption of gases by charcoal. In the twentieth century, higher gas adsorption
materials were made possible by porous polymer networks. Porous polymers consist of
polymeric materials with various pore sizes, classified as microporous, mesoporous, and
macroporous with pore diameters of less than 2 nm, 2-50 nm, and greater than 50 nm,
respectively [2]. Porous polymers find their applications in diverse fields, including energy
storage and biomedical use. Liu et al., demonstrated porous polytetrafluoroethylene (PTFE)
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and Nafion composites for fuel cell applications. The PTFE-Nafion composite worked suc-
cessfully, with the fuel cell performance increasing with pore size [3]. Liu et al,, noted that
after a 180 h stability test at 500 mA/cm?, there was no voltage drop in the cells. In biomed-
ical applications, the presence of porous structures can mimic bone tissue, making them a
strong candidate for lightweight load-bearing structures. Paljevac et al., demonstrated the
fabrication of macroporous poly(methyl methacrylate) (PMMA) through hard spheres and
high internal phase emulsion where human osteoblast cells were grown on these materi-
als [4]. Kim et al., explored this phenomenon further by using porous poly(lactic-co-glycolic
acid) (PLGA) as a scaffold to introduce the bio-compatible ceramic hydroxyapatite (HA)
by coating the polymer-ceramic in apatite to increase the osteogenic potential [5]. It was
found that, when exposed to simulated body fluid, the apatite growth was substantial,
proving the capability of the PLGA/HA scaffolds for bone tissue engineering. Porous
polymers are versatile in their use and find an application in the purification of water and
liquid repellence due to their hydrophobic nature. Das et al,, engineered a catalyst-free
reaction to integrate graphene oxide into polymeric materials with outstanding antifouling
properties, tunable mechanical properties, versatility in shape formation, and excellent
hydrophobic coatings for any material, flexible or rigid [6] The existence of an excellent
water-repellant material, as well as its moldability, leave many potential uses, such as
protein detection and crystallization, tissue engineering, and drug sensing. Moreover, the
antifouling property resisted bending, creasing, tweeting, and erosion of the top surface.
The wettability may be altered from nonadhesive to adhesive superhydrophobicity, with
the ability to develop reversible aqueous patterns on the polymeric coating, opening more
avenues of applications, such as water harvesting and microfluidic devices [7].

Among porous polymers, polydimethylsiloxane (PDMS) is of interest in this scope
because it is a biocompatible polymer commonly used in implants and flexible electronics
in the medical industry [8-11]. PDMS is highly desirable due to its excellent optical, me-
chanical, thermal, and electrical properties [12]. PDMS can be optically transparent, which
enables the use of microfluidics capable of fluid manipulation on a small scale [13]. The
mechanical properties aid medical use due to its great elasticity. Kang et al., produced a
flexible pressure sensor from PDMS, opening new opportunities for wearable sensors [14].
Due to its low thermal conductivity and electrical insulation, PDMS is commonly used
in encapsulated electronics. To enable the formation of pores, PDMS must be combined
with pore-formers or expanding agents. These are liquid additives that expand and create
pores. Mikolaszek et al., investigated the effects of various pore-formers for the application
of controlled drug release [15]. Here, they infiltrated PDMS with silicone oil (SO), poly-
oxyethylene glycol (PEG), and propylene glycol (PG). It was found that PEG increased the
flux of the active substance indomethacin.

Reporting of traditionally manufactured PDMS in the literature is quite common-
place. Historically, it is fabricated conventionally through molds. With the improvement
in technology, PDMS may be fabricated through additive manufacturing (AM) with de-
signed application-driven structures. AM is a fabrication technique in which material is
manufactured on a layer-by-layer basis, enabling unique designs and properties [16]. One
form of AM is material extrusion, where the material is extruded through a small orifice
through means of pressure [17]. Direct ink write (DIW) printing, which is under material
extrusion, is a technique that consists of layer-by-layer deposition of material through a
nozzle with a pressure-driven mechanism onto a substrate [18]. DIW printing provides
many advantages, such as enabling combinations of different formulations into complex
structures and modifications of the extrusion system by incorporating microfluidic print-
heads, allowing different materials in a single pass [19]. Some limitations of DIW printing
include additional post-process treatments, weak mechanical properties, and specific rheo-
logical requirements of inks [20]. Ozbolat et al., report that PDMS manufactured through
material extrusion boasts higher mechanical properties in comparison to cast samples [21].
Alternatively, Femmer et al,, achieved a stellar resolution of 100 pm by prototyping PDMS
through digital light processing [22]. This enables the rapid printing of microfluidic chips
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and various membrane devices. However, 3D printing of pore-former-enabled porous
PDMS is rarely reported in the literature. Chen et al., printed liquid PDMS filled with salts
and silicone oil as the pore-former [23]. The print was then immersed in alcohol for 5 h,
followed by water immersion at 90 °C for 10 h. Then, the pore-formers were removed,
resulting in the creation of a PDMS sponge with macro and micropores. Woo et al,, set
out to investigate the structure-mechanical relationships of 3D printed porous PDMS,
also using material extrusion 3D printing [24]. Dibutyl phthalate (DBP) was added to
the PDMS ink as the pore-former. The printed structure was thermally cured for 2 h at
100 °C. To create pores, DBP was removed by an ethanol bath at 60 °C for 1 h. Since the
structural-mechanical properties of porous PDMS have only been studied in tension, it is
important to also investigate the compressive properties of porous PDMS.

This study focuses on creating a water emulsion foam precursor for DIW 3D printing,
optimizing emulsification, and analyzing storage conditions for porous PDMS precursors.
The influence of tunable viscosity on porosity percentages and pore size distribution was
also studied with the integration of fumed silica. Most interestingly, the reduction in
post-processing has been shown in this work, in contrast to other works. Post-processing,
such as solvent leeching or thermal etching, is usually needed to remove the pore-formers.
Rather, in this study, curing and simultaneous evaporation of liquid water from the printed
structure is demonstrated, resulting in a fully cross-linked and porous water emulsion
foam. Additionally, compression testing reveals the foams’ Young’'s Modulus, ultimate
compressive strength, shape retention, and energy absorption properties. This work
demonstrates the facile tunability of PDMS foams in the synthesis stage. This can result
in rigid structures, which benefit microfluidic applications due to the need for enhanced
structural integrity [25]. Conversely, this novel method can also result in flexible structures,
which are great for wearable sensors as the human body is in perpetual movement [26].
Work shown in this project will benefit many applications, such as aerospace, defense,
and medical, in which high strains are exerted and mitigation of shock is needed while
maintaining a relatively low density within the specimens.

2. Materials and Methods
2.1. Materials

Sylgard 184 and its analogous curing agent or catalyst were ordered as a kit and
(Dow Corning, Torrance, CA, USA) were used as the PDMS precursor in investigations
with varying amounts of distilled water. Dowsil SE 1700 and its corresponding catalyst
(Dow Corning Torrance, CA, USA) were included in the PDMS precursor studies that
investigated higher viscous water emulsion foam inks. Fumed silica particles of 40 nm
(AEROSIL 0X50, EVONIK INDUSTRIES, Parsippany, NJ, USA), with a specific surface
area of 35-65 m?/g, were used to modify the water emulsion foam ink rheology. FiberGlast
1153 was used as the mold release agent (FibreGlast, Brookeville, OH, USA) and was used
to prevent the adhesion of water emulsion foams to respective molds.

2.2. Formulation of Water Emulsion Foams with Varying Water Percentages

To prepare the water emulsion foam precursor, a planetary centrifugal mixer machine, as
schematically shown in Figure 1, (Thinky Mixer ARE-310, Thinky Inc., Laguna Hills, CA, USA)
was used to mix Sylgard 184 base and curing agent at the recommended 10:1 weight ratio.
The base was added with distilled water to prepare seven different water emulsion compo-
sitions. Several different weight percentages were synthesized, containing PDMS-to-water
ratios ranging from 90:10, 75:25, 65:35, 50:50, 35:65, 25:75, to 10:90. Each composition began
with a mixing time of 4 min at 2000 rpm. However, with increasing water percentage, it
became difficult to mix the hydrophobic and hydrophilic phases. Furthermore, mixing
times were increased in increments of 4 min until a homogenous white water emulsion
foam precursor was obtained with the absence of large water or air bubbles. The Syl-
gard 184 curing agent was implemented last to reduce the chances of early curing of PDMS
due to amplified mixing durations. When the mixing process was completed, the water
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emulsion foam precursor was poured into an acrylonitrile butadiene styrene mold that was
3D printed using a fused filament fabrication 3D printer (CREALITY, Shenzhen, China).
The dimensions for the mold were chosen based on ASTM D575 standards for compression
specimens of rubber materials [27]. The water emulsion foam specimens were degassed in
a vacuum desiccator for 90 min until no visible air bubbles were present. No surfactant
was used to prevent chemical changes to the PDMS polymer structure. Despite this, fine
emulsions were still fabricated. After degassing, the foams were thermally cured in a
two-step process in a box oven (KSL-1500X, MTI CORPORATION, Richmond, CA, USA).
Current literature was referenced before thermal post-processing to ensure that curing
and pore creation did not degrade the material by staying well below the decomposition
temperatures of Sylgard 184 and SE 1700: 400 °C and 430 °C, respectively [28,29]. The
initial ramp rate used was 1 °C/min until the temperature reached 90 °C and dwelled for
120 min to cure the PDMS matrix. The next ramp was 1 °C/min until the temperature
reached 120 °C and dwelled for 120 min to evaporate the water inside the pores.

C
— ¥
(D
B .
—~ -

Figure 1. Foam Preparations, (A) PDMS synthesis, (B) centrifugal mixing, (C) DIW printing, (D)

mold preparation, (E) thermal curing.

2.3. Preparation of Water Emulsion Foams with Varying PDMS Viscosities

To observe the mechanical properties and porosity of the foams, specimens A, B, C,
and Z (bulk sample) were prepared with PDMS-to-water ratios of 65:35, 35:65,10:90, and
100:0, respectively. After mechanical testing, which is further elaborated on in Section 3.2,
the PDMS-to-Water ratio is fixed at 65:35. With this fixed PDMS-to-Water ratio, viscosities
were then analyzed by preparing samples with varying weight percentages of Sylgard 184 to
Doswil SE 1700: 100:0,90:10, 80:20, 70:30, and 60:40, specimens A, D, E, F, and G, respectively.
A 50:50 weight ratio was unsuitable because its viscosity was too high, inhibiting the
homogenous mixing with water to form the PDMS porous structures. While the viscosity
of the PDMS was increasing, a constant 75:25 PDMS-to-water ratio was employed for
consistency and observance of varying the single viscosity parameter. The bases of both
Sylgard 184 and Dowsil 1700 are measured at the respective weight percentages and mixed
for 4 min at 2000 rpm. Following the base mixture, water is integrated and mixed for
4 min at the same rotational speed. As previously stated, the mixing time may need to be
increased at this step to achieve a homogenous mixture. Finally, the catalysts are mixed
at 2000 rpm for 4 min. This is the last step to prevent premature curing through heat
dissipated from the Thinky mixer due to high mixing times. The ink is dispensed, degassed,
and cured in the same way as stated in Section 2.2. A characteristic 50:50 PDMS-to-water
sample may be seen in Figure 2. Macroscopically, all specimens bear the same physical
appearance as the characteristic sample and are indistinguishable from one another.
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Figure 2. 50:50 PDMS-to-water sample.
2.4. Preparation of Water Emulsion Ink for DIW

The formulation of water emulsion foam inks for material extrusion additive man-
ufacturing must be tailored to improve shear thinning and shape retention. The PDMS
precursor and water are first mixed in the Thinky mixer, as described in Section 2.2. After
achieving a homogeneous solution of PDMS and water, 1 wt%, 3 wt%, and 9 wt% of fumed
silica were added to the mixing cup and mixed at 2000 rpm for 20 min for Trials 2, 3, and 4.
Weight percentages above 9 wt% were considered too viscous for printing and thus were
excluded from the rheological study. The PDMS-water-silica mixture is then deposited into
a 3 mL printing syringe, supplied by BioX (Bio X™, CELLINK, San Diego, CA, USA) and
is placed in a vacuum desiccator to remove trapped air bubbles. To avoid the significant
movement of water-filled pores, the mixture is only placed in a vacuum for 30 min while
in the syringe. The CAD file used for printing was a 1 X 1 in. square 2D lattice that was
printed in a serpentine channel fashion. This CAD file was not created in software and
was preloaded on the printer. Printing parameters were explored and involved varying
printing needle diameter, printing speed, and air pressure to enable fluid flow. A total of
four trial prints were executed using a 22-gauge needle, a printing speed of 2 mm/s, and
an air pressure of 40 kPa.

2.5. Characterization

The water emulsion foam microstructure was analyzed using scanning electron mi-
croscopy (SEM) imaging using the Phenom ProX Desktop SEM (ThermoFisher Scientific,
Waltham, MA, USA) with a beam intensity of 15 kV [30]. Sputtering was not performed
as high-resolution images of the structured porosity were obtained. Image] software
(Image] 1.53m, U.S. National Institutes of Health, Bethesda, MD, USA) was used to calcu-
late the porosity of the foams after curing. Density calculations were taken before and after
curing the water emulsion foams to determine relative density. An Amscope optical micro-
scope ME520T (MICROSCOPE CENTRAL, Feasterville, PA, USA) was used to visualize
the macroscopic characteristics of the polymer foams. The compressive properties were
tested using the Instron 5578 load frame (Instron, Norwood, MA, USA) employed with a
10 kN load cell. Specimens were subjected to a strain rate of 12 mm/min until reaching 50%
uniaxial compression. Water emulsion foam ink rheology was measured by a rotational
rheometer DHR-2 (TA Instruments, New Castle, DE, USA). Shear thinning was examined
by steady-state flow sweep tests with an increasing shear rate range from 0.01 to 100 s~ 1.
Shape retention was characterized through oscillatory tests using a frequency of 1 Hz and a
shear rate ranging from 0.1 to 1000 s~

3. Results and Discussion
3.1. Microstructure Characterization and Porosity

SEM was used to capture the microstructure of porous PDMS after immediate cure, as
shown in Figure 3. Image] software was used to capture the average diameter and porosity
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percentage of the water emulsion foams. The compositions of PDMS-to-water are 100:0,
65:35, 35:65, and 10:90 and their porosities and average diameters are listed in Table 1.
Figure 3 shows the effects of increasing water content on pore size distribution. From left
to right, the water content increases, therefore increasing the average porosity percentage.
However, there is a slight decrease in porosity with PDMS-to-water ratios higher than
the threshold of 35:65. The decrease in porosity can be attributed to water agglomerates
from excessive amounts of water within a single specimen. The highest average porosity is
achieved by specimen B, which resulted in a 55.5% porous PDMS structure.

Increasing water percentage

Figure 3. SEM images of water emulsion foams with varying PDMS-to-Water ratios, (A) specimen A,
(B) specimen B, and (C) specimen C as described in Table 1.

Table 1. Porosity percentages and average pore sizes of water emulsion foams at varying PDMS-to-
water ratios.

PDMS/Water Ratio Average Pore Diameter Average Porosity

Snacimen (Wt%) (Hm) %)
Z (Bulk) 100:0 0.00 0.00
A 65:35 4.22 30.2

B 35:65 491 55.5

C 10:90 5.35 51.9

3.2. Uniaxial Compression Testing of Water Emulsion Foams

Compression testing was conducted at a compressive strain of 12 mm/min according
to ASTM D575 [27]. Table 2 shows the quantification of the modulus of elasticity, energy
absorption, and compressive strength for the water emulsion foams tested. To save time
yet show a clear pattern, specimens A, B, C, and bulk PDMS were tested as they host
a breadth of PDMS-to-water ratios from the maximum amount to the lowest amount
of PDMS. The stress-strain curves for specimens A, B, C, and bulk PDMS are shown in
Figure 4. The compressive properties of bulk PDMS were investigated to comprehend
the effects of pores in the PDMS matrix. The highest overall compressive strength, energy
absorption, and modulus were achieved by specimen A. To recall, specimen A had the
lowest porosity of the three specimens tested, at about 30%. Specimen A also exhibited
the lowest average pore size distribution, with about 4.22 micron-sized pores on average.
The microscopic characteristics of specimen A are attributed to its mechanical performance,
and based on the results in Table 2, it outperforms all other specimens tested. Specimen
A’s modulus was 193% and 60% higher than that of specimens B and C, respectively. The
energy absorbed by specimen A was 200% higher than that of specimen B and 154% higher
than specimen C. These results lie congruent with current data on mechanical testing of
porous PDMS. During tensile testing, Woo et al., reported an 80% increase in ultimate
tensile strength in a porous sample of PDMS compared to a non-porous sample [24]. This
phenomenon can be attributed to the pore’s effect on the mechanical properties. The pores
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provide flexibility and durability, effectively cushioning the sample and increasing the
mechanical properties. Later, Woo et al., implemented varying printing patterns during
printing, changing the infill density and altering the porosity further. With a 90-90 print
pattern, where PDMS is extruded in a grid-like fashion for each layer, Woo reported 75%
infill having the highest modulus, ultimate tensile strength, and elongation at break when
compared to 100% infill. However, there seems to be a lower limit to the benefit that porous
structures provide. Woo et al., reported reduced mechanical properties of the 50% infill
sample for the 90-90 orientation when compared to 100% infill. This occurrence draws
a parallel conclusion to the data presented herein, where sample C (51.9% porosity) has
reduced compressive strength compared to the bulk sample until the break and a lower
modulus of elasticity. Specimen B underperforms compared to the bulk material until it
experiences increased strain, where it has a sharp stress increase. This is due to the pores
collapsing and effectively making the material denser.

Table 2. Mechanical properties of water emulsion foams.

Modulus of Elasticity =~ Energy Absorption Compressive Strength

Specimen (MPa) (J/mm®) (MPa)
Z (Bulk) 0.89 0.15 1.20
A 1.17 0.33 3.50
B 0.40 0.11 1.63
C 0.73 0.13 1.23
4
——Specimen A
Specimen B
3.3 Specimen C

——Specimen Z (Bulk)

Compressive Stress (MPa)
- 3

o
in

0 0.1 0.2 03 0.4 0.5 0.6
Compressive Strain (mm/mm)

Figure 4. Stress-strain curves for specimens A, B, C, and bulk PDMS generated through

compression‘ testing.

3.3. Storage Life Assessment of Water Emulsion Foams

The storage life of the water emulsion foams was investigated to observe the stability
of the water-filled pores. Specimen A remained unchanged, and specimens D through
G have increasing amounts of Dowsil 1700. Figure 5 displays the retention of the water-
filled pores after an immediate cure, after 48 h, and after 7 days. All specimens studied
longer than an immediate cure were stored at 3 °C to refrain from PDMS curing at ambient
temperature. Coalescence of the water molecules occurs just 48 h after it is stored away.
After 7 days, the coalescence increased dramatically and resulted in a polydispersed system.
The rapid coalescence of water molecules is attributed to low interfacial tension between
Sylgard 184 precursor and water [31]. To increase the viscosity of the PDMS and further
increase the stability of the water in the oil emulsion system, Dowsil 1700 is added to the
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Sylgard 184 as described in Table 3. Figure 6 depicts the effects of adding Dowsil 1700, a
more viscous PDMS base, on pore size and porosity percentage over time. The incorporation
of a high-viscous oil at the same mixing rate resulted in less porous and lower average pore
size systems. However, higher concentrations of Dowsil 1700 led to higher pore stability
over time. Figure 7 portrays the stability of water emulsion foams with Dowsil 1700 after
three weeks.

Figure 5. SEM images of specimen B (A) immediately after curing, (B) after 48 h (C) after 7 days of
refrigerated storage.

Table 3. Formulations of water emulsion foams using Sylgard 184 and Dowsil and their
respective viscosities.

Gnecimen Sylgard 184:Dowsil 1700 PDMS/Water Average Pore Diameter Porosity Experimental
(Wt%) (Wt%) (Hm) (%) Viscosity (Pa-s)
A 100:0 65:35 6.48 30.2 2.013
D 90:10 65:35 5.47 204 2.297
E 80:20 65:35 4.22 182 2.542
F 70:30 65:35 2.86 9.4 2.658
G 60:40 65:35 2.01 9.2 2.931

Figure 6. SEM images of water emulsion foams with varying Sylgard 184: SE 1700 ratios, (A) specimen
D, (B) specimen E, (C) specimen F, and (D) specimen G, as described in Table 3.

Figure 7. SEM images of water emulsion foams with optimized storage procedure for specimen A
(A) before and (B) after a 3-week storage life in freezing temperatures.
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3.4. Exploration of Storage Procedure

Exploration to promote the retention of the “water-in-oil” emulsion foams was carried
out in liquid PDMS samples mixed with water. To achieve stability, the specimens were
stored in a freezer at —60 °C for three weeks. This temperature induced the freezing of
the water-filled pores, thus restricting the movement of the water molecules that tend to
coalesce, as seen before in Figure 5. After freezing, the liquid samples were removed and
molded following the same procedure described in Section 2.2. At this point, the specimens
have no water in their pores, being fully processed. The freezing mechanism influences
the properties of the PDMS matrix by increasing its viscosity [32]. Figure 7B confirms
the stability of the water emulsion by upholding a similar average pore size and porosity
percentage throughout the foam after three weeks. Figure 8 compares the 3-week storage
life of water emulsion foams at different viscosities and different storage conditions. Green
data points indicate specimens that were stored for 3 weeks at —60 °C. Purple data points
signify specimens that were stored for 3 weeks at 20 °C. The water emulsion foam data
points from left to right correspond to specimens D, E, F, and G, as described in Table 3.
The optimal pore retention was achieved by specimen G in both storage methods due to a
higher matrix viscosity of 2.931 Pa-s. This conclusion is supported by the literature, as high
steric stability is achieved in highly viscous systems [33]. This behavior can be attributed
to the high viscosity of the matrix slowing down the movement of the particles, ensuring
that the pores do not coalesce. Nevertheless, specimens stored in the —60 °C environment
displayed superior pore retention effects. The lowest recorded porosity percentage of foams
stored at —60 °C was 31.9%, approximately a 37% increase from the maximum recorded
porosity for the specimens stored at 20 °C.

60

—20°C
—-60 °C
50 e D
= E
40 +F
a G
o
S 30
2
37 57, 3
2 21.9 2331
=]
Ay
20
10
0
2.2 23 24 25 2.6 27 2.8 2.9 3 3.1

Vicosity (Pa.s)

Figure 8. Effects of specimen porosity as a function of specimen precursor viscosity under conditions
of =60 °C and 20 °C.

3.5. Rheological Properties of Water Emulsion Foams

Successful DIW printing of polymers is dictated by their rheological properties. Inks
employed in DIW must have their properties finetuned to achieve thixotropic behavior
and shear thinning within the AM system’s parameters. Challenges arise during this
process as rheological qualities for correct extrusion are dictated by the mixing ratios of the
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material blends, sometimes below the micron scale [34]. Balancing rheological properties
for extrusion and thixotropy for adequate shape retention is crucial and is the driving
factor for successful DIW of viscoelastic materials. In the present study, various amounts
of fumed silica were used to modify the ink’s rheology and induce thixotropic behavior,
including a control sample with no fumed silica. These formulations may be seen in
Table 4. The viscosities of the different ink formulations were plotted against the shear
rate, as shown in Figure 9A. This plot illustrates that shear thinning starts occurring at
low shear rates for Trials 2, 3, and 4, which contain 1 wt%, 3 wt%, and 9 wt% of fumed
silica particles, respectively. On the other hand, Trial 1 (no fumed silica) displays an
almost constant viscosity with increasing shear rate, meaning that shear thinning is not
taking place and the material is Newtonian. Shear thinning of gel emulsions occurring at
room temperature allows the extrusion of these materials using a deposition nozzle with
excellent mechanical properties, such as high shear yield strength [35]. With the increase
in the applied shear rate, formulations containing fumed silica increased the maximum
viscosity experimented by the ink. Table 4 reports the inks’ maximum viscosity value, the
highest being Trial 4, which had a maximum viscosity value of 10,290.8 Pa-s. From the
viscosity plots, it is evident that fumed silica has a large effect on the ink’s rheological
behavior. This is concurrent with research in the literature by Pacquien et al. [36]. Pacquien
et al,, displayed that, at low volume fractions of rheology modifier, G” is lower than G
However, at higher volume fractions, a crossover between G and G” occurs. Lack of
shear thinning does not necessarily imply the material cannot be extruded. If viscosity
is sufficiently low material can be extruded as it occurred with Trial 1 (0 wt%). However,
there is another crucial parameter that governs the ink’s rheology once it has been laid
down: thixotropic shape retention.

Table 4. Water emulsion ink compositions optimized for DIW printing.

Teial # Sylgard 184:Dowsil 1700 PDMS/Water Fumed Silica Particles = Experimental Viscosity
(wt%) (wt%) (wt%) (Pa-s)
1 30:70 65:35 0 8.8
2 50:50 65:35 1 3583.1
3 40:60 65:35 3 4612.7
4 70:30 65:35 9 10,290.8

Materials that exhibit thixotropy do not require much time to go back to a solid state
compared to non-thixotropic materials. The storage modulus to loss modulus ratio of the
ink is paramount in dictating if 3D structures can self-support several layers after being
printed and thus retain their shape. Inks with a storage modulus (G") lower than the loss
modulus (G™) exhibit Newtonian or liquid-like behavior [37]. Due to the liquid-like flow,
these types of inks cannot withstand the weight of various layers of printed materials or
maintain their extruded shape. Qin et al., pointed out that G’ values higher than 1 kPa are
necessary for self-supporting 3D structures with more than two vertical layers [38]. The
shear strain was oscillated for three trials containing samples with different fumed silica
concentrations and one with no fumed silica particles. Figure 9B shows the moduli against
oscillation strain for the four samples. Trial 1 with no fumed silica displays G’ values below
10 Pa and it is always lower than G”, while Trial 2, which shows a shear thinning response
in Figure 9A, has similar values for both moduli, but G is still lower than G  across all
oscillation strains. This ink can be extruded but shows spreading compared to Trial 3,
which contains 3 wt% of fumed silica particles but a different matrix formulation. On the
other hand, Trial 3 saw a higher G’ than G for the region before the yield point at 4.88%,
as shown in Figure 9B, followed by a region with higher G after this yield point. This
change in the moduli indicates a change between solid-like and liquid-like properties, as
the material has now become a viscoelastic liquid. Trial 4, containing the highest fumed
silica concentration at 9 wt%, also shows two regions divided by a yield point, with a higher
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G’ in the low-stress region. Trials 3 and 4 ensure shape retention under low shear stresses
as they maintain solid-like properties and possess high-yield shear stress to withstand
several layers. The moduli and viscosities increased with rising fumed silica concentrations;
each trial required a higher pressure than the one before to extrude. In general, inks
for DIW should have G’ higher than G as well as high enough G’ values to support
the layers’ weights [39]. Trials 3 and 4 exhibit excellent shear thinning and thixotropic
shape retention for DIW printing of 3D structures. The adaptable mechanical properties
made possible during synthesis and its feasibility for 3D printing grant the opportunity to
combine tunable structures with designs for additive manufacturing. Montazerian et al.,
printed triply periodic minimal surfaces with PDMS, discovering that radially gradient
pore distribution increases elastic modulus. In addition to this, Montazerian et al., reported
that different designs lead to stiffer parts [40]. The presented work adds to the already
exemplary versatility of PDMS through PDMS, resulting in parts that may have great shape
retainability with tunable mechanical properties [41].
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Figure 9. Rheological properties of water emulsion foams show (A) shear thinning and (B) shape
retention behavior.

4. Conclusions

In this study, a distinct method was presented for the fabrication of PDMS foams with
regulated porosity by adjusting water proportions. Furthermore, optimization of these
PDMS foams was achieved through the incorporation of a rheological modifier, specifically
for DIW 3D printing. The results demonstrated a direct relationship between increasing
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water percentage and larger pore diameters. Notably, specimen A, with a PDMS-to-water
ratio of 65:35, produced a 30% porous sample with an average pore diameter of 4.22 pm.
This particular specimen exhibited superior mechanical properties compared to the other
samples, boasting a Young’s Modulus of 1.17 MPa. This is 193%, 60%, and 31.5% higher
than specimens B, C, and Z, respectively. The energy absorption of specimen A dwarfs
other samples, with a 200% increase from specimen B, a 154% increase from specimen C,
and a 120% increase from a bulk sample. Lastly, specimen A also hosted the highest
compressive stress, leading to increases of 115%, 185%, and 192% from specimens B, C,
and Z, respectively. To extend the shelflife of specimen C, Dowsil 1700 was incorporated.
The optimal storage temperature was identified as —60 °C, demonstrating improved pore
stability over three weeks. The impact of fumed silica on rheology was investigated,
revealing that a 9 wt% concentration of fumed silica yielded rheological data suitable
for DIW printing, along with exhibiting shear-thinning and thixotropic behavior. The
ability to tune porosity, mechanical properties, and rheology implies a significant and
broad impact of this work across diverse industries where PDMS is used frequently. This
work stands to benefit the state-of-the-art in medical use, combining tunable mechanical
properties with improvements in antimicrobial properties, antibacterial properties, and
reducing capsular contracture that leads to implant failure [42-44]. The potential of adding
self-replenishing hydrophobic coatings to this tunable material is notable to the space
industry, especially considering the current resistance of these materials in a low earth orbit
environment [45,46]. The defense industry may utilize the adaptable nature of this work by
incorporating flexibility with PDMS-Ni coated composites used for microwave absorption,
resulting in a reduced rate of detection for vehicles or protecting small, sensitive equipment
from electromagnetic influence [47].

Author Contributions: Conceptualization, S.G.G.; Methodology, S.G.G.; Investigation, C.M.; Data cu-
ration, S.G.G., S.G., D.G. and A.0.L.M.; Writing—original draft, ].Z.R.D., S.G.G., S.G., D.G., A.O.L.M.
and C.M.; Writing—review & editing, ].Z.R.D., M.S.H,, S.Z.,, A.L.,, M.S.M. and Y.L.; Visualization,
J.ZR.D.; Supervision, J.Z.R.D.; Project administration, Y.L. All authors have read and agreed to the
published version of the manuscript.

Funding: This work is supported by NSF grants: HRD-1826745 and EES-2204750.
Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Data are contained within the article.

Conflicts of Interest: The authors declare no conflict of interest.

References

1. Day, G.S; Drake, H.F.; Zhou, H.C.; Ryder, M.R. Evolution of porous materials from ancient remedies to modern frameworks.
Commun. Chem. 2021, 4, 114. [CrossRef]

2. Wu, D; Xu, F; Sun, B; Fu, R; He, H.; Matyjaszewski, K. Design and preparation of porous polymers. Chem. Rev. 2012, 112,
3959-4015. [CrossRef]

3. Liu, F.; Yi, B; Xing, D.; Yu, J.; Zhang, H. Nafion/PTFE composite membranes for fuel cell applications. J. Membr. Sci. 2003, 212,
213-223. [CrossRef]

4.  Paljevac, M.; Gradisnik, L.; Lipovsek, S.; Maver, U.; Kotek, ]J.; Krajnc, P. Multiple-Level Porous Polymer Monoliths with
Interconnected Cellular Topology Prepared by Combining Hard Sphere and Emulsion Templating for Use in Bone Tissue
Engineering. Macromol. Biosci. 2018, 18, 1700306. [CrossRef]

5. Kim, S.; Park, M.S.; Gwak, S.; Choi, Y.C.; Kim, B. Accelerated Bonelike Apatite Growth on Porous PolymerCeramic Composite
Scaffolds in Vitro. Tissue Eng. 2006, 12, 2997-3006. [CrossRef] [PubMed]

6. Das, A; Deka, J.; Rather, AM.; Bhunia, B.K,; Saikia, P.P.; Mandal, B.B.; Raidongia, K.; Manna, U. Strategic Formulation of
Graphene Oxide Sheets for Flexible Monoliths and Robust Polymeric Coatings Embedded with Durable Bioinspired Wettability.
ACS Appl. Mater. Interfaces 2017, 9, 42354-42365. [CrossRef]

7. Das, A; Deka, ].; Raidongia, K.; Manna, U. Robust and Self-Healable Bulk-Superhydrophobic Polymeric Coating. Chem. Mater.

2017,29, 8720-8728. [CrossRef]


https://doi.org/10.1038/s42004-021-00549-4
https://doi.org/10.1021/cr200440z
https://doi.org/10.1016/S0376-7388(02)00503-3
https://doi.org/10.1002/mabi.201700306
https://doi.org/10.1089/ten.2006.12.2997
https://www.ncbi.nlm.nih.gov/pubmed/17506618
https://doi.org/10.1021/acsami.7b14028
https://doi.org/10.1021/acs.chemmater.7b02880

Materials 2024, 17, 1074 13 of 14

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Yeo, W.; Kim, Y.; Lee, ].; Ameen, A;; Shi, L.; Li, M.; Wang, S.; Ma, R;; Jin, S.H.; Kang, Z.; et al. Multifunctional epidermal electronics
printed directly onto the skin. Adv. Mater. 2013, 25, 2773-2778. [CrossRef] [PubMed]

Kim, S.H.; Moon, J.H.; Kim, ]J.H.; Jeong, S.M.; Lee, S.H. Flexible, stretchable and implantable PDMS encapsulated cable for
implantable medical device. Biomed. Eng. Lett. 2011, 1, 199-203. [CrossRef]

Chen, Y.; Zhou, X.; Huang, S.; Lan, Y.; Yan, R; Shi, X,; Li, X;; Zhang, Y.; Lei, Z.; Fan, D. Effect of Microgroove Structure in
PDMS-Based Silicone Implants on Biocompatibility. Front. Bioeng. Biotechnol. 2022, 9, 793778. [CrossRef]

Yoo, B.Y.,; Kim, B.H.; Lee, ].S.; Shin, B.H.; Kwon, H.; Koh, W.-G.; Heo, C.Y. Dual surface modification of PDMS-based silicone
implants to suppress capsular contracture. Acta Biomater. 2018, 76, 56-70. [CrossRef] [PubMed]

Miranda, I.; Souza, A.; Sousa, P.; Ribeiro, ].; Castanheira, E.M.S.; Lima, R.; Minas, G. Properties and applications of PDMS for
biomedical engineering: A review. J. Funct. Biomater. 2022, 13, 2. [CrossRef] [PubMed]

Bragheri, F,; Vazquez, RM,; Osellame, R. Microfluidics. In Three-Dimensional Microfabrication Using Two-Photon Polymerization;
Elsevier: Amsterdam, The Netherlands, 2019; pp. 493-526. [CrossRef]

Kang, S.; Lee, |.; Lee, S.; Kim, S.; Kim, ].; Algadi, H.; Al-Sayari, S.; Kim, D.; Lee, T. Highly Sensitive Pressure Sensor Based on
Bioinspired Porous Structure for Real-Time Tactile Sensing. Adv. Electron. Mater. 2016,2,1600356. [CrossRef]

Mikolaszek, B.; Kazlauske, ].; Larsson, A.; Sznitowska, M. Controlled drug release by the pore structure in polydimethylsiloxane
transdermal patches. Polymers 2020, 12, 1520. [CrossRef] [PubMed]

Guo, N,; Leu, M.C. Additive manufacturing: Technology, applications and research needs. Front. Mech. Eng. 2013, 8, 215-243.
[CrossRef]

Park, S.I.; Rosen, D.W.; Choi, S.K.; Duty, C.E. Effective mechanical properties of lattice material fabricated by material extrusion
additive manufacturing. Addit. Manuf. 2014, 1, 12-23. [CrossRef]

Marquez, C.; Mata, ].J.; Renteria, A.; Gonzalez, D.; Gomez, S.G.; Lopez, A,; Baca, A.N.; Nuiflez, A.; Hassan, S.; Burke, V.; et al.
Direct Ink-Write Printing of Ceramic Clay with an Embedded Wireless Temperature and Relative Humidity Sensor. Sensors 2023,
23,3352. [CrossRef]

Rocha, V.G.; Saiz, E.; Tirichenko, L.S.; Garcia-Tufidn, E. Direct ink writing advances in multi-material structures for a sustainable
future. J. Mater. Chem. A 2020, 8, 15646-15657. [CrossRef]

Yan, J.; Huang, S.; Von Lim, Y.; Xu, T.; Kong, D.; Li, X;; Yang, H.Y.; Wang, Y. Direct-ink writing 3D printed energy storage devices:
From material selectivity, design and optimization strategies to diverse applications. Mater. Today 2022, 54, 110-152. [CrossRef]
Ozbolat, V.; Dey, M.; Ayan, B.; Povilianskas, A.; Demirel, M.C.; Ozbolat, I.T. 3D Printing of PDMS Improves Its Mechanical and
Cell Adhesion Properties. ACS Biomater. Sci. Eng. 2018, 4, 682-693. [CrossRef]

Femmer, T.; Kuehne, A.J.C.; Wessling, M. Print your own membrane: Direct rapid prototyping of polydimethylsiloxane. Lab Chip
2014, 14,2610-2613. [CrossRef] [PubMed]

Chen, Q.; Zhao, J.; Ren, J.; Rong, L.; Cao, P.; Advincula, R.C. 3D Printed Multifunctional, Hyperelastic Silicone Rubber Foam.
Adv. Funct. Mater. 2019, 29,1900469. [CrossRef]

Woo, R.; Chen, G.; Zhao, ].; Bae, ]. Structure-Mechanical Property Relationships of 3D-Printed Porous Polydimethylsiloxane.
ACS Appl. Polym. Mater. 2021, 3, 3496-3503. [CrossRef]

Oyama, T.G.; Oyama, K.; Taguchi, M. A simple method for production of hydrophilic, rigid, and sterilized multi-layer 3D
integrated polydimethylsiloxane microfluidic chips. Lab Chip 2020, 20, 2354-2363. [CrossRef]

Wang, X,; Li, J.; Song, H.; Huang, H.; Gou, J. Highly Stretchable and Wearable Strain Sensor Based on Printable Carbon Nanotube
Layers/Polydimethylsiloxane Composites with Adjustable Sensitivity. ACS Appl. Mater. Interfaces 2018, 10, 7371-7380. [CrossRef]
[PubMed]

ASTM D575-91; Standard Test Methods for Rubber Properties in Compression. ASTM International: West Conshohocken, PA,
USA, 2018. [CrossRef]

Shang, E; Li, G.; Zhao, Z.; Zhang, N.; Fan, D.; Liu, Y. Laser-Assisted Direct Ink Writing for High-Fidelity Fabrication of Elastomeric
Complex Structures. Adv. Mater. Interfaces 2023, 10, 2300300. [CrossRef]

Zhang, B.; Zhang, P.; Zhang, H.; Yan, C.; Zheng, Z.; Wu, B.; Yu, Y. A Transparent, Highly Stretchable, Autonomous Self-Healing
Poly(dimethyl siloxane) Elastomer. Macromol. Rapid Commun. 2017,38,1700110. [CrossRef] [PubMed]

Mohammed, A.; Abdullah, A. Scanning Electron Microscopy (SEM): A REVIEW. In Proceedings of the 2018 International
Conference on Hydraulics and Pneumatics-HERVEX, Baile Govora, Romania, 7-9 November 2018; pp. 77-82.

Nesterenko, A.; Drelich, A,; Lu, H.; Clausse, D.; Pezron, I. Influence of a mixed particle/surfactant emulsifier system on
water-in-oil emulsion stability. Colloids Surf. A Physicochem. Eng. Asp. 2014,457,49-57. [CrossRef]

Zhao, ].; Lin, Y,; Chang, J; Lu, A,; Chen, W.,; Meng, L.; Wang, D.; Li, L. Stretch-Induced Crystallization and Phase Transi-
tions of Poly(dimethylsiloxane) at Low Temperatures: An in Situ Synchrotron Radiation Wide-Angle X-ray Scattering Study.
Macromolecules 2018, 51, 8424-8434. [CrossRef]

Ushikubo, F.Y.; Cunha, R.L. Stability mechanisms of liquid water-in-oil emulsions. Food Hydrocoll. 2014, 34, 145-153. [CrossRef]
Corker, A,; Ng, H.C.H.; Poole, RJ.; Garcia-Tuifién, E. 3D printing with 2D colloids: Designing rheology protocols to predict
‘printability’ of soft-materials. Soft Matter 2019, 15, 1444-1456. [CrossRef]

Cipriani, C.E.; Ha, T.; Defilly, 0.B.M.; Myneni, M.; Wang, Y.; Benjamin, C.C.; Wang, J.; Pentzer, E.B.; Wei, P. Structure-Processing-
Property Relationships of 3D Printed Porous Polymeric Materials. ACS Mater. Au 2021, 1, 69-80. [CrossRef]


https://doi.org/10.1002/adma.201204426
https://www.ncbi.nlm.nih.gov/pubmed/23440975
https://doi.org/10.1007/s13534-011-0033-8
https://doi.org/10.3389/fbioe.2021.793778
https://doi.org/10.1016/j.actbio.2018.06.022
https://www.ncbi.nlm.nih.gov/pubmed/29908334
https://doi.org/10.3390/jfb13010002
https://www.ncbi.nlm.nih.gov/pubmed/35076525
https://doi.org/10.1016/B978-0-12-817827-0.00057-6
https://doi.org/10.1002/aelm.201600356
https://doi.org/10.3390/polym12071520
https://www.ncbi.nlm.nih.gov/pubmed/32650625
https://doi.org/10.1007/s11465-013-0248-8
https://doi.org/10.1016/j.addma.2014.07.002
https://doi.org/10.3390/s23063352
https://doi.org/10.1039/D0TA04181E
https://doi.org/10.1016/j.mattod.2022.03.014
https://doi.org/10.1021/acsbiomaterials.7b00646
https://doi.org/10.1039/c4lc00320a
https://www.ncbi.nlm.nih.gov/pubmed/24828586
https://doi.org/10.1002/adfm.201900469
https://doi.org/10.1021/acsapm.1c00417
https://doi.org/10.1039/D0LC00316F
https://doi.org/10.1021/acsami.7b17766
https://www.ncbi.nlm.nih.gov/pubmed/29432684
https://doi.org/10.1520/D0575-91R18
https://doi.org/10.1002/admi.202300300
https://doi.org/10.1002/marc.201700110
https://www.ncbi.nlm.nih.gov/pubmed/28489294
https://doi.org/10.1016/j.colsurfa.2014.05.044
https://doi.org/10.1021/acs.macromol.8b01872
https://doi.org/10.1016/j.foodhyd.2012.11.016
https://doi.org/10.1039/C8SM01936C
https://doi.org/10.1021/acsmaterialsau.1c00017

Materials 2024, 17, 1074 14 of 14

36.

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

Paquien, ].N.; Galy, J.; Gérard, ].F.; Pouchelon, A. Rheological studies of fumed silica-polydimethylsiloxane suspensions. Colloids
Surf. A Physicochem. Eng. Asp. 2005, 260, 165-172. [CrossRef]

Gutierrez, D.B.; Caldona, E.B.; Yang, Z.; Suo, X;; Cheng, X,; Dai, S.; Espiritu, R.D.; Advincula, R.C. 3D-printed PDMS-based
membranes for COz separation applications. MRS Commun. 2022,12,1174-1182. [CrossRef]

Qin, S.; Jiang, Y.; Ji, Z.; Yang, C; Guo, Y.; Zhang, X.; Qin, H.; Jia, X.; Wang, X. Three-dimensional printing of high-performance
polyimide by direct ink writing of hydrogel precursor. J. Appl. Polym. Sci. 2021, 138, 50636. [CrossRef]

Rau, D.A;; Williams, C.B.; Bortner, M.]. Rheology and printability: A survey of critical relationships for direct ink write materials
design. Prog. Mater. Sci. 2023, 140, 101188. [CrossRef]

Montazerian, H.; Mohamed, M.; Montazeri, M.M.; Kheiri, S.; Milani, A.; Kim, K.; Hoorfar, M. Permeability and mechanical
properties of gradient porous PDMS scaffolds fabricated by 3D-printed sacrificial templates designed with minimal surfaces.
Acta Biomater. 2019, 96, 149-160. [CrossRef] [PubMed]

Chen, H.; Zhang, W.M,; Li, X,; Ding, Q.; Shao, L. Direct Ink Writing of Pure PDMS for Soft 3D Microstructures and Tactile Sensors.
In Proceedings of the 21st International Conference on Solid-State Sensors, Actuators and Microsystems, TRANSDUCERS 2021,
Orlando, FL, USA, 20-24 June 2021; Institute of Electrical and Electronics Engineers (IEEE): New York, NY, USA, 2021; pp. 525-528.
[CrossRef]

Dardouri, M.; Bettencourt, A.; Martin, V.; Carvalho, F.A.; Colago, B.; Gama, A.; Ramstedt, M.; Santos, N.C.; Fernandes, M.H;
Gomes, P.S.; et al. Assuring the Biofunctionalization of Silicone Covalently Bonded to Rhamnolipids: Antibiofilm Activity and
Biocompatibility. Pharmaceutics 2022, 14, 1836. [CrossRef] [PubMed]

Stepulane, A.; Rajasekharan, A.K.; Andersson, M. Multifunctional Surface Modification of PDMS for Antibacterial Contact Killing
and Drug-Delivery of Polar, Nonpolar, and Amphiphilic Drugs. ACS Appl. Bio Mater. 2022, 5, 5289-5301. [CrossRef] [PubMed]
Sutthiwanjampa, C.; Shin, B.H.; Ryu, N.E; Kang, S.H.; Heo, C.Y.; Park, H. Assessment of human adipose-derived stem cell on
surface-modified silicone implant to reduce capsular contracture formation. Bioeng. Transl. Med. 2022,7,e10260. [CrossRef]
Fischer, H.R.; Tempelaars, K.; Kerpershoek, A.; Dingemans, T.; Igbal, M.; van Lonkhuyzen, H.; Iwanowsky, B.; Semprimoschnig,
C. Development of flexible LEO-resistant PI films for space applications using a self-healing mechanism by surface-directed
phase separation of block copolymers. ACS Appl. Mater. Interfaces 2010, 2, 2218-2225. [CrossRef] [PubMed]

Zhang, Y.; Karasu, F.; Rocco, C,; van der Ven, L.; van Benthem, R.; Allonas, X.; Croutxé-Barghorn, C.; Esteves, A.; de With, G.
PDMS-based self-replenishing coatings. Polymer 2016, 107, 249-262. [CrossRef]

Bora, P.J.; Jois, M.H.; Ramamurthy, P.C. PDMS-Ni coated flyash cenosphere composite for broadband microwave absorption.
In Proceedings of the 4th IEEE International Conference on Emerging Electronics (ICEE), Bengaluru, India, 17-19 December 2018;
Institute of Electrical and Electronics Engineers (IEEE): Bengaluru, India, 2018. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual

author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.


https://doi.org/10.1016/j.colsurfa.2005.03.003
https://doi.org/10.1557/s43579-022-00287-1
https://doi.org/10.1002/app.50636
https://doi.org/10.1016/j.pmatsci.2023.101188
https://doi.org/10.1016/j.actbio.2019.06.040
https://www.ncbi.nlm.nih.gov/pubmed/31252172
https://doi.org/10.1109/Transducers50396.2021.9495679
https://doi.org/10.3390/pharmaceutics14091836
https://www.ncbi.nlm.nih.gov/pubmed/36145584
https://doi.org/10.1021/acsabm.2c00705
https://www.ncbi.nlm.nih.gov/pubmed/36322397
https://doi.org/10.1002/btm2.10260
https://doi.org/10.1021/am100223v
https://www.ncbi.nlm.nih.gov/pubmed/20690681
https://doi.org/10.1016/j.polymer.2016.11.026
https://doi.org/10.1109/ICEE44586.2018.8937977

