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EFFECT OF FILLER COATING AND LOADING ON
FACIAL ELASTOMER PHYSICAL PROPERTIES
Rahmi K. Aulia, M.S

University of Nebraska, 2020

Advisor: Mark W. Beatty, D.D.S., M.S.E., M.S.D., M.S.

Current materials used for facial prostheses are far from being desirable, and improved
properties with “skin-like” feel are needed. This study evaluates property changes
induced by sequential additions of uncoated and hydrophobic-coated nano-SiO; to
polydimethylsiloxane (PDMS) and compares them with those measured for conventional
submicron SiO2-filled materials. Each filler type was sequentially added to vinyl-
terminated PDMS at 0%, 0.5%, 5%, 10%, and 15% by weight. Tensile, tear, Durometer
hardness, translucency and viscoelastic properties were evaluated, with hardness and
translucency also evaluated following 3000 hours of outdoor weathering. Results
demonstrated that 15% coated nano-SiOx-filled PDMS materials produced the highest
tensile strength, elastic modulus, storage modulus, loss modulus, tear strength, and
durometer hardness (p<0.05), while 15% submicron coated SiO.-filled materials
demonstrated the highest failure strain and translucency parameter (p<0.05). Outdoor
weathering affected hardness only for 10%- and 15%-filled submicron SiO, PDMS
materials, but the increases were deemed too low to be clinically detectable. Only
unfilled and 0.5%-filled PDMS formulations darkened from weathering, as higher filler
levels offered protection against solar radiation, heat and moisture. It was concluded that
superhydrophobic-coated nano-SiO»-filled PDMS favorably produced the strongest, most
tear resistant and least translucent materials, but also generated low stretch ability and

high hardness that were considered to be unfavorable in achieving a “skin-like” feel.
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Chapter 1: Introduction

Facial disfigurement is a distressing condition that leads to overwhelming
psychological suffering, because the defects are highly visible. This causes social
isolation, anxiety and depression (Lemon et al., 2005). It is often associated with an
altered self-image from changes in body image, a decrease in self-esteem and a
reduced quality of life (Levine et al., 2005, Nogueira et al., 2018). Facial disfigurement
has been associated with unemployment, lower education level, and poor social support.
A loss or impairment of critical function, such as speech and swallowing, contribute to
depression, placing a person at risk for suicide (Breitbart et al., 1988, De Sousa, 2010).

Common causes of facial disfigurement include head and neck cancer, facial
trauma from accident or battlefield combat, and facial burns. In 2017, head and neck
cancer accounted for four percent of cancers in the United States, with an estimated
64,690 people affected (47,650 men and 17,040 women) (Head and Neck Cancer,
August 2017). Seventy to ninety percent of basal cell carcinomas develop in sun-
exposed head and neck regions, with five to ten percent occurring on the eyelids alone
(Pratt et al., 2017). Road traffic accidents are common sources of head trauma, and
internationally more than eight million people are injured, with 16.4% incurring facial
injuries (Nobrega, L. M. et al., 2014). For soldiers in combat, head and neck injuries
have historically constituted 16% to 21% of battlefield injuries. In current Operation Iraqi
Freedom (OIF) and Operation Enduring Freedom (OEF) operations, this has increased
to 29% of battlefield injuries (Owens et al., 2008). The nature of combat injuries suffered
by war fighters has shifted from gunshot wounds to trauma inflicted by explosions, with
explosive devices responsible for 84% of OEF/OIF craniomaxillofacial injuries (Lew et

al., 2010). Modern body armor has increased survivability by reducing mortal injuries to



the chest and abdomen, but the face is left exposed (Champion et al.,2010). For facial
disfigurement caused by burns, 2013 data report an incidence of 16.3 head and neck
burns per 100,000 people per year in the US (Heilbronn et al., 2015).

Reconstruction of significant facial defects is still a major challenge for the
reconstructive facial plastic surgeon. Surgery often involves long and complicated
procedures, to which many patients are ill-suited (Thiele et al., 2015). Patients that are
not willing or physically capable of receiving complete surgical reconstruction are
confronted either with no treatment or prosthetic replacement. This situation makes the
use of maxillofacial prosthetics critical to restoring facial disfigurement, both aesthetically
and functionally (Chang et al., 2005). The prosthetic replacement has several
advantages over surgical reconstruction. The process is relatively inexpensive, the
fabrication process is relatively short, and unlike the surgeon, the maxillofacial clinician
has complete control of the color, shape, and prosthesis position. Disadvantages include
possible irritation of the tissue site, fungal infection on the intaglio surface, the need for
periodic remakes, and reliance on adhesives or some other form of retention (Lemon et
al., 2005).

Aesthetics is an essential factor in the acceptance of a facial prosthesis. The
ideal material should look and feel like normal facial tissue and maintain these properties
during the lifetime of the prosthesis (Eleni et al., 2009). It should exhibit high toughness,
tear strength, tensile strength, and elongation at break, with surface hardness
resembling that of the patient's skin (Hatamleh & Watts, 2010). A patient's perception of
the outcome and satisfaction with treatment are critical elements in evaluating the quality
of care, but are often absent in clinical studies (Chang et al., 2005). Unfortunately, it is
reported that 12% of patients who receive an ear, nose, eye, and cheek prosthesis never
wear them (Chen et al., 1981). It has been reported that 15% of patients do not wear

their prostheses because they do not like the appearance of the device. Acceptance of a



prosthesis also is related to the psychological nature of the patient (Jani & Schaaf,
1978). Prosthesis longevity is a major problem, and it has been reported that the
wearing time is approximately 6—-12 months (Stathi et al., 2010). Another study reported
the lifetime to range between six and 24 months, at which time physical and mechanical
property deterioration, discoloration, and delamination of the retentive substrate is
observed (Hatamleh et al., 2016). Clinical experience has indicated the need for frequent
replacement of facial prostheses (Haug et al., 1999).

The most widely used materials for maxillofacial prostheses are silicone
elastomers (Lai et al., 2002). Silicones are chosen because of their chemical inertness,
satisfactory strength, durability, ease of manipulation, and biocompatibility (Aziz et al.,
2003b). Silicone has been proposed as the best material to rehabilitate patients with
craniofacial defects (Brandao et al., 2017) because its flexibility delivers better comfort to
the patient (Nobrega et al., 2016).

Filled polydimethylsiloxane (PDMS), a silicone, is the most common material
used in the construction of facial prostheses (Polyzois et al., 2011). The quality of these
materials depends greatly on their two primary components, the PDMS polymer and the
silica fillers. These components and their interactions affect the overall strength, service
lifetime and biomimetic texture of the prosthesis (Aziz et al., 2003b; Bellamy et al.,
2003). However, the surface texture is a commonly reported problem, along with
discoloration, lack of longevity, material degradation, margin deterioration, and
decreased mechanical adequacy. The current generation of maxillofacial prosthetic
materials is perceived as too stiff and not mimicking the natural feel of skin (Tetteh et al.,
2017)

Research is ongoing to develop new polymeric materials with superior
mechanical properties and are more “skin-like” in their feel. Recent research has

focused on incorporating nanoparticle fillers into the organic polymer matrix, creating a



nanocomposite that better combines the strength of the filler with flexibility of the organic
matrix (Goiato et al., 2010). Previous research reported that the addition of 5% by weight
nano-SiO; to polydimethylsiloxane produced elastomers with good stretchability and
strength while maintaining low stiffness. These conditions were deemed essential to
achieving a proper texture and “feel” in a maxillofacial prosthesis (Duevel et al., 2015).
Other research reported increases in tensile strength, tear strength, and percentage
elongation when 3% by weight nano-SiO- is added to commercial PDMS materials
containing conventional submicron size fillers. This is expected to permit construction of
a prosthesis with a thinner margin that offers greater stretching and a lower chance of

tearing (Zayed et al., 2014)

Evenly dispersed nanoparticles is key to achieving uniform material properties.
Therefore, recent attention has been given to a class of hydrophobic coatings that are
sometimes classified as “superhydrophobic.” The coatings are expected to invoke
repulsion among particles and thereby assist in separating nanoparticles during their
incorporation into polymer. In principle this should produce a more uniformly distributed
filler phase. The purpose of this thesis research project is to study PDMS filled with
uncoated and hydrophobic-coated nano-silica (nano-SiO2) and compare their

mechanical behaviours with those measured for a conventional submicron-filled PDMS.

Given this background information, we hypothesize that sequential additions of
superhydrophobic-coated nano-SiO» to PDMS will generate improved physical
properties than observed with PDMS filled with either uncoated nano-SiO- or

conventional submicron-filled silica.



Chapter 2: Literature Review

2.1 Historical Development and Requirements for Maxillofacial Prosthetic
Materials

Throughout history, materials used to replace missing parts of the maxillofacial
region include wood, ivory, waxes, and metals (Andres et al., 1992). Later materials
introduced for maxillofacial prostheses include latex, poly (methyl-methacrylate), vinyl
chloride polymers, polyurethane, acrylic resin, and silicone (Chalian et al., 1974). Since
1960, silicon-based elastomers have been used to fabricate maxillofacial prostheses due
to their flexible mechanical properties and translucent optical properties (Barnhart,
1960). Attempts at reproducing color characteristics of human skin by prosthetic
materials have been measured using color analysis by reflectance spectrophotometry
(Cantor et al., 1969).

The criteria for ideal maxillofacial materials are that they should not irritate the
surrounding tissues yet permit sufficient strength at the periphery of the prosthesis to
prevent tearing, particularly when an adhesive has been placed. The materials should
provide translucency, color matching with skin, low weight, easy processing, and easy
manipulation prior to processing (Chalian & Phillips, 1974). Sweeney et al. (1972)
evaluated polyvinyl chloride (PVC) and established key properties required when
formulating new maxillofacial prosthetic materials, which are used to this day. These
properties include: (1) ease of molding, as each case necessitates an individual mold (2)
an ability to allow colors and shades to mimic the patient's skin characteristics, (3)
flexibility, to approximate the mechanical properties of natural tissues, (4) chemical
stability under average conditions, (5) tear and abrasion resistance when shaped to a

very thin edge, (6) color persistence against radiation (sunlight),skin oils and fluids



exposures for prolonged periods of time, and (7) ease of replication or substitution by
technically qualified, non-professional personnel. Physical properties identified and
tested were tensile properties, hardness, stiffness, tear resistance and thermal stability
(Sweeney et al., 1972).

As flexibility was considered as one of the important properties for maxillofacial
materials, Koran and Craig (1975) evaluated the dynamic physical properties of PVC,
polyurethane, and PDMS using a Goodyear Vibrotester. This study found that PDMS
possessed the most stable dynamic properties and provided a distinct advantage for
service as a maxillofacial material (Koran et al., 1975). Craig et al. (1978) evaluated the
color stability of PVC, polyurethane, and silicon elastomer after accelerated aging, using
reflectance spectrophotometry. All materials were placed for 900 hours in a Weather-
Ometer and evaluated by determining luminous reflectance, contrast ratio, dominant
wavelength, and excitation purity. It was concluded that silicone elastomers
demonstrated good color stability and were the most promising materials for
maxillofacial prostheses (Craig et al., 1978). Based on these studies, results suggested

PDMS as the optimum maxillofacial prosthetic material.

2.2 Fundamental Composition and Setting Reactions of Polydimethyl Siloxane
PDMS currently is the most commonly used elastomer for a maxillofacial
prosthesis. Polymerization of PDMS is achieved through chemical linking of polymer
chains, and incorporation of silica fillers that improves the physical and mechanical
properties of the material. Through a cross-linking reaction, siloxane polymers can be
easily transformed into a three-dimensional network which allows the formation of
chemical bonds between adjacent chains, (Coles et al., 2004). PDMS has molecular

weight ranging from 9000 to 50,000 (Meyers et al., 1980).



Three primary polymerization modes are employed for PDMS used as facial
materials. Polymerization of base elastomers that constitute the bulk of a prosthesis is
achieved through condensation or addition crosslinking reactions. For condensation,
when cured at room temperature, PDMS terminated with hydroxyl groups undergoes
polycondensation in the presence of a tin catalyst, and the resulting material is known as
room temperature vulcanizing (RTV) silicone. The second mode is a heat-cured system
in which unsaturated vinyl- terminated polysiloxanes undergo free radical addition with
the aid of a platinum catalyst and polymerize at elevated temperatures (approximately
85°C to 100°C). These elastomers are known as high temperature vulcanizing (HTV)
elastomers (Figure 5.1, Aziz et al., 2003a; Colas et al., 2004). HTV elastomer is the most
commonly used material in facial prosthesis fabrication. Acetoxy polymerization is the
third mode and is used to paint pigments on the surface of the prosthesis, which is
mixed and polymerized in open air. The acetoxy cure system is a tin-catalyzed moisture-

cure system which generates an acetic acid by-product upon curing. (White et al., 2010).

The strength of silicone polymers without filler is generally unsatisfactory for most
applications. The addition of reinforcing fillers reduces silicone’s stickiness, increases its
hardness and enhances its mechanical strength. Generally, the most favorable
reinforcement is obtained using silica (Colas et al., 2004). Reinforcement occurs with
polymer adsorption encouraged by the silica’s large surface area and when hydroxyl
groups on the surface of filler lead to hydrogen bond formation with the silicone polymer.
This produces silicone rubbers with high tensile strength and elongation capability
(Lynch, 1978). Chemical treatment of the silica filler with silanes further improves silicon
elastomer’s incorporation and reinforcement, resulting in increased material strength and
tear resistance (Colas et al., 2004). Incorporation of a hydrophobic surface-treated silica

filler with a low particle size creates a high surface area for polymer adsorption and



permits better dispersion into the uncured silicone polymer than do non-surface-treated

filler systems (Aziz et al., 2003b).

2.3 Esthetic Properties

The ideal maxillofacial prosthesis must achieve color, texture, form and
translucence that duplicate missing structures and adjacent skin (Mahajan et al., 2012).
In the manufacturing process, silicone elastomers are colored with a variety of pigments
to establish a good color match between elastomer and natural skin. There are two
general methods for coloring maxillofacial elastomers, which involve intrinsic and
extrinsic coloring. Intrinsic coloring involves the incorporation of internal color within the
base elastomer. Extrinsic coloring is the process that brings a facial prosthesis ‘to life’
by adding surface details such as freckles, veins, hair or natural areas of shadow
(Thomas, 1994). Coloration is accomplished by using oil-based, dry rare-earth, glass or
ceramic pigments. The pigments are incorporated into the elastomer before
polymerization to achieve a baseline color, and final customization is improved by
painting a thin layer of pigmented siloxane adhesive onto the surface of a prosthesis
(Beatty et al., 1999).

One of the most critical properties of maxillofacial prostheses is color stability,
and substantial research has been conducted to study this problem. Craig et al. (1978)
reported one of the first attempts to test the color stability of facial elastomers using an
artificial weathering approach. In this study, color stabilities of polyvinyl chloride,
polyurethane and silicone elastomers for maxillofacial applications were determined
after accelerated aging using reflectance spectrophotometry. This study found silicone
materials were the most promising materials in terms of color stability after accelerated
aging and for ease of processing (Craig et al., 1978). Later, Koran et al. (1979)

investigated color stability of a series of dry mineral earth maxillofacial pigments on



silicone elastomers. This study determined the color stability after accelerated aging
using spectrophotometry and concluded that seven of the pigments (dark buff, medium
brown, light brown, red brown, black, red, and blue) demonstrated good to excellent
color stability, while four pigments (white, light orange, yellow, and orange yellow) were
less promising for clinical usage (Koran et al., 1979).

Beatty et al. (1995) researched the color changes in A-2186 elastomer with dry
rare-earth pigments, uncolored and colored, after exposure to ultraviolet-A and
ultraviolet-B lighting. They found that unpigmented elastomer underwent color changes
after storage darkness for 45 days, and cosmetic red and cadmium yellow pigments
underwent significant color change after 400 hours of UVA and UVB light exposure.
Santos et al. (2010) studied color stability of colorless and pigmented silicone
elastomers after accelerated aging using spectrophotometry. They combined organic
and inorganic pigments for the pigmented elastomer. In this study, they found that non-
pigmented materials presented the lowest values of color alteration compared to the
pigmented materials. It was concluded that the pigment’s incorporation appeared to be
the main cause of color instability of silicone (Dos Santos et al., 2010).

A significant clinicians face in prosthetic rehabilitation is to achieve a good
balance when color matching facial prostheses with the surrounding skin. Paravina et
al. (2009) stated that color difference tolerances can be determined by asking two
questions, "Can | see a difference in color?,” for a perceptibility judgement, and "Is this
difference in color acceptable?,” for acceptability judgements of color differences. It has
been stated in dentistry that a nearly perfect color match corresponds with a color
difference below the 50:50% perceptibility threshold (PT), which refers to a color
difference that can be detected by 50% of observers, while the other 50% observers

cannot see any difference. Accordingly, an acceptable color match represents a
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difference in color below the 50:50% acceptability threshold (AT), where the color
difference is described as acceptable by 50% of observers (Paravina et al., 2009).

Matching both color and translucency characteristics of a prosthesis with those of
human skin is highly important for a successful appearance match. Even when the
shape and texture of the prosthesis do not perfectly duplicate human skin, the
prosthesis will be less noticeable if the coloration and translucency match under
different lighting conditions (Andres et al., 2000). Translucency can be quantitatively
described using a translucency specification such as transmittance, contrast ratio and
translucency parameter, each of which involve optical measurements performed at a
specified thickness. The translucency parameter (TP) was developed to relate human
visual perception to the translucency of a pigmented material. TP is measured as the
color difference between the reflected colors of a material with defined thickness
positioned over black and white backings (Hu et al., 2011).

The TP ranges from 0 as completely opaque to 100 as perfectly translucent. To
match the color and translucency of maxillofacial prosthesis with a patient’s skin
involves adding pigments to first establish a close translucency, then adding additional
pigments to obtain a suitable color match (Johnston et al., 1995). A certain amount of
translucency is needed to permit adequate coloration; however, opacity also is essential
to block out colors from underlying facial structures. No desired TP values have been

published thus far for maxillofacial elastomers.

2.4 Physical Properties
A facial prosthetic material should have sufficient flexibility to provide comfort
when in contact with movable tissue, possess high tensile strength, high percent
elongation, skin- like elastic modulus, high tear strength, dimensional stability, low

weight, good edge strength, and low thermal conductivity. Essential physical properties



11

used for the construction of maxillofacial prostheses are described in the following

sections.

2.4.1 Tensile Properties

Tensile strength of the silicone elastomer indicates overall strength of the
material and the elongation under load reflects prosthesis stiffness. These properties
provide information on the materials’ abilities to deform under mechanical stress. High
tensile strength and elongation are desired, especially when the feathered edges of the
prosthesis are peeled away from the facial tissue. (Aziz et al., 2003b; Bellamy et al.,
2003).

By measuring the material while it is being pulled, tensile properties can be
obtained. When plotted on a graph, these data produce a stress/strain curve, which
permits identification of strength, elastic modulus and strain. Ultimate tensile strength is
the maximum stress that a material can withstand. Elastic modulus is a measure of the
material’s stiffness, which measures the resistance to elastic deformation. Strain is the
amount of stretch or elongation that a material undergoes in response to stress.
Therefore, it is important to measure tensile properties to gain information regarding
strength, stiffness and stretchability during prosthesis usage. Classic work by Lewis and
Castleberry (1980) established values for tensile strength and elastic modulus to be

1000-2000 psi (6.89-13.78 MPa) and 50-250 psi (0.34-1.72 MPa), respectively.

2.4.2 Tear Properties

The tear strength of a maxillofacial material is extremely important, particularly
at the thin margins surrounding nasal and orbital prostheses. A thin margin helps mask
the presence of a facial prosthesis where it blends into the surrounding facial tissue.

When the facial prosthesis is removed, the thin margins are susceptible to tearing as the
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prosthesis is peeled away from facial tissues. (Aziz et al., 2003b). Margins are usually
glued with medical adhesive and are highly susceptible to tearing when the facial
prosthesis is removed at nighttime for cleaning (Hatamleh et al., 2010). Thin and fine
prosthesis margins require greater tear strength in order to blend them with skin
surrounding defect site, and endure repeated removal (Bellamy et al., 2003; Nobrega et
al., 2016). Optimization of tear strength can be accomplished by incorporating low
molecular weight polymers into the base elastomer, which introduces a broader
distribution of high cross-link density networks. However, this might tighten and produce
brittle networks with limited flexibility (Aziz et al., 2003b). Based on Lewis and
Castleberry’s results (1980), a desired value for tear strength is 30 - 100 ppi or 5.25 —

17.51 N/mm.

2.4.3 Viscoelastic properties

Viscoelasticity is the property of materials that exhibit both viscous and elastic
characteristics when undergoing deformation. An ideal maxillofacial prosthetic material
should have viscoelastic properties comparable to those of facial and oral tissues to be
replaced. When loaded and unloaded, viscoelastic materials undergo both immediate
and time-dependent deformation responses. A common test for measuring
viscoelasticity is Dynamic Mechanical Analysis (DMA), where a sinusoidal force is
applied and the corresponding deformation is measured. Immediate deformation, or that
which accompanies the applied force, is elastic in nature and the corresponding stiffness
is recorded as the storage modulus. Time-dependent deformation occurs when an
amount of lag time occurs between the applied force and the deformation response. This
reflects material damping and is measured by the loss modulus. A third parameter, tan
delta, is the ratio of the loss modulus to the storage modulus and provides an indicator of

the relative amount of viscous deformation occurring with respect to corresponding
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storage modulus at any point in time. A spike in tan delta often indicates transitions
occurring within the molecular structure of a polymer at a given temperature or time
point. This helps identify key parameters such as glass transition temperature (Tg) and
crystallization temperature (Gupta et al., 2009). Because texture and feel play a role in
viscoelasticity, the dynamic mechanical properties of silicone elastomers can greatly
affect the clinical success of maxillofacial applications (Murata et al., 2003).

Koran and Craig (1975) evaluated dynamic physical properties of PVC,
polyurethane, and PDMS using a Goodyear Vibrotester. This study found that PDMS
possessed the most stable dynamic modulus over the temperature range of -15 to 37°C,
while PVC’s and polyurethane’s dynamic moduli were affected by those temperature
ranges. The rapid increase in dynamic modulus with decreasing temperature for PVC
was considered to be a drawback for its use in temperate climates. Therefore, the
stability from PDMS was considered to offer a distinct advantage for service as a
maxillofacial material (Koran et al., 1975).

Mouzakis et al. (2010) investigated the dynamic mechanical properties of silicone
when incorporating several concentrations of zinc oxide (ZnO) additives. They found that
there was no influence of ZnO additives on storage and loss moduli. Viscoelastic
properties of medical grade silicone were studied by Mahomed et al. (2008). Because
elastomers are viscoelastic, loading frequency is expected to alter silicone behavior.
They found that storage modulus, loss modulus, and tan delta depended on loading
frequency; since the silicone elastomers undergo a transition from the rubbery to the
glassy state above 0.3 Hz (Mahomed et al., 2008). Chiulan et al. (2020) evaluated the
viscoelastic behavior of unfilled silicone and silica-filled silicone using DMA. They
observed a significant lowering of storage modulus with increasing temperature in all
samples, especially for unfilled silicone. Presence of silica fillers acted to reduce the

negative impact of cyclic stress (Chiulan et al., 2020).
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2.4.4 Surface Hardness

Hardness of a maxillofacial silicone elastomer is a measure of material
compressibility, and it is desirable to have a material with softness similar to adjacent
facial tissues. The texture should be close to that of human skin, otherwise, the facial
prostheses will seem lifeless, despite perfect sculpture and adaptation (Goiato et al.,
2009). Hardness of the maxillofacial silicone elastomer also reflects its flexibility, and it is
desirable to have a material with similar softness to facial tissues surrounding the defect
site (Bellamy et al., 2003).

With compositional differences, silicone elastomers exhibit a wide range of
Shore A hardness values. Lewis and Castleberry (1980) recommend the values to range
between 25 to 35 Shore A units, which are representative of skin tissue, depending upon
the facial region being restored (Bellamy et al., 2003). Hardness increases are often
achieved by increasing filler content, which provides better reinforcement and higher
stiffness. Material usage also may affect hardness, and for facial elastomers, exposure
to ultraviolet radiation degrades the polymers through radiolysis. This mechanism
enhances cross-linking and produces smaller molecular weight chains with shorter
distance between crosslinks. This increases hardness (Hatamleh et al., 2010; Cottin et

al., 2000; Eleni et al., 2011).

2.5 Degradation of Polydimethyl Siloxane
Maxillofacial prosthetic materials ideally should be stable over time, and durable
for at least 6 months without compromising esthetic and physical properties. Material
challenges experienced during prosthesis wear include exposure to ultraviolet radiation,
oxygen, adherent materials, temperature change and fluids such as water or sebum.

Prosthesis deterioration is manifested as a degradation of physical, static and dynamical
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mechanical properties, and gradual discoloration in a service environment (Polyzois,
1999). Prosthesis handling, wear and exposure to the surrounding environment underlie
the observed material changes. As a prosthesis must be removed and cleaned daily, the
material is subjected to adhesive-removing solvents, surface rubbing, and water
exposure during washing. During daily wear, its surfaces contact bodily fluids such as
saliva, perspiration and tissue fluids, which may continually seep onto the intaglio
surface. Environmental factors, such as exposure to ultraviolet (UV) radiation,
temperature change, abrasion from contact with dust particles and humidity contribute to
prosthesis deterioration (Nguyen et al., 2013, Tetteh et al., 2017).

Silicones degrade upon exposure to UV radiation at wavelengths of 300 nm and
above (Wypych, 2008). UV radiation, which enhances cross-linking and increases
breakdown of the polymer, ultimately decomposes the elastomer (Hatamleh et al.,
2010). Ultraviolet radiation liberates protons, and in the presence of oxygen contributes
to photo-oxidative degradation. Energy photons or particles (gamma rays, protons,
electrons), with energy greater than the strength of the molecular bond, degrade the
polymer through radiolysis, and generate free radicals (Cottin et al., 2000). This invokes
competition among initiation, propagation, and termination steps in the addition
polymerization process. Ultimately this leads to polymer molecule degradation with the
production of smaller polymer chains and volatile oligomer degradation products. This
polymerization disturbance causes changes in the molecular weight distribution, which
negatively affects the physical and chemical properties of the material (Eleni et al.,

2011).
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2.6 Manufacturing and Handling Properties

The raw materials of an ideal prosthetic material must be easily produced and
inexpensively fabricated. The material should be a castable solvent-free liquid having an
appropriate viscosity and working time. Absence of solvents is necessary to avoid
bubbles and to minimize shrinkage; ideally no shrinkage should occur. The viscosity
should be low enough to allow the liquid to enter the most complex parts of a mold and
faithfully replicate the mold surface (Lewis et al., 1980). Working time prior to
polymerization should be sufficient, polymerization should occur at low enough
temperatures to permit reusability of molds, and the material should be adaptable to
intrinsic and extrinsic coloration (Mahajan et al., 2012).

Traditional prosthesis production is a long and labor-intensive process, requiring
the use of several invasive and subjective techniques during fabrication. Typically, the
process begins with an alginate impression of the defect area and formation of a plaster
cast to establish a template for the prosthesis. A wax replica of the missing tissue is
constructed directly on the cast, inserts such as magnets are placed, and plaster is
poured on top of the wax-reconstructed model. Once the second plaster cast has set,
the two casts are separated, the wax boiled away and pigmented elastomer placed into
the space once occupied by the wax. The two casts are pressed together and heated to
polymerize the elastomer. The process potentially creates mistakes (Mohammed et al.
2016).

Considering the lengthy process for prosthesis construction, intense effort is
currently devoted to developing 3D printing technologies that will reduce the amount of
time and materials needed, and permit layering with different pigments that should
provide a more life-like depth of color in appearance. Modern optical scanning
techniques allow for rapid and high-resolution reproduction of surface topography with

precision of <100 um and could procure useful data such as texture maps of a patient’s
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skin (Palousek et al. 2013). Scanned images will remove the need for invasive
procedures and Computer Aided Design software will permit design iterations to be

stored indefinitely without the need for a physical model. (Mohammed et al., 2016).

2.7 Nanoparticles

A nanoparticle is defined as a particle of matter with sizes between 1 and 100
nanometers (nm) in diameter. Nanoparticles can be spherical, cubic or needle-like
(Cushing et al., 2004). As a particle is reduced in size from micrometer to nanometer,
the resultant properties can change dramatically (Allaker et al., 2008). Matrix voids
adjacent to large-sized particles can serve as pre-existing cracks. These large particles
diminish load transfer to a soft matrix, which reduces material reinforcement and lead to
degraded mechanical properties (El-Kady et al., 2014). This suggests that reducing
particle size is key to improving the strength of composite materials. Smaller particles
have a higher total surface area for a given particle loading. This indicates that strength
increases with increasing particle surface area through a more efficient stress transfer
mechanism (Fu et al., 2008). However, adding high filler content to polymer matrix with
smaller particles dramatically increases viscosity, which worsens handling properties.

Nanoparticles are widely incorporated into industrial materials such as textiles,
rubbers, sealants, plastics, cosmetics, fibers, coatings, sunscreens, dental composites
and toothpastes. In dentistry, nanoparticles are added to dental composites to improve
the tooth-composite interface continuity and adhesive strength. Nanoparticles are
playing an increasing role, as they are intentionally embedded into products to improve
material properties. Examples are improved polishability and gloss stability in resin-
based composites and as components for tissue engineering scaffolds. Examples are
the use of nano-hydroxyapatite to fill hydrogels for placement into bone healing sites

(Schmalz et al., 2017; Chieruzzi et al., 2016), and improved dentifrices that better reduce
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plaque formation and whiten teeth (Tang et al., 2006). In elastomers, enhanced
mechanical properties through nanoparticle additions may be attributed to a higher
surface energy and chemical reactivity, which allow the nanoparticles to interact with the
siloxane backbone and form a three-dimensional network (Watson et al., 2004).

Silicon dioxide nanoparticles (SiO>), or silica, have increasingly been used for
numerous biomedical and biotechnological applications. Drug molecules are loaded into
silica nanoparticles. Silica’s biocompatibility makes it a benign material (Schooneveld et
al., 2008). SiO2 nanoparticles are characterized by their small size, large interface area,
active function, and strong interfacial interaction with an organic polymer. Therefore,
they can improve the physical, mechanical, and optical properties of the polymer and
provide resistance to environmental stress-induced cracking and aging (Han et al.,
2008). SiO- is used widely as a filler material in the submicrometer size range to improve
the mechanical properties of siloxane elastomers. SiO; exists in many crystalline forms
(polymorphic), but in most cases tetrahedral SiOs* units are linked together with shared
vertices in various arrangements. Silica nanoparticles have been used in paints to
control rheological properties and serve as reinforcing fillers in nanocomposites in order
to improve tensile strength and wear and scratch resistance (Zheng at al., 2003).

It is imperative to maintain nanofiller content at a proper level because of their
higher surface energy and chemical reactivity, otherwise, the nanoparticles may
agglomerate. When the silicone elastomer is under external forces, agglomerated
particles act as stress concentrating centers within the elastomer matrix, thereby
decreasing mechanical strength (Han et al., 2008). Efforts have been devoted to
preventing agglomeration of nanosilica by coating silane coupling agents onto particle
surfaces. Depending upon the type of coupling agent, the inorganic filler particle can be
attracted and/or chemically bound to the organic matrix. (Zayed et al., 2014). Surface-

treated silica fillers are also better at dispersion into the silicone elastomer and have a
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reduced base viscosity, compared to non-surface-treated fillers. Under deformation,
these fillers increase elastomer strength by allowing the polymer chains to uncoil and
slide past neighboring filler particles, thereby promoting crystallization between
neighboring PDMS chains (Santawisuk et al., 2010).

Recently, “superhydrophobic” coatings have been adsorbed onto nanosilica
surfaces as a means to improve dispersion and interaction with polymer molecules.
Superhydrophobic surfaces exhibit extremely high-water repellency, where drops of
water bead up on the surface, roll with a slight applied force, and bounce if dropped onto
the surface from a height (Xie et al., 2018). Typically, a surface is termed
superhydrophobic when the water contact angle exceeds 120° or 150° (Arkles, 2006;
Chang et al., 2009).

To date, limited research has been conducted to evaluate physical property
effects rendered by nanoparticle additions to PDMS prosthetic elastomers. Han et al.
investigated the mechanical properties of submicron-containing commercially available
elastomers with the addition of various concentrations (0.5%, 1.0%, 1.5%, 2.0%, 2.5%,
or 3% by weight) of nanosized oxides (Ti, Zn, or Ce). They found that the 2.5 weight
percent additions produced 5 times higher tensile strength and 2 times higher tear
strength. However, 3.0% nano-oxides were observed to be partly agglomerated within
the silicone specimens, which caused tensile strength to be 3 times lower and tear
strength to be 1.6 times lower (Han et al., 2008).

Cevik et al. (2017), studied the addition of 10 volume percent titanium dioxide
(TiO2), fumed hydrophilic SiO,, and silane coated hydrophobic SiO, nanoparticles in two
different RTV silicone elastomers, and investigated their effects on mechanical
properties. The silane-coated hydrophobic SiO-- filled materials demonstrated
significantly higher tensile strength (2.3 and 1.2 times higher respectively) and higher

percent elongation (2 and 1.2 times higher respectively) compared toTiO»- filled
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materials and fumed hydrophilic SiO.. Because this study did not report dispersability of
the different nanoparticles, the underlying reasons for these differences were unclear.
Research involving other polymer systems have yielded confusing information regarding
the amount of filler allowable for adequate dispersion into polymer. One study reported
that for a polymethyl-methacrylate system, no more than 0.9% by volume nano-SiO;
could be dispersed (Balos et al., 2014), whereas other findings showed successful
dispersion up to 50% by weight concentration of nano-SiO; in polyurethane (Petrovic et
al., 2000). Collectively, published reports on nanoparticle incorporation into polymer
systems intended for prosthetic applications furnish limited guidance for engineering

improved materials.

2.8 Gap in Knowledge

To date, limited research has been conducted to understand the role that
nanoparticle addition renders on PDMS elastomers intended for maxillofacial
applications. Existing data are based upon research that fails to control for polymer
chemistries, filler loadings, particle sizes and filler surface treatments. The purpose for
this research is to study physical property changes occurring in nano-silica-filed PDMS
elastomers where filler size, loading and surface treatment are controlled. This study
will focus on the effects of filler content and presence/absence of hydrophobic surface
coating, where filler size and polymer chemistry are held constant. Results will be
compared to “conventional” PDMS materials loaded with a standard submicron-sized

particle.



Chapter 3: Materials and Methods

3.1 Preparation of Samples

Elastomers were constructed by combining vinyl terminated PDMS, SiO; fillers,
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crosslinker and platinum catalyst, then polymerizing the mixture under heat. Three types

of SiO:fillers, 15 nm coated nano-SiO, (KH220), 15 nm uncoated nano-SiO, and 200 nm

submicron SiO; (TS530) were used for this project. Nano-SiO, were chosen based on

previous research at UNMC that the addition of 5% nano-SiO, to PDMS produced high

strength elastomer and good ability to stretch while maintaining low stiffness. Submicron

SiO2 was chosen as a control because it is a conventional filler in PDMS. The materials

used are presented in Table 3.1.

Table 3.1 Materials and Manufacturers

Materials

Manufacturers

V2K Vinyl-Terminated PDMS

Momentive Materials, Tarrytown, NY

15 nm Dimethoxydiphenylsilane-coated

nano-SiO, (KH220)

US Research Nanomaterials, Inc.

Houston, TX

15 nm Uncoated nano- SiO,

US Research Nanomaterials, Inc.

Houston, TX

200 nm Hexamethyldisilazane-coated

SiO; (TS530)

Cabot Corporation, Boston, MA

V-XL crosslinker

Momentive Materials, Tarrytown, NY

10 ppm Platinum catalyst

Momentive Materials, Tarrytown, NY
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For elastomer preparation, each type of filler was sequentially added to vinyl
terminated PDMS at 0%, 0.5%, 5%, 10%, and 15% by weight. The filler particles were
first incorporated using a rotary mixer (ME 100L, Charles Ross and Son Company,
Hauppauge, NY) at 5000 rpm for ten minutes. For nanoparticles (KH220 and Uncoated),
an ultrasonic processor (Hielscher model UP200S, Teltow, Germany) was applied for
ten minutes at 105 W/cm? to burst nanoparticle agglomerates. Each mixture was
contained in a 100 ml stainless-steel cup that was cooled in an ice bath over a ten-
minute period. After removal from the ultrasonic mixer, the mixture was rotary mixed
again with a Cowles disperser for ten minutes at 5000 rpm to achieve a uniform
distribution of nanoparticles. For traditional submicron particles (TS530), rotary
dispersion was accomplished without ultrasonic treatment, following mixing protocols
normally followed for conventional silicone elastomer.

For polymerization, the filler-containing vinyl-terminated PDMS was combined in
a 1: 1 molar ratio with polymethyl hydrogen siloxane (V-XL crosslinker) and 10 ppm
platinum catalyst. The mixtures were hand-mixed in a paper cup using a wooden tongue
depressor for about two minutes, then placed into a high vacuum pump (8920 Vacuum
Pump DirecTorr, Welch Vacuum Technology, Skokie, IL) under 5 x 107 torr constant
vacuum. Bubble removal was visually checked, usually requiring five to ten minutes. The
bubble-free mixture then was slowly poured into a mold, and a lid was placed with
sufficient pressure to squeeze out excess material. The pressed mold was placed into
an 85°C oven for sixty minutes for polymerization.

Two types of molds were used in this project. For tensile properties, elastomer
mixtures were poured onto a rectangular gypsum mold, covered and tightened with six
clamps to extrude excess materials. This mold produced 245 mm length x 165 mm width
x 2 mm thickness elastomer sheets. Dumbbell-shaped samples were cut from elastomer

sheets using ASTM D412 die C die cutter to produce twelve samples for each group
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(ASTM International, 2002). Twelve samples per group was chosen from this test based
on the previous conducted tests by Willet et al. that showed ten or more samples
produced significant differences (Willet et al., 2015). For tear strength, the same mold
was used to make the elastomer sheets and ASTM D624 die C die cutter was used to
construct ten samples (ASTM International, 2001). Ten samples per group was chosen
from this test based on the previous conducted tests (Willet et al., 2015) that showed ten
samples gained significant differences.

For durometer hardness and translucency parameter, molds were assembled
from polyvinyl chloride (PVC) pipes cut into 6 mm thick rings. Each ring was placed onto
a gypsum block and held in place by injecting medium-body polyvinyl siloxane (PVS)
impression material around the periphery. The siloxane mixture then was poured slowly
into the mold and a glass lab placed on top to squeeze out excess material. This mold
created a 33 mm diameter x 6 mm thickness disc, as compliant with ASTM D2240
(ASTM International, 2005). Each of the filler loading groups in three different types of
filler were divided into two subgroups, one for indoor storage and the other exposed to
outdoor weathering with five discs per subgroup. Five samples were chosen based on
the previous conducted tests (Willet et al., 2015) that showed five samples gained

significant differences for durometer hardness.

3.2 Physical Properties Measurements
3.2.1 Tensile properties measurements

A universal testing machine (Instron 1123-5500R, Instron Corp., Boston, MA)
controlled by Bluehill 3 software were used to perform tensile testing and record tensile
strength, elastic modulus and failure strain data. ASTM D412 die C sample shape and
dimension can be seen in Fig. 3.1, and the testing protocol followed the tensile test

procedure described in ASTM D412 (ASTM International, 2002). The sample was
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loaded into pneumatic grips with 30 psi pressure and a gauge length of 25 millimeters.
The dumbbell was elongated at 500 mm/min rate while the computer recorded stress
versus strain data until failure.

Force and elongation measurements were recorded electronically and the
resulting stress—strain tensile curves were constructed according to these equations
(Eleni et al., 2009):

AL
=1

o= 5 &
A
where o is stress and ¢ is strain. F and AL, are the force and deformation respectively,
which were recorded electronically, while A is the cross-section area and Lo is the initial
length of the samples.

Three properties measured were ultimate tensile strength, total strain at failure,
and elastic modulus. These properties were chosen to determine strength, stretchability
and stiffness of the prostheses. Ultimate tensile strength was considered to be the
maximum stress (MPa) the material could withstand. Failure strain was the total amount
of material extension before failure, calculated by maximum displacement divided by the
original (standard) length (mm/mm). Elastic modulus was the material’s resistance to

elastic deformation and calculated as the slope of the linear portion of the stress-strain

curve.

3.2.2 Tear Strength Measurement

The same universal testing machine and software used for tensile properties also
performed tear strength measurements. ASTM D624 die C sample shape and dimension
can be seen in Fig. 3.2, and the testing protocol followed the tensile test procedure on

ASTM D624 (ASTM International, 2001). The un-nicked test piece was measured for
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thickness and width then loaded into pneumatic grips with 30 psi pressure. The rate of
jaw separation was 500 mm/min and the maximum force was recorded until rupture.

Tear strength is defined as the maximum force required to break the sample
divided by its thickness and calculated using the following equation (Bellamy et al.,
2003):

not
t

where T is the tear strength (N/mm), F the load at failure (N), t the thickness of
specimen (mm).
3.2.3 Shore A Hardness Measurement

The previously described sample discs were used for durometer hardness (n=10
per group). Each of the filler loading groups in three different types of filler were divided
into two subgroups, one for indoor storage (n=5) and the other exposed to outdoor
weathering (n=5). Indoor samples were placed inside a closed box held within a
controlled temperature and humidity darkroom at the Biomaterials Laboratory, College of
Dentistry, University of Nebraska Medical Center. Outdoor samples were placed on the
roof of Keim Hall located at the East Campus University of Nebraska-Lincoln. The
samples were placed on racks as seen in Fig. 3.3. Weathering was performed for 3000
hours which represent approximately 3 years of prothesis clinical year (approximately
three hours of sun exposures per day). Weathering exposures commenced July 1, 2019
and ended November 5, 2019. After 3000 hours, the samples from all groups were
retrieved, the disc surfaces rinsed with distilled water to remove dust, and then air-dried
for about 5 minutes. Hardness measurements were taken before and after weathering
with a shore A hardness tester mounted on a loading stand. Following protocols

specified in the ASTM D2240 standard, five measurements were taken at five different
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points on a disc’s surface, and the average of five readings were determined to be a

hardness value for one disc.
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Figure 3.1 ASTM D412 die C sample dimension for tensile properties measurements
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Figure 3.2 ASTM D624 die C sample dimension for tear strength measurement
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Figure 3.3 Discs on the weathering rack for outdoor weathering
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3.2.4 Translucency Parameter Measurement

Discs constructed for the Durometer hardness test also were used to measure
translucency changes before and after weathering. A color reflectance
spectrophotometer (CM-2002, Konica Minolta Corp., Ramsey, NJ) with computer
software (SpectraMagic NX, Konica Minolta Corp., Ramsey, NJ), daylight illuminant
(D65), and a viewing angle of 10° was used for measurement. Color coordinates were
measured in CIElab color space. Each disc was placed on top of a calibrated white
backing tile, measurements were taken by centering the measuring port over the discs,
and the procedure repeated with a calibrated black tile serving as the background. All
measurements were performed before and after outdoor weathering, with
measurements performed on the same surfaces before and after weathering.

Translucency parameter (TP) was calculated as the three-dimensional color
difference vector between measurements obtained on white and black backgrounds as
follows (Johnston et al., 1995):

TP = [(Ly — Lw)® + (ap — aw)? + (bp — by)*]"™

Where the L™ axis is white-black, the a” axis is red-green, the b is the yellow-blue, the
subscript B refers to the black backing color parameter, and the subscript W refers to the

white backing color parameter.

3.2.5 Viscoelastic Properties Measurement

Viscoelastic properties were measured using a Dynamic Mechanical Analyzer
(DMA) (DMA 8000, Perkin Elmer, Inc., Waltham, MA) in tensile mode. This test was
performed to determine elastic and damping properties of the PDMS formulations. The
experiments were carried out in tension at a frequency of 1.0 Hz with 0.02 mm
displacement in the temperature range between -150°C and 20°C, at a heating rate of 2

°C /min. The temperature range was chosen based on preliminary tests that identified
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key thermal transitions. Rectangular samples 5 mm length x 6.3 mm width x 2.5 mm
thickness were tested for storage modulus, loss modulus, and tan delta (n=3 per group).
The storage modulus determined the elastic behavior of the elastomer and the ratio of
the loss modulus to the storage modulus (tan delta) was a measure of the energy

dissipation of a material, or its damping (Menard, 2008).

3.2.6 Microscopic analysis

To obtain the microscopic characterization and dispersion of the nanoparticle
fillers, scanning electronic microscopy (SEM) was used to observe the bulk surface of
the specimen. The samples were taken from approximately 1 mm thick elastomer
sections for each of the three filler types. Prior to SEM examination, the samples were
placed into a vacuum desiccator with silica gel desiccant for seven days. Then, the
samples were sectioned into smaller sizes for placement onto SEM stubs with the
sectioned surface facing the electron beam. The images were taken using SEM (Helios
NanoLab 660, Thermo Fisher Scientific) at 500 times and 50,000 times magnification,

with 2.0 kV acceleration voltage.

3.3 Data Analysis
For tensile properties, group means and standard errors were calculated for

dependent variables ultimate tensile strength, elastic modulus, and failure strain, while
independent variables were filler type (KH220, Uncoated and TS530) and filler loading
(0%, 0.5%, 5%, 10%, and 15%). Each of the groups consisted of 12 samples, therefore,
total samples that used in this test were 12 samples x 3 filler types x 5 filler loading =
180 samples. The null hypothesis was that tensile properties were not affected by filler
type and filler loadings. This was tested by two-way ANOVA with Tukey post hoc test at

p<0.05 level of confidence.
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For tear strength, group means and standard errors were calculated for the
dependent variable tear strength, while independent variables were filler type (KH220,
Uncoated and TS530) and filler loading (0%, 0.5%, 5%, 10%, and 15%). Each of the
groups consisted of 10 samples, therefore, total sample numbers were 10 samples x 3
filler types x 5 filler loading = 150 samples. The null hypothesis was that tear strength
was not affected by filler type and filler loadings. This was tested by two-way ANOVA
with Tukey post hoc test at p<0.05 level of confidence.

For durometer hardness and translucency parameter, group means and standard
errors were calculated for dependent variables (hardness and translucency parameter).
Independent variables were filler type (KH220, Uncoated and TS530), filler loading (O,
0.5, 5, 10, and 15%), weathering exposures (indoor and outdoor), and weathering time
(before and after 3000 hours). Each of the groups consisted of 10 samples, then these
samples were divided into 5 samples per indoor and outdoor group. Therefore, total
samples tested were 150. The null hypothesis tested was that hardness and
translucency parameters were not affected by filler type, filler loading, weathering
exposure, and time. This was tested by four-way ANOVA with Tukey post hoc test at

p<0.05 level of confidence.
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Chapter 4: Results

4.1 Nanoparticle Dispersion

The dispersion of nanoparticles at 15% filler loadings was assessed from
Scanning Electron Microscopy (SEM) micrographs. This filler loading was chosen
because it was expected to be the most difficult to disperse and would permit the easiest
SEM observation. The dispersion of KH220 filler particles is shown in Fig. 4.1 and 4.2
with 500x and 50,000x magnification, respectively. From Fig. 4.1, the images show that
the filler particles are dispersed evenly in PDMS and with few agglomerates. A more
detailed view of particle size and distribution can be observed at higher magnification in
Fig. 4.2, where approximately 15 to 50 nm particles diameters are evident.

Uncoated filler particles showed uneven dispersion compared to KH220 particles
(Fig. 4.3 and 4.4). In Fig. 4.3, at 500x magnification, certain particles appear as 1 to 10
um-sized diameter clumps, indicative of particle agglomeration. At 50,000x
magnification, a 1.5 um-sized aggregate appears to contain particles ranging from
approximately 15 nm to 300 nm in diameter (Fig. 4.4).

Figures 4.5 and 4.6 show dispersion of TS530 submicron fillers. Filler particles
are evenly distributed in polymer, as shown at 800x magnification in Fig. 4.5. However,
fewer particle numbers are observed compared to KH220 and uncoated nanopatrticles.
Particle sizes estimated from the micron marker present in Fig. 4.6, demonstrate 150 to

200 nm size particles.
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100 pm ———

0.10 nA | 100 S HeliosUniv NE

Figure 4.1 Dispersion of 15% KH220 filler loading at 500x magnification. Nanoparticles
appear to be evenly distributed into the polymer. Arrow indicates a
nanopatticle.

HV curr dwell WD det ode mag B —1pm

200kVv |0.10nA [ 10ps | 6.8 mm | TLD SE 50 d].? X HeliosUniv NE

Figure 4.2 Dispersion of 15% KH220 filler loading at 50,000x magnification. Arrow points
to a nandfiller particle approximately 20 nm diameter.



curr we WD det mag — L |nﬁ —

2.00kV | 0.10nA | 100 ns | 5.5mm | ETD 3 500 x HeliosUniv NE

Figure 4.3 Dispersion of 15% Uncoated Filler loading at 500x magnification. Arrows
indicate agglomeration of nanopatrticles. A large number of aggregates can
be seen throughout the polymer.

[S— uhi —_—

2.00kV | 0.10nA [ 100 ns | 5.4 mm | TLD HeliosUniv NE

Figure 4.4 Dispersion of 15% Uncoated Filler loading at 50,000x magnification. Image
demonstrates up to 0.4 um diameter agglomerated nanopatrticles (arrow),
which are approximately 20 times larger than nanoparticles observed in Fig
4.2.
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HV curr dwell WD det mode | mag FH ——————— 100 pm
1.00kV | 50 pA | 100 ns | 4.6 mm | ETD SE 800 x HeliosUniv NE

e

Figure 4.5 Dispersion of 15% TS530 filler loading at 800x magnification. Particles appear
to be evenly distributed into the polymer, however, fewer particles are
observed compared to nanofillers with similar magnifications. Arrow indicates
submicron patticle.

HV curr dwell WD det | mode mag B it ¥ ' 11| E—

s
3.00kv [ 0.10nA | 100 ns | 43 mm | ETD | SE 50 000 x HeliosUniv NE

Figure 4.6 Dispersion of 15% TS530 filler loading at 50,000x magnification. Arrow points
to filler particle approximately 200 nm in diameter.
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4.2 Physical Properties
4.2.1 Tensile Properties
4.2.1.1 Tensile Strength

Plots of tensile strength versus weight percent filler for each group are presented
in Fig. 4.7, and P-values from pairwise comparisons appear in Table 4.1. For all groups,
the tensile strength increased non-linearly as filler content increased.

Tensile strength values among the three filler types were not significantly
different at lower filler loadings (0% and 0.5%, p>0.05). At 5% loadings and above,
KH220-filled materials were significantly stronger than those filled with TS530, and
stronger than Uncoated at 15% filler loading (all p<0.05, Fig. 4.7, Table 4.1). No
significant differences in tensile strength were noted at any filler loading between
uncoated- and TS530-filled materials (p>0.05). The highest tensile strength was
recorded for 15% filled KH220 materials, which were 1.4 times higher than 15%
uncoated-filled material and 1.3 times higher than 15% TS530-filled materials.
Compared to unfilled PDMS, 15% KH220-, uncoated-, and TS530-filled materials were

6, 4.3, and 4.2 times stronger, respectively.
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Figure 4.7 Plots of Tensile Strength (MPa) Versus Weight Percent Filler For Three Filler

Types. Error Bars Represent Standard Errors of Means.



Table 4.1 P-Values From Pairwise Comparisons For Tensile Strength. Results From

ANOVA/Tukey.
Group Comparisons for Tensile Strength*
Weight Percent Filler KH220 Uncoated
0.5% KH220 p=0.7580
Uncoated
5% KH220
Uncoated
10% KH220
Uncoated
15%

KH220 p<0.0001

Uncoated

TS-530 p<0.0001

TS-530

P=0.5380

P=0.1406

P=0.2932

P=0.3207

* Yellow boxes denote significantly different comparisons at the p<0.05 confidence

level.
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4.2.1.2 Elastic Modulus

Plots of elastic modulus versus weight percent filler loading are presented in Fig.
4.8, and P-values from pairwise comparisons are presented in Table 4.2. Results
presented in Fig. 4.8 show non-linear elastic moduli increases for KH220- and uncoated-
filled materials, whereas modulus values reached a plateau at 10 weight percent filler for
TS530-filled elastomers.

Mean elastic modulus values among the three types of filler were not significantly
different at low filler loadings (0% and 0.5%, p>0.05), but above 5%, elastic modulus,
KH220- and Uncoated-filled materials were significantly greater than TS530 materials
(p<0.05). No significant differences in modulus were observed between KH220- and
uncoated-filled materials until filler loadings reached 10% and 15% (p<0.05).

TS530-filled materials maintained lower elastic modulus values throughout all
filler loading increases. At 5% loading, TS530-filled samples produced 1.3 times lower
elastic modulus than both KH220- and uncoated-filled samples, and the gap widened at
higher filler loadings. The highest mean elastic modulus was recorded for 15% KH220-
filled materials, which were 1.5 times higher than uncoated-filled materials and 2.5 times
higher than TS530-filled materials. KH220-, uncoated- and TS530-filled materials at 15%

loading were 4.0, 3.5, and 1.7 times stiffer than unfilled PDMS, respectively.
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Figure 4.8 Plots of Mean Elastic Modulus (MPa) Versus Weight Percent Filler For Three

Filler Types. Error Bars Represent Standard Errors of Means.



Table 4.2 P-Values From Pairwise Comparisons For Elastic Modulus. Results From
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TS-530

P=0.2398

p< 0.0001

p< 0.0001

ANOVA/Tukey.
Group Comparisons for Elastic Modulus*
Weight Percent Filler KH220 Uncoated
0.5% KH220 P=0.8252
Uncoated
5% KH220
Uncoated
10% KH220
Uncoated
15%

KH220 p<0.0001

Uncoated

TS-530 p<0.0001

p< 0.0001

* Yellow boxes denote significantly different comparisons at the p<0.05 confidence

level.
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4.2.1.3 Failure Strain

Plots of failure strain versus weight percent filler and P-values from pairwise
comparisons are presented in Fig. 4.9 and Table 4.3. Results presented in Fig. 4.9 show
failure strain changes for the three filler types as filler loading increases non-linearly. The
trends were inverse compared to tensile strength and elastic modulus plots, where
TS530-filled materials showed higher values than KH220- and uncoated-filled materials.

There were no significant differences of failure strain at lower filler loadings (0%,
0.5%, and 5%, p<0.05) for the three filler types, except between 0.5% uncoated- and
TS530-filled materials (p<0.05). Failure strain of TS530-filled materials were significantly
greater compared to KH220- and uncoated-filled materials for 10% and 15% filler
loadings, while failure strain for 15% of KH220-filled materials were significantly greater
than uncoated-filled materials (p<0.05).

The highest failure strain among all groups was for 15% TS530 filler, which was
1.4 times higher than 15% KH220-filled materials and 1.6 times higher than uncoated-
filled materials. 15% filled KH220-, uncoated- and TS530-materials produced 2, 1.4, and

1.2 times strain to failure compared to unfilled PDMS, respectively.
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Figure 4.9 Plots of Failure Strain (mm/mm) Versus Weight Percent Filler For Three Filler
Types. Error Bars Represent Standard Errors of Means.
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Table 4. 3 P-Values From Pairwise Comparisons For Failure Strain. Results From

ANOVA/Tukey.
Group Comparisons for Failure Strain*
Weight Percent Filler KH220 Uncoated TS-530
0.5% KH220 P=0.1671
Uncoated
5% KH220
Uncoated _
10% KH220
Uncoated
15% KH220
Uncoated
TS-530 p<0.0001
;‘ YeIIIow boxes denote significantly different comparisons at the p<0.05 confidence
evel.
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4.2.2 Tear Strength

Plots of tear strength versus weight percent are presented in Fig. 4.10 and P-
values from pairwise comparisons are presented in Table 4.4. Like tensile strength, tear
strength for the three filler types increased in a non-linear manner as filler content
increased. No significant differences in tear strength were noted at lower filler loadings
(0%, 0.5%, and 5%, p<0.05) for the three types of filled materials. Tear strength of
KH220 was significantly greater than uncoated and TS530 at 10% and 15% loadings,
while tear strength of 10% filled TS530 was greater than uncoated at 10% loadings
(p<0.05), but not significantly different at 15% load levels (p>0.05). The highest tensile
strength was recorded for 15% filled KH220 materials, which were 1.2 and 1.3 times
higher than 15% uncoated- and TS530-filled materials, respectively. Compared to
unfilled PDMS, 15% KH220-, uncoated- and TS530-filled materials were 5.8, 4.8, and

4.4 times stronger, respectively.
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Figure 4.10 Plots of Tear Strength (N/mm) Versus Weight Percent Filler For Three Filler
Types. Error Bars Represent Standard Errors of Means.
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Table 4.4 P-Values From Pairwise Comparisons For Tear Strength. Results From
ANOVA/Tukey.

Group Comparisons for Tear Strength*

Weight Percent Filler Uncoated
0.5% KH220 P=0.9338
Uncoated
5% KH220
Uncoated | [ |
10% KH220
Uncoated
15% KH220
Uncoated
TS-530 p<0.0001

* Yellow boxes denote significantly different comparisons at the p<0.05 confidence

level.

P=0.6549

p=0.0038

P=0.3119
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4.2.3 Shore A Durometer Hardness

Figure 4.11 shows hardness differences among indoor groups before and after
3000 hours. As observed for other properties, hardness increased non-linearly with
increasing filler levels for the three filler types. For indoor storage there were no
differences in hardness before and after 3000 hours for all filler loadings and filler types,
except for 15% loaded TS530 materials, which increased approximately 3 Shore A units
(p< 0.05).

Hardness results for outdoor weathering appear in Fig. 4.12, and similar patterns
with indoor groups were observed. No differences in hardness before and after
weathering were noted, except for 10% and 15% loaded TS530 elastomers (p<0.05).
These represented 2.6 and 2.4 hardness unit increases, respectively. The highest
durometer hardness occurred with 15% KH220-filled materials, which were 1.2 times
harder than 15% TS530-filled materials, but not significantly different from 15%

uncoated-filled materials.
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4.2.4 Translucency Parameter

Translucency parameter was calculated from L* a* b* differences measured on
black and white backgrounds. Figure 4.13 displays translucency parameter values
initially and following 3000 hours of indoor storage in darkness. No differences in
translucency parameter were noted between before and after 3000 hours, regardless of
filler loading or type (p>0.05). There was a trend of decreasing translucency parameter
values with each increase in filler loading for KH220- and uncoated-filled materials, but
TS530 initially decreased, then remained unchanged at filler loadings above five weight
percent.

Effects of outdoor weathering are shown in Fig. 4.14. All filler types experienced
significant decreases in translucency for 0% and 0.5% filler content, which ranged from
50.91 to 45.03 and 44.96 to 39.24, respectively (p<0.05). Highly filled materials (10%,
15%) maintained translucency after outdoor weathering, with nanofilled materials
possessing translucency parameter values 18 to 20 units lower than TS530-containing
materials. From visual observation of the samples, lower filler loadings produced color
changes that were darker and more opaque following 3000 hours of outdoor weathering,

whereas undetectable color changes were observed in higher filled samples.
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4.2.5 Viscoelastic Properties

Dynamic mechanical analysis (DMA) measures displacement response of
materials when they are subjected to dynamic or cyclic forces. These responses are
expressed in terms of storage modulus (elastic modulus, E’), loss modulus (viscous
modulus, E"), and tan 6 (damping coefficient, E"/E’) as a function of temperature,
frequency, or time. The storage modulus is a measure of a sample’s elastic behavior,
often associated with stiffness and is conceptually related to Young’s modulus, however,
they are not the same. Loss modulus is described as the dissipation of energy for a
material under cyclic loading also known as damping. Glass transition (Tg) is the
temperature indicating the relaxation in a polymer where a material changes from a
glass to a rubber (Shrivastava, 2018).

Figures 4.15, 4.16, 4.17, and 4.18 show storage modulus, loss modulus and tan
delta curves from unfilled, 15% coated nanosilica-, 15% uncoated nanosilica-, and 15%
submicron silica-filled PDMS, respectively. A single peak was observed in E” and in tan
delta, along with a drop of E’, in all samples in the temperature region of the first glass
transition, occurring between -110 to -95°C (Transition I). At higher temperatures, -95 to
-40°C, E’ and E” decreased gradually, with E’ in 15% coated nanosilica-filed PDMS
observed to have steeper curves compared to other groups. Additional tan delta peaks
were observed at temperatures near -70°C (Transition Il) and -40°C (Transition IlI). A
rubbery plateau region was observed between -40°C and +20°C for all samples.

Table 4.5 show pairwise comparison for storage modulus, loss modulus, and tan
delta. Three-way interaction of filler type, weight filler, and transition is significant in
storage modulus (p<0.05), while there was no three-way interaction in loss modulus and
tan delta (p>0.05). Tables 4.6, 4.8 and 4.10 show pairwise comparison results for
storage modulus, loss modulus and tan delta for the three transitions, occurring at

approximately -100°C, -70°C, and -40°C. Filler type and weight percent filler had a
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significant effect with storage modulus in Transition | and weight percent filler had a
significant effect in tan delta at Transition Il. Beside the above mentioned, filler type and
weight percent filler exerted little effect on any of the viscoelastic properties at all three
transition temperatures (p>0.05). In the rubbery plateau region near room temperature
(around 20°C), both filler type and weight percent filler exerted significant differences on
storage and loss moduli for the three filler types (Table 4.12, p<0.05). The highest
storage modulus, loss modulus, and tan delta values were recorded for the two 15%-
nanoparticle-filled materials, approximately 1.1-1.4 MPa higher than unfilled and lowly
filled PDMS. Storage modulus decreased after Transition | for all filler types.

Table 4.14 presents results from pairwise comparisons for primary glass
transition temperatures occurring at Transition I. Tables 4.15 and 4.16 present results
from pairwise comparisons for temperatures occurring at Transitions Il and IlI,
respectively. There was a significant effect of filler type and weight percent filler on
Transition | and Transition Il temperatures (p<0.05). No significant differences were
noted for Transition Il temperatures (p>0.05). All levels of filled PDMS demonstrated
higher Transition | temperatures compared to unfilled PDMS. Transition | temperatures
at all filler loadings were not significantly different between KH220- and TS530-filled
materials, whereas KH220 was significantly higher than uncoated-filled materials at 5%

and 10% filler loadings.
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66

15% TS530-filled PDMS

1600 0.7
@ Storage Modulus
= Transition Il
1400 ~ ®Loss Modulus v
g Tan Del :
‘."Nw . ®Tan Delta
1200 ° ©
.. ® 0.5
% .
1000 o. °
—_ [ ] ®
§ .. °® 0.4 2
@ 800 ‘s . 3
. : :
{ ]
K e . 03"
= $3
600 . -
Transition Il \
.; 0.2
400 T o | ‘
ransition _
\ Plateau Region
200 o \ 0.1
C X1/ [:%]
AN
° 00 %,
oL Bmann aei )
-160.0 -140.0 -120.0 -100.0 -80.0 -60.0 -40.0 20.0 0.0 20.0

Temperature (°C)

Figure 4.18 Storage Modulus, Loss Modulus, And Tan Delta Curves For 15% TS530-

filled PDMS From -150 °C To +20 °C.



67

Table 4. 5 P-Values From Pairwise Comparisons For Storage Modulus, Loss Modulus
And Tan Delta. Results From ANOVA/Tukey.

Three-Way ANOVA of Storage Modulus

Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 15604.43 7802.21 0.75 | 04727
Weight Percent 4 61782.18 15445.55 1.49 0.2087
Weight Percent*Filler Type | 8 335840.46 41980.06 4.06 0.0003
Transition 3 21381296.95 7127098.98 | 688.68 | <.0001
Filler Type*Transition 6 40089.51 6681.58 0.65 0.6935
Weight Percent*Transition | 12 172121.82 14343.48 1.39 0.1817
Filler*Weight*Transition 24 556545.00 23189.37 2.24 0.0023
Three-Way ANOVA of Loss Modulus
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 3442.5093 1721.2546 0.84 0.4335
Weight Percent 4 8247.0760 2061.7690 1.01 0.4060
Weight Percent*Filler Type | 8 22128.9412 2766.1177 1.35 0.2244
Transition 3 252976.5152 84325.5051 41.24 | <.0001
Filler Type*Transition 6 7712.0040 1285.3340 0.63 0.7071
Weight Percent*Transition | 12 24734.2928 2061.1911 1.01 0.4460
Filler*Weight*Transition 24 51042.9232 2126.7885 1.04 0.4228
Three-Way ANOVA of Tan Delta
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 0.00263545 0.00131772 0.16 0.8525
Weight Percent 4 0.12560815 0.03140204 3.81 0.0060
Weight Percent*Filler Type | 8 0.12352665 0.01544083 1.87 0.0704
Transition 3 3.21995793 1.07331931 130.19 | <.0001
Filler Type*Transition 6 0.00544787 0.00090798 0.11 0.9951
Weight Percent*Transition | 12 0.14429388 0.01202449 1.46 0.1494
Filler*Weight*Transition 24 0.21620197 0.00900842 1.09 0.3623
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Table 4.6 P-Values From Pairwise Comparisons For Storage Modulus, Loss Modulus
And Tan Delta At Transition | Temperature (Around -100°C). Results From

ANOVA/Tukey.
Two-Way ANOVA of Storage Modulus Transition |
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 41069.7982 20534.8991 0.58 |0.5678
Weight Percent 4 | 187202.6622 46800.6656 1.31 |0.2872
Weight Percent*Filler Type | 8 | 817414.8587 | 102176.8573 | 2.87 |0.0180
Two-Way ANOVA of Loss Modulus Transition |
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 | 10734.35661 5367.17831 0.66 |0.5225
Weight Percent 4 | 32210.31740 8052.57935 1.00 |0.4254
Weight Percent*Filler Type | 8 71959.13980 8994.89248 1.11 10.3834
Two-Way ANOVA of Tan Delta Transition |
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 0.00786410 0.00393205 1.89 |0.1683
Weight Percent 4 0.00755062 0.00188766 0.91 |0.4717
Weight Percent*Filler Type | 8 0.01300920 0.00162615 0.78 |0.6215




Table 4.7 Mean+SE of Storage Modulus, Loss Modulus, And Tan Delta At Transition |

Temperature
Filler Weight | Storage Modulus Loss Modulus Tan Delta
Type Percent (MPa) (MPa)
0 833 + 35°C 76.9 £ 10.6 0.092 +0.0103
KH220 0.5 827 + 965 74.5 £ 5.96 0.090 + 0.0037
5 1050 + 2887 98.6 £ 37.7 0.092 + 0.0097
10 892 + 83" 84.8+ 5.1 0.095 + 0.0033
15 731+ 157¢P 81.2+9.71 0.116 + 0.0382
Uncoated 0.5 924 + 39"8°¢ 86.1 +5.27 0.093 + 0.0038
5 836 + 70°¢ 83.4+13.8 0.099 + 0.0142
10 751 + 158¢P 87.6 + 16.3 0.117 £ 0.0234
15 866 + 146°C 776 +7.35 0.090 + 0.0068
TS530 0.5 481 + 252° 67.5+35.5 0.140 £ 0.0018
5 740 + 131B¢P 81.5+4.40 0.112 £ 0.0154
10 724 +110°P 70.8 +4.59 0.099 + 0.0087
15 910 + 14978C 82.3+3.23 0.089 + 0.0214

*Means with the same superscript letter are not significantly different (p>0.05). Vertical

comparisons only.
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Table 4.8 P-Values From Pairwise Comparisons For Storage Modulus, Loss Modulus
And Tan Delta At Transition Il Temperature (Around -70°C). Results From

ANOVA/Tukey.
Two-Way ANOVA of Storage Modulus Transition Il
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 | 14409.95107 7204.97553 1.29 |0.2888
Weight Percent 4 | 45917.27759 | 11479.31940 | 2.06 |0.1107
Weight Percent*Filler Type | 8 73649.12646 9206.14081 1.65 |0.1513
Two-Way ANOVA of Loss Modulus Transition Il
Source DF | Sum of Square | Mean Square | F Value| Pr>F
Filler Type 2 416.251252 208.125626 279 |0.0775
Weight Percent 4 725.849053 181.462263 2.43 |0.0693
Weight Percent*Filler Type | 8 1127.167724 140.895966 1.89 |0.0994
Two-Way ANOVA of Tan Delta Transition Il
Source DF | Sum of Square | Mean Square | F Value Pr>F
Filler Type 2 0.00010094 0.00005047 0.00 0.9965
Weight Percent 4 0.18585198 0.04646299 3.22 0.0260
Weight Percent*Filler Type | 8 0.25459222 0.03182403 2.21 0.0558
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Table 4.9 Mean+SE of Storage Modulus, Loss Modulus, And Tan Delta At Transition Il

Temperature.
Filler Weight | Storage Modulus Loss Modulus Tan Delta
Type Percent (MPa) (MPa)

0 132+ 25.8 21.8+4.78 0.164 + 0.0051

KH220 0.5 119 + 38 18.6 + 7.21 0.155 £ 0.0410
5 248 + 215 276 + 11 0.148 + 0.0860

10 112 £ 26.7 225+8.9 0.195 + 0.0371

15 48.5+51.4 18.9+15 0.499 + 0.3169

Uncoated 0.5 142 + 61.6 18.2 + 3.39 0.139 + 0.0396
5 93.5+24.7 18.1 £5.74 0.192 £ 0.0136

10 54.2 + 58 11.9+6.38 0.319 £ 0.1524

15 22.3+3.68 7.91+£1.05 0.359 + 0.0561

TS530 0.5 72.4 + 841 12.3 £ 3.90 0.327 £ 0.2302
5 144 + 38.4 33.7+7.77 0.242 £ 0.0755

10 64.8 + 82.7 11.3 £ 10.1 0.265 £ 0.1345

15 171+ 84.7 31.8+17.6 0.181 £ 0.0216
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Table 4.10 P-Values From Pairwise Comparisons For Storage Modulus, Loss Modulus
And Tan Delta At Transition Ill Temperature (Around -40°C). Results From

ANOVA/Tukey.
Two-Way ANOVA of Storage Modulus Transition Il
Source DF | Sum of Square | Mean Square| F Value| Pr>F
Filler Type 2 213.355474 106.677737 0.47 0.6274
Weight Percent 4 776.226578 194.056645 0.86 0.4983
Weight Percent*Filler Type | 8 1320.587996 165.073499 0.73 0.6620
Two-Way ANOVA of Loss Modulus Transition lll
Source DF| Sum of Square| Mean Square | F Value| Pr>F
Filler Type 2 3.90508207 1.95254104 0.14 | 0.8659
Weight Percent 4 45.19003203 11.29750801 0.84 | 0.5124
Weight Percent*Filler Type | 8 85.55617355 10.69452169 0.79 | 0.6133
Two-Way ANOVA of Tan Delta Transition Il
Source DF | Sum of Square | Mean Square | F Value| Pr>F
Filler Type 2 0.00005337 0.00002668 0.00 0.9984
Weight Percent 4 0.07545194 0.01886298 1.15 0.3537
Weight Percent*Filler Type | 8 0.07177642 0.00897205 0.55 0.8127
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Table 4.11 Mean+SE of Storage Modulus, Loss Modulus, And Tan Delta At Transition Il

Temperature.
Filler Weight | Storage Modulus Loss Modulus Tan Delta
Type Percent (MPa) (MPa)

0 26.6 + 6.46 8.20 + 1.58 0.321 + 0.0998

KH220 0.5 9.06 £ 6.39 4.03 + 3.02 0.409 + 0.0798
5 19.5+16.6 5.40 + 2.88 0.336 £ 0.1134

10 26 +10.4 9.20 £5.00 0.335 + 0.0804

15 12.5+8.90 5.44 + 2.86 0.499 + 0.1572

Uncoated 0.5 15.1 £ 6.01 6.67 + 3.42 0.440 £ 0.1032
5 14.3 +2.87 5.82 + 1.67 0.414 £ 0.1251

10 9.20 £ 6.69 3.70 + 3.17 0.406 + 0.1429

15 14.1 £6.71 4.72 +2.50 0.333 + 0.0487

TS530 0.5 31.2+46.4 7.33+8.25 0.482 + 0.2536
5 15.2 £ 2.41 5.15+1.91 0.341 £ 0.1152

10 10.4 £ 1.21 3.96 +4.13 0.382 + 0.0344

15 224+21.3 7.52 +6.45 0.379 + 0.1960
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Table 4.12 P-Values From Pairwise Comparisons For Storage Modulus, Loss Modulus
And Tan Delta At Plateau Region Temperature (Around 20°C). Results From

ANOVA/Tukey.

Two-Way ANOVA of Storage Modulus Plateau Region

Source DF | Sum of Square | Mean Square| F Value| Pr>F
Filler Type 2 0.83030715 0.41515357 34.88 |<.0001
Weight Percent 4 7.83491874 1.95872969 164.57 |<.0001
Weight Percent*Filler Type | 8 0.88693895 0.11086737 9.31 <.0001
Two-Way ANOVA of Loss Modulus Plateau Region

Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 0.00036881 0.00018440 6.91 0.0034
Weight Percent 4 0.01231458 0.00307865 | 115.28 |<.0001
Weight Percent*Filler Type | 8 0.00069124 0.00008640 3.24 |0.0090

Two-Way ANOVA of Tan Delta Plateau Region

Source DF | Sum of Square | Mean Square | F Value| Pr>F
Filler Type 2 0.00006491 0.00003246 1.36 | 0.2715
Weight Percent 4 0.00104750 0.00026187 10.99 | <.0001
Weight Percent*Filler Type | 8 0.00035078 0.00004385 1.84 | 0.1083




Table 4.13 Mean+SE of Storage Modulus, Loss Modulus, And Tan Delta At Plateau
Region. Results From ANOVA/Tukey*™

Filler Weight Storage Loss Modulus Tan Delta
Type Percent | Modulus (MPa) (MPa)
0 0.48 + 0.018¢°" 0.01 + 0.024% 0.026 + 0.0012°PEF
KH220 0.5 0.52 + 0.004°" 0.01 + 0.002 0.026 + 0.0047CPEF
5 0.72 + 0.104%F 0.02 + 0.001%" 0.029 + 0.0067C°PEF
10 1.28 + 0.082° 0.03 £ 0.002° 0.024 + 0.0008"FF
15 1.82 + 0.264* 0.06 £ 0.016° 0.038 + 0.0134"8

Uncoated 0.5

0.55 + 0.0017¢"

0.02 + 0.006

0.030 + 0.0106°PFF

5 0.78 + 0.029°F 0.02 + 0.002¢ 0.024 +0.0013°%F
10 1.25 + 0.067° 0.03 + 0.002¢ 0.022 + 0.0014%F
15 1.85+0.130" 0.06 £ 0.005° 0.033 + 0.0003%¢
TS530 0.5 0.39 + 0.253" 0.009 + 0.006° 0.021 + 0.0020°
5 0.64 + 0.0195F¢ 0.019 + 0.001° 0.029 + 0.0012°PEF
10 0.92 +0.014°P 0.028 +0.001 0.030 + 0.0005°°P
15 0.99 + 0.059° 0.043 + 0.004° 0.043 + 0.0022*

*Means with the same superscript letter are not significantly different (p>0.05). Vertical

comparisons only.
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Table 4.14 P-Values From Pairwise Comparisons For Transition | Temperature. Results
From ANOVA/Tukey.

Two-Way ANOVA of Transition |
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 | 15.25911111 7.62955556 421 |0.0245
Weight Percent 4 | 47.53688889 | 11.88422222 | 6.55 |0.0006
Weight Percent*Filler Type | 8 | 14.46977778 1.80872222 1.00 |0.4582

Table 4.15 Mean+SE of Transition | Temperatures. Results From ANOVA/Tukey*

Filler Type Weight Percent Transition | (°C)
MeantSE
0 -103.3 + 0.64°
KH220 0.5 -101.3 + 1.16"8¢
5 -99.8 + 0.66"
10 -99.7 + 1.39%
15 -99.8 + 1.314
Uncoated 0.5 -101.4 + 0.6748°P
5 -102.3 + 0.348¢P
10 -102.6 + 1.93°P
15 -101.1 + 2.20"8¢
TS530 0.5 -100.0 + 2.07*
5 -101.3 + 0.87/8¢P
10 -100.5 + 1.53%8¢
15 -100.1 + 1.59"8

*Means with the same superscript letter are not significantly different (p>0.05). Vertical

comparisons only.
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Table 4.16 P-Values From Pairwise Comparisons For Transition || Temperatures.
Results From ANOVA/Tukey.

Two-Way ANOVA of Transition Il

Source DF | Sum of Square | Mean Square | F Value| Pr>F
Filler Type 2 | 274.3093333 | 137.1546667 | 3.35 |0.0487
Weight Percent 4 | 649.1475556 | 162.2868889 | 3.96 |0.0107
Weight Percent*Filler Type | 8 | 386.3617778 48.2952222 1.18 |0.3438

Table 4.17 Mean+SE of Transition Il Temperatures. Results From ANOVA/Tukey*

Filler Type Weight Percent Transition Il (°C)
MeantSE
0 -67.6 + 3.57*
KH220 0.5 -68.5 + 5.02*
5 -71.1+£1.014
10 -73.2 + 8.04"8
15 -65.8 + 5.91*
Uncoated 0.5 -67.3+1.27*
5 -68.7 + 4.01*
10 -75.2 + 14.5178¢
15 -71.7 + 8.96"°
TS530 0.5 -67.3 +4.84*
5 -84.6 + 3.50°
10 -82.4 + 6.86°¢
15 -65.8 + 7.63"°

*Means with the same superscript letter are not significantly different (p>0.05). Vertical
comparisons only.
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Table 4.18 P-Values From Pairwise Comparisons For Transition Il Temperature.
Results From ANOVA/Tukey.

Two-Way ANOVA of Transition lli
Source DF | Sum of Square | Mean Square | F Value | Pr>F
Filler Type 2 299.377333 149.688667 0.79 |0.4614
Weight Percent 4 | 1196.134667 | 299.033667 1.59 |0.2036
Weight Percent*Filler Type | 8 | 1492.509333 186.563667 0.99 |0.4637

Table 4.19 Mean+SE of Transition Ill Temperatures. Results From ANOVA/Tukey.

Filler Type Weight Percent Transition Il (°C)
Mean+SE
0 -47.0+4.78
KH220 0.5 -44.6 + 3.65
5 -47.6 + 1.53
10 -49.5 + 3.53
15 -43.7 + 2.96
Uncoated 0.5 -47.3 £1.83
5 -47.5+2.33
10 -46.7 £ 4.84
15 -44.2 +0.75
TS530 0.5 -48.1 + 5.39
5 -44.2 + 3.50
10 -44.3 £ 2.07
15 -43.4 +5.23
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Chapter 5: Discussion

The central hypothesis of this study was that sequential additions of
“superhydrophobic’-coated nano-SiO; to PDMS would generate improved physical
properties compared to PDMS filled with uncoated nano-SiO; or conventional
submicron SiO2. Improvements desired were higher tensile strength, failure strain and
tear strength, while maintaining lower elastic modulus and hardness. Results from this
study demonstrated that highly filled materials containing coated nano-SiO, in PDMS
produced the highest tensile strength and tear resistance, therefore the hypothesis was
accepted for those properties. However, these materials also generated low strain to
failure, high elastic modulus and high hardness. For these properties, the null
hypothesis was rejected. Interpretation of results are presented in the following

sections.

5.1 Tensile and Tear Properties

Compared to uncoated nano-SiO; or conventional submicron SiO», ultimate
tensile strength and elastic modulus of superhydrophobic-coated nano-SiO- filled
samples were greatest at 15% filler loading (roughly 1.3 — 1.4 times greater tensile
strength, 1.5 — 2.5 times greater elastic modulus, Fig. 4.7 and 4.8). This was primarily
attributed to high filler loadings and to properties attributed to nanoparticles. These
include an increased number of particles per unit mass loaded into the polymer,
increased surface reactivity and improved dispersion when coated with a hydrophobic
compound.

It is well documented that increasing filler levels increase mechanical properties
in polymer systems. In dental resin-based composites, properties such as compressive

and tensile strengths, elastic modulus, hardness and wear resistance are increased
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with sequential additions of micrometer and submicrometer size fillers. Water sorption
and hydrolytic degradation are decreased (Hirasawa, 1963; St. Germain et al.,1985;
Beatty et al., 1998). Similar results have been shown for filled PDMS systems, where
tensile strength, tear strength, and hardness increase with the addition of nanometer
size fillers (Zayed et al., 2014; Tukmachi et al., 2017).

In this study, tensile strength was 420% to 600% higher for the three 15% filled
materials compared to unfilled PDMS. In unfilled polymer, applied tensile stress serves
to straighten the polymer chains, and microvoids are formed as means to redistribute
molecular voids in the polymer. These microvoids continue to grow into failure since
voids act as stress concentrators which trigger the onset of failure at lower stresses
(Lampman, 2003). In filled systems, silica fillers serve to reinforce the polymer by filling
the voids. The substantially improved properties occur due to reinforcement
encouraged by the silica’s large surface area, and when hydroxyl groups on the filler
surface form hydrogen bonds between the filler and Si and CH: in the siloxane polymer
(Liu et al., 2012). This permits adsorption of filler to polymer molecules, better
reinforcement under load, higher tensile strength and elongation capability (Lynch,
1978). In addition, reinforcement of PDMS is also contributed by particle-particle
interaction, where hydrogen bonding between free hydroxyl groups on surface particles
significantly increases the resistance to the applied force, and polymerization shrinkage
decreases (Camenzind et al., 2010).

As mentioned, the ten-fold size reduction from submicron- to nano-sized
particles increases surface area by approximately 1000 and decreases volume by
approximately 1000, producing a surface area/volume ratio of 0.15, which is ten times
higher. Assuming the same mass is present within materials loaded with the different
particles, this roughly equates to ten times more nanoparticles per unit volume. The

surface area/weight ratio increases by one to two orders of magnitude as the
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nanoparticles decrease in size from 100 to 10 nm (Rothon, 2003). The increased
particle numbers, in conjunction with a higher total surface area, provides more
reinforcement sites with a more efficient stress transfer mechanism, which in turn
increases strength (Fu et al., 2008). This underlies the differences observed in tensile
strength and elastic modulus for 15%-filled PDMS compared to lower weight
percentages.

Untreated silica fillers have moisture-attracting silanol groups (SiOH) on the
surface which are formed as a result of rehydroxylation of silica when exposed to water
or aqueous solutions. Even the presence of humidity readily populates the surfaces with
hydroxyl groups. The presence of silanol groups increase electronegativity and renders
a hydrophilic surface. The hydroxyl groups (OH") act as the centers of molecular
adsorption and are capable of forming a hydrogen bond with other OH" groups
(Zhuravlev et al., 2000). This hydrogen bonding results in strong filler-filler attraction
and tight aggregates can form, causing poor dispersion of silica into polymer (Choi et
al., 2003). Hydrophobic coatings decrease the number of sites where silanol groups
reside on the silica surface of silica, as silane coatings react with or displace the silanol
groups. The net result is to reduce particle-particle attraction and hence agglomeration,
which in turn promotes improved dispersion of filler into the uncured siloxane oligomer
(Waters et al., 1996; Ray et al., 2004; Rahman et al., 2012). Unfortunately, when
manufactured and stored as powders, the silica particles can agglomerate through
condensation reactions at interparticle contacts that are generated during the drying
process, which renders dispersibility more challenging (Rahman et al., 2012).

High speed rotary mixing successfully disperses submicron size silica into
PDMS, whereas this is ineffective for nanosized silica. This is because surface activity
of nanoparticles is high and requires higher forces to break apart particle agglomerates

(Tanahashi et al., 2006). When filled PDMS is under external forces, the agglomerated
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particles act as stress concentrating centers within the polymer matrix, thereby
decreasing mechanical strength, which implies that the reinforcement is not efficient.
When coated with a hydrophobic silane, improved dispersion and reduced base
viscosity are realized (Zayed et al., 2014).

Two fillers contained hydrophobic coatings in this study. TS-530, the submicron
size filler, was coated with hexamethyldisilazane (HMDS), while dimethoxydiphenyl
silane (DMDPS, or KH220) served as the “superhydrophobic” coating for 15 nm
particles. Chemical structures are provided in Figures 5.2 and 5.3, and chemical
reactions for silane adsorptions onto silica are illustrated in Figs 5.4 and 5.5. The
silylation of oxide surfaces normally involves reactions with surface hydroxyl groups that
make up silanol sites. For TS530 silica, one mole HMDS reacts with two surface OH"
groups, generating two moles of trimethyl siloxane and releasing NHs as a by-product
(Fig. 5.4). Hydrophobicity is imparted through the electropositive trimethylsilyl groups,
which replace many of the negatively charged surface hydroxyl groups (Gun’ko et al.,
2000). For DMDPS, silylation proceeds through hydrolysis of trimethoxy groups
(O(CHs)s3), followed by condensation to produce a silyl alcohol that is attracted to
surface OH™ groups present on the silica surfaces. Further condensation removes water
and produces covalent Si-O bonds (Fig. 5.5). Hydrophobicity is imparted by phenyl
groups (R groups in Fig. 5.5) that replace condensed OH" groups. It is important to note
that one OH™ group remains on hydrolyzed DMDPS, which forms hydrogen bonds with
the silica silanol, but also offers potential for attraction with Si and CH» present on the
PDMS backbone.

In comparing the two silanes, DMDPS has two aromatic rings that give rise to
ordered structures. Aromatic siloxanes induce a progressive decrease of the available
surface area available for chemical reactivity and fill smaller “pores” present in a silane

coating. This pore “clogging” by aromatic side chains, which are more rigid and more
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organized than alkyl chains, are expected to produce increased hydrophobicity (Meroni
et al., 2011). Comparison of condensation reactions show DMDPS involving two
hydrolysable groups, whereas HMDS only has one hydrolysable group available for
reaction. Consequently, each molecule of DMDPS removes twice as many OH™ groups
during coating deposition. Differences in silane linkage length and size also play a role,
as longer and larger linkages (i.e., R groups) impart greater hydrophobicity. DPMS, with
its aromatic groups, has greater size and length than the methyl groups present in
HDMS. Collectively, these factors are expected to impart greater hydrophobicity to
DMDPS and thereby increase its contact angle with water.

Contact angle measurement with water on silica for HDMS has been reported to
be 97 degrees (Grate et al., 2013). Contact angle measurement of DMDPS on silica is
not available, but when adsorbed onto TiO, has been reported to be 133 degrees
(Meroni et al. 2011). Different sources state superhydrophobicity occurs at contact
angles greater than either 120 or 150 degrees (Arkles, 2006; Chang et al., 2009), which
positions HDMS as hydrophobic (contact angle greater than 90 degrees) and DMDPS
as generally superhydrophobic. Manufacturer description for KH220-coated silica states
that the product is superlipophilic, and superlipophilic compounds also are often
superhydrophobic. With these considerations, DMDPS can be considered to have

superhydrophobic properties.
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Figure 5.1 PDMS addition polymerization-crosslink formation of high temperature
vulcanizing PDMS. n,m,j represent numbers of repeat units (Sturgess et al.,
2017).
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Figure 5.2 Hexamethyl disilazane present on submicron silica surface (TS530)
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Figure 5.3 Dimethoxydiphenyl silane present on hydrophobic coated nanosilica surface
(KH220)
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Figure 5.4 Chemical reactions for HMDS absorption onto silica. Hydrolysis results in
formation of ammonia.

RSi(OMe),
g 3H,0 ~
Hydrolysis ‘\’ 3MeOH
RSi(OH),
2Si(OH), ~{
Condensation I>2H,0
| ) |
HO—Sli—O—Sli—O—S|i—OH
OH OH OH
+
?H (l)H ?H
l Substrate
Hydrogen Bonding
| | |
HO—SIi—O—S|,i—O—S|.i—OH
PO RIONN -0
HZ P SH HC -H
}\’ Substrate
A
Bond Formation 2H,0
| ) |
HO—Sl.i—O—Sli—O—S|i—OH
0 0 O--H
&
Substrate

Figure 5.5 Chemical reactions for DMDPS absorption onto silica.
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Submicron SiO.-filled samples produced significantly greater failure strain
compared to both nano-SiO- filled materials at all filler loadings. At 15% filler, failure
strain was 1.4 — 1.6 times higher for submicron-filled siloxanes. Because elastomers
undergo little, if any, plastic deformation prior to failure, failure strain changes inversely
with the modulus. That is, stiffer materials undergo less strain at failure. An increased
number of fillers and improved polymer adsorption by nanosized particles increase
adhesion between particle-polymer and enhance polymer stiffness. This, in turn, restricts
polymer chain movement and hence elongation at tensile failure. Similar observations
have been reported when nanosilica are added to commercial silicone elastomers
containing submicron particles. Additions above 1.5 weight percent decrease tensile
failure strain. (Zayed et al., 2014).

Similar to tensile strength, superhydrophobic- coated nano-SiO,-filled PDMS
produced higher tear strength compared to uncoated nano-SiO,- and submicron-filled
PDMS. The tear strengths of coated nano-SiO, materials were approximately 1.2 times
higher than two other filler types at 15% filler loading. Compared to unfilled PDMS
materials, this represented a 640% increase. Tear strength represents resistance to
crack propagation, and in composite materials, additional energy is needed to propagate
a crack through a stiffer material, and/or grow a crack either around or through the
particles. The excellent tear strength observed for coated nano-SiO,-filled PDMS
materials was attributed to strong adhesion between nanoparticles and polymer matrix,
which effectively stiffened the materials and offered a physical barrier against growing
cracks. (Mohammad et al., 2006). Crack growth is prevented by the rigid particles and
hence, extra energy is required for crack propagation. Nanoparticles deviate the crack
from its main plane, resulting in an increase in the surface area of the growing crack and

the energy to propagate it (Ozdemir et al., 2016).
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Similar findings have been reported by Zayed, et al. (2014), where the addition of
3% surface treated SiO2 nanofiller to a commercial silicone produced significant
improvements in tear strength compared to materials without nanoparticles. Chemical
treatment of a silica filler with silane has been shown to improve filler incorporation into
and reinforcement of the siloxane, resulting in increased material strength and tear

resistance (Colas et al., 2004).

5.2 Durometer Hardness

Hardness is a surface phenomenon and is affected by the surface area of
incorporated filler. In the Shore-A test, initial material resistance to indenter load is a
combined elastic and viscous response, and hardness lowers over time as the material
undergoes creep, which represents viscous deformation. According to ASTM Standard
D2240, hardness is read on the dial gauge one second after the indenter contacts the
elastomer surface. This permits an amount of viscous deformation to occur. The higher
hardness values observed in nano-SiO2- filled polymers is attributed to the reinforcing
behavior of nanoparticles, which increases stiffness and is expected to reduce the
viscous response. Consequently, higher hardness is rendered, as shown in Figures 4.9
and 4.10.

Durometer hardness was not significantly affected by 3000 hours of outdoor
weathering in both nano-SiO: filled groups. Meanwhile, after weathering, statistically
significant hardness increases were observed in 10% and 15% submicron- filled
polymers. Ultraviolet radiation degrades polymers through a radiolysis mechanism which
enhances cross-linking and the production of smaller polymer chains that leads to
volatile degradation products (Hatamleh et al., 2010; Cottin et al., 2000; Eleni et al.,
2011). With ultraviolet radiation exposure being the primary cause of weathering-induced

damage, the ability of fillers to block incident radiation is key to protecting the
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surrounding polymer from chemical change. With as much as 10 times more
nanoparticles present per unit volume, enhanced protection is offered over submicron
particles, and chemical changes to the polymer are reduced. However, it should be
acknowledged that the 2.6-unit maximum increase in Shore-A hardness observed by
submicron-containing materials may not be clinically detectable when touching the
surface of a facial prosthesis. This implies that clinically, these materials are equally
adequate in maintaining hardness in the face of outdoor weathering. In previous studies,
there were progressive hardenings of commercial prosthetic silicone elastomers after 9
months of outdoor weathering and hardening of a medical-grade PDMS after one-year
outdoor weathering (Kheur et al., 2012; Eleni et al., 2011)). It is noteworthy that
materials tested in these studies possessed submicron silica, which accounts for TS530-

filled materials mirroring their results.

5.3 Translucency Parameter

Translucency is described as the ability of a material to permit background colors
to affect the appearance of the material itself. Translucency parameter is determined by
measuring reflected color on white and black backgrounds. A greater value for
translucency parameter is indicative of greater translucency, or less opacity (Johnston et
al., 1997). A material’s translucency is dependent upon the combined effects of
absorption and scattering. Light transmission through a material is affected by its
composition, and for filled PDMS, both polymer matrix and fillers control the amount of
light scattering and absorption. Filler volume fraction, filler size, and refractive indices of
polymer and fillers affect light scattering and absorption (Son et al., 2016). In this study,
both coated and uncoated nano-SiO.- filled elastomers produced lower translucency
parameter values than submicron SiO; — filled elastomers. Because nanoparticles

provide large total surface area, they act to better block the reflectance off white and
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black background to incident light. Therefore, their lower translucency parameters
indicate greater masking abilities of underlying structures, which reduces the need for
opacifiers added to a prosthesis (Johnston et al., 1995). This permits more accurate
formulation of skin tones, as the whitening effect of opacifiers is reduced or eliminated.

For the two nanoparticle types, unfilled and lowly filled polymers (0%, 0.5%, 5%)
experienced a five unit decrease in translucency parameter values after 3000 hours of
outdoor weathering. This indicated the materials became more opaque. In visual
observation, the samples darkened. Colorimetric changes demonstrated decreases of L*
values (approximately 1 to 4 units) and increases of a* and b* values (approximately 0.1
to 2 units), which meant the materials primarily blackened and slightly turned more blue
and red. Based on limits of perceptibility (1.3 units) and acceptability (4.4 units) in
translucency parameter established by Paravina et al. (2019), the translucency changes
(5 units) were not acceptable and would produce a mismatch in appearance between
prosthesis and skin. This implies that a minimum of 10% nandfiller is needed to prevent
these changes. These results are consistent with those reported by Tukmachi et al.
(2017), where a significant decrease of light transmission through high-nanosilica-filled
PDMS occurred, compared to lower percentages nanosilica. In dental resin composite,
Lee et al. (2008) reported that composite filled with nanoparticles with higher filler

content produced lower translucency parameter values.

5.4 Dynamic Mechanical Analysis (DMA)

DMA is a useful technique for experimental characterization of viscoelastic
properties of polymers. DMA measures the dynamic modulus and viscoelastic damping
under dynamic vibrational loading at different temperatures or frequencies. These
properties change significantly when segmental mobility increases, and crystalline

structures transition to the amorphous phase. Temperature dependence is best
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identified when the test is conducted in stress-temperature mode, which was chosen for
this study.

At -150°C PDMS behaves as a glass, where polymer molecules are well
anchored by hydrogen bonding and low thermal disturbance. This produces high values
for storage modulus and low values for loss modulus, rendering the deformation
response as elastic in nature. Temperature increases to Transition | decrease storage
moduli and increase loss moduli for all formulations, including unfilled (Figs. 4.15 - 4.18).
These moduli changes reflect a decrease in stiffness and increase in damping, which
increases tan delta and appears as a spike on the graphs. At this temperature, the
polymer is undergoing devitrification and reforming crystallites that were generated
during cooling to -150°C. A comparison of Transition | temperatures presented in Figs
4.15 - 4.18 and Table 4.15 demonstrate approximately 4 °C higher transition
temperatures for 15%- filled formulations compared to unfilled PDMS. Since increasing
temperatures are causing polymer chains to fold and align into crystallites, materials with
more crystals require more thermal energy and hence higher temperatures. This also
can be understood by viewing the reverse process, where materials with higher filler
numbers more effectively nucleate crystals during cooling to -150°C. Transition |
temperatures occur earlier, at higher temperatures. Temperature transition trends
appearing in table 4.15 also show for 5% and higher filled materials that KH220-filled
PDMS consistently demonstrates higher transition temperatures than do uncoated- and
TS530-filled PDMS. This is consistent with higher crystal numbers created by
superhydrophobically coated particles promoting superior filler dispersion, where more
nucleation sites are available.

A second tan delta peak is detected in curves for all samples at Transition Il.
During cooling from the melt, the PDMS molecules begin to undergo crystallization and

form semi-crystalline polymers. Crystallites act as additional topological constrains and
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reduce segmental mobility of polymer chains, and both storage and loss moduli increase
as the polymer continues to cool. This can be seen as increases in slopes of moduli
curves in Figs. 4.15 to 4.18. As crystallization proceeds with lowering temperatures, the
polymer slowly stiffens. The presence of silica fillers provides nucleation sites for
crystallization, thereby accelerating the crystallization process (Chien et al., 2006,
Bosque et al., 2014). At Transition Il, filler type and weight percent filler significantly
affect transition temperatures. Temperatures presented in Table 4.17 demonstrate lower
temperatures for 5% and 10% TS530-filled PDMS compared to coated- and uncoated-
nano-filled PDMS. Because filler presence promotes crystallization, more fillers equate
to more crystals and higher crystallization rates. With ten times more particles present in
nanofilled formulations, crystallization occurs sooner during cooling and hence produces
higher Transition Il temperatures.

At transition lll, a high spike of tan delta occurs, as shown in Figs. 4.15, 4.17 and
4.18, indicating viscous behavior dramatically increases, thereby raising E”/E’ ratio.
Transition Il corresponds to melt temperature during heating and solidification during
cooling. For elastomers, in-service stretchability at ambient temperature is referenced as
the melt condition. At this temperature, a partially crystalline solid is converted to a
rubbery one during heating through “melting” of the crystallites, causing remarkable
damping to occur. Careful inspection of Figs. 4.15, 4.17, and 4.18 reveal an increase in
storage modulus that producers a small “hump” in the curve at temperatures below the
melt temperature. During cooling, the loss of rubbery behavior occurred through the start
of crystal formation. Consequently, polymer stiffening occurred and produced the hump.
For uncoated and TS530-filled materials, Transition Il produces trends similar to those
observed for Transitions | and Il, where increasing filler content tends to drive the
transition temperature upward (Table 4.19). However, KH220-filled materials show

erratic raising and lowering of temperature when filler increases, which are
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unexplainable. Regardless of temperature differences, mechanical properties are
unaffected, as storage and loss moduli are similar for all materials at all filler loadings at
the Transition Il temperature (Table 4.11).

As temperatures increase into the plateau region during heating, storage moduli
values for all formulations decrease approximately ten-fold as 20°C is approached.
Significant differences presented in Table 4.13 demonstrate higher storage moduli
values occur as filler levels increase for the three filler types, with highest storage moduli
present for nanosilica-filled formulations, for reasons previously discussed. Decreases in
loss moduli over this temperature range are more dramatic, as 100-fold decreases place
loss moduli values in the 1 — 20 kPa range. Overall, this produces the highly elastic

material response characteristic of elastomers at ambient temperatures.

5.5 Conclusions
The purpose of this research was to study PDMS filled with uncoated and
hydrophobic-coated nano-SiO, and compare their mechanical behaviors with those
measured for a conventional submicron-filled PDMS.
Conclusions of this study are as follows:

1. PDMS elastomers loaded with 15% superhydrophobic coated nano-SiO-
produced the highest tensile strength, elastic modulus, tear strength and
durometer hardness.

2. PDMS elastomers filled with 15% submicron SiO produced the highest failure
strain and translucency parameter values.

3. Durometer hardness was not affected by 3000 hours outdoor weathering in all
groups, except for 10%- and 15%- filled submicron SiO- elastomers, which

hardened by 2.6 hardness units.
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4. Unfilled and 0.5% filled elastomer experienced decreases of translucency
parameter values after 3000 hours of outdoor weathering, while higher filled
loading materials maintained their translucency parameter values.

5. Transition temperatures of filled PDMS were higher than those for unfilled PDMS.

5.6 Clinical/Translational Implications

Successful engineering of facial prosthetic materials to cover facial defects while
also providing a skin-like feel is expected to require multiple materials stacked together,
where reinforcing base materials are covered with a compressible surface layer. This
can be realized through additive manufacturing, where a gradient of physical properties
is achieved with different materials deposited via a three-dimensional printing process.
Elastomers studied in this project provided fundamental knowledge regarding the effects
that compositional differences rendered on key physical properties. The intent was to
better understand the role played by filler loadings, coatings, and sizes for development
of a skin-like material to be applied as surface layer. Results presented here
demonstrated that silica nanoparticles with a high degree of hydrophobicity must be
considered for inclusion within a PDMS polymer in order to provide adequate strength,
tear resistance and masking ability, but the filler levels must be controlled to

approximately ten weight percent to retain adequate compressibility.

5.7 Limitations
Limitations associated with this project include the following:
1. Although Durometer hardness was used to assess consistency among different
mixed batches of filled-PDMS, small batch-to-batch differences were expected.
2. Tensile and tear properties affected by outdoor weathering could not be studied

due to a limitation of raw materials.
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3. Standard material property tests that simulate the touch and feel of human skin
are not available, which prohibit direct comparisons.

4. Outdoor weathering exposures cannot be duplicated, and accelerated tests do
not impart the same exposures as those expected for normal prosthesis wear.
Therefore outdoor weathering tests must be viewed as estimates of actual

material behaviour.

5.8 Future Research

Future research on this topic should include examination of tensile and tear
property changes generated by outdoor weathering exposure. This will provide a more
in-depth understanding about potential underlying mechanisms behind physical property
changes in nano filled PDMS materials.

Based on the results of this study, future research should assess physical
properties of materials filled with a combination of nanoparticles and submicron particles.
This may optimize different properties and better achieve desirable skin-like properties.

Technology is being developed for sensing touch by disabled patients requiring
prosthetic rehabilitation. Future research should explore adapting these technologies to
develop both laboratory and clinical instruments that will provide direct assessment of

material reproducibility of skin at different facial locations.
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