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Abstract

Lightweight and multifunctional polymer composites are widely used in aerospace, automotive,
and biomedical applications. Piezoelectric materials enable the conversion between mechanical
loads and electrical signals, which is critical for sensing applications; however, conventional
piezoelectric materials are often limited by high density and brittleness. To address these
limitations, polyvinylidene fluoride (PVDF)-coated hollow glass microspheres (HGMs) were used
as a hybrid filler to introduce lightweight and electromechanical functionality into an elastomeric
system. The HGMs were coated with PVDF using a high-power bladeless mixing process followed
by ultrasonication to promote uniform surface coverage, then integrated into a
polydimethylsiloxane (PDMS) matrix and processed via direct ink writing (DIW). The resulting
composites exhibited a tunable reduction in density of up to two-fold, enhanced specific energy
absorption, and improved voltage output under mechanical loading. Electromechanical testing
demonstrated up to four-fold improvement in response compared to PDMS, with performance
dependent on filler content and microstructural interactions. Thermal and rheological behavior
further supported the tunability and printability of the system. A proof-of-concept buckling
structure demonstrated measurable voltage generation under flow-induced deformation,

highlighting the potential of these composites for soft sensing applications.
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Chapter 1: Introduction and Motivation

The development of lightweight multifunctional materials has become increasingly important
across a wide range of engineering applications, including aerospace structures, biomedical
devices, wearable electronics, and soft robotic systems [1-5]. In many of these emerging
technologies, materials are expected not only to provide mechanical support but also to enable
additional functions such as sensing, actuation, or energy conversion. The integration of sensing
capability directly into structural materials is particularly attractive because it enables the
conversion of mechanical stimuli into electrical signals without requiring external sensing
components [6,7]. This capability is essential for applications such as structural health monitoring,
human motion detection, and impact sensing systems [8,9]. However, many conventional sensing
technologies rely on rigid materials that are not well suited for integration with soft or deformable
structures. While these materials can provide high sensitivity and stable electrical responses, their
limited deformability often results in mechanical mismatch, stress concentrations, and reduced
durability when embedded within flexible systems [10—12]. These limitations become especially
problematic in applications that involve large mechanical strains, cyclic deformation, or conformal
contact with biological tissues. As a result, significant research efforts have focused on developing
material systems that combine mechanical compliance with reliable sensing functionality [13—15].
Piezoelectric materials provide a promising pathway for enabling this type of electromechanical
response because they are capable of generating electrical charge when subjected to mechanical
stress. This direct conversion between mechanical and electrical energy has been widely used in
sensors, actuators, and energy harvesting devices. Traditionally, piezoelectric technologies have
relied heavily on ceramic materials such as lead zirconate titanate (PZT) and barium titanate

(BaTiOs) due to their high piezoelectric coefficients and strong electromechanical coupling
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[16,17]. Despite these advantages, ceramic piezoelectric materials are inherently brittle, relatively
dense, and mechanically stiff, which limits their suitability for applications requiring flexibility or
large deformation [18,19]. Additionally, concerns related to the toxicity of lead-based ceramics
such as PZT, along with processing complexity, further restrict the widespread use of these
materials [20]. In contrast, polymer-based piezoelectric materials offer a more mechanically
compliant alternative that is compatible with flexible and deformable systems. Among these
materials, polyvinylidene fluoride (PVDF) and its copolymers. such as poly(vinylidene fluoride—
trifluoroethylene) (PVDF-TrFE), have received considerable attention because they exhibit
piezoelectric behavior while maintaining the flexibility, toughness, and processability associated
with polymer materials [21,22]. PVDF-based materials are capable of sustaining large mechanical
strains without fracture and can be processed through a variety of manufacturing techniques,
including solution processing, film fabrication, and additive manufacturing (AM) [22,23]. These
characteristics make polymer-based piezoelectric materials attractive for developing soft sensing
platforms and multifunctional composites. However, incorporating piezoelectric functionality into
polymer composites introduces several design challenges [24,25]. A common approach involves
dispersing piezoelectric particles or fibers within a polymer matrix to create a composite material
capable of generating electrical signals during mechanical deformation. Although increasing the
concentration of piezoelectric fillers can improve electrical response, high filler loadings often
lead to undesirable effects such as increased material density, particle agglomeration, reduced
mechanical compliance, and processing difficulties [26—28]. These issues highlight an important
trade-off in conventional composite design, where improving electromechanical performance may

compromise the mechanical properties required for flexible systems.



Consequently, there is growing interest in alternative composite architectures that enable
piezoelectric functionality without relying solely on high concentrations of active filler materials.
One promising strategy involves utilizing lightweight filler structures that can simultaneously
influence mechanical behavior, density, and functional response within the composite [29,30].
Hollow microspheres have been widely used in polymer composites to reduce density and improve
energy absorption characteristics while maintaining structural integrity [29-31]. By incorporating
functional coatings or active materials onto these lightweight fillers, it becomes possible to create
composite architectures in which the filler itself contributes to electromechanical functionality
[32]. Such approaches allow the sensing capability of the composite to be distributed throughout

the microstructure while preserving mechanical compliance and reducing overall material density.

In addition to materials design strategies, recent advances in manufacturing have created new
opportunities for fabricating multifunctional polymer composites with controlled microstructures
[33]. AM techniques such as direct ink writing (DIW) enable the fabrication of complex three-
dimensional structures using viscoelastic inks that contain polymer matrices and functional fillers
[34,35]. During extrusion-based printing processes, shear forces generated within the nozzle can
influence the alignment of polymer chains and filler particles, which may further enhance the
electromechanical response of the printed material [36]. As a result, AM methods not only provide
a flexible fabrication route but also introduce additional mechanisms for tailoring composite

microstructure and functionality [37].

Motivated by these considerations, this thesis explored a strategy by using hybrid fillers to
functionalize lightweight polymer composites to enable integrated electromechanical sensing
capabilities. The goal of this work is to develop composite material systems that combine reduced

density, mechanical compliance, and piezoelectric functionality within a unified architecture. By



investigating the relationships between composite microstructure, processing methods, and
material properties including electromechanical performance, this research aims to provide
insights into the design of multifunctional lightweight materials suitable for applications in flexible

sensing systems, impact detection technologies, and soft structural components.



Chapter 2: Literature Review

2.1 Polymer Piezoelectric Systems

Piezoelectric materials enable the direct conversion between mechanical stress and electrical
charge, making them essential for sensing, actuation, and energy conversion applications [38,39].
Traditional piezoelectric devices have largely relied on ceramic materials because of their high
electromechanical coupling and large piezoelectric coefficients [40—42]. However, the growing
demand for flexible electronics, wearable technologies, and soft biomedical devices has motivated
the exploration of alternative piezoelectric materials capable of operating reliably under large
mechanical deformation [43,44]. Polymer-based piezoelectric material have therefore emerged as
promising candidates due to their low density, mechanical flexibility, and compatibility with
diverse fabrication processes [45,46]. Among these materials, PVDF has become one of the most
widely studied piezoelectric polymers because of its stable electromechanical response and
favorable mechanical properties [47,48]. Understanding the trade-offs between ceramic and
polymer piezoelectric systems, as well as the structural mechanisms that enable polarization in

PVDF, is essential for designing functional polymer-based piezoelectric composites.

2.1.1 Piezoelectric Ceramics vs Polymer Systems

Piezoelectric materials can generally be categorized into ceramic and polymer systems, each
offering distinct advantages depending on the intended application [38,49]. Ceramic piezoelectric
materials such as PZT and BaTiOs; exhibit high piezoelectric coefficients and strong
electromechanical coupling due to their highly ordered crystalline structures and large spontaneous
polarization [9,50,51]. These properties make them highly effective in applications such as

precision sensors, ultrasonic transducers, and actuators where strong electrical output is required



[52,53]. However, ceramic materials are inherently brittle and relatively dense, which limits their
use in applications that require mechanical flexibility, large strain tolerance, or lightweight
structures [16,54]. In contrast, polymer piezoelectric materials exhibit significantly greater
mechanical compliance, lower density, and improved resistance to fracture under repeated
deformation [22,55,56]. Although their intrinsic piezoelectric coefficients are typically lower than
those of ceramic materials, polymers are well suited for flexible sensing applications where
conformability, durability, and large strain capability are critical [57,58]. As illustrated in Figure
la, ceramic materials occupy a region of high piezoelectric charge coefficients (d33), while
polymer-based materials such as PVDF exhibit lower dss values but comparatively higher
piezoelectric voltage coefficients (gs3), highlighting their effectiveness in voltage-based sensing
applications [59]. Furthermore, Figure 1b illustrates the relationship between electromechanical
performance and mechanical stiffness. Polymer-based materials occupy a low-stiffness regime
with moderate energy harvesting figures of merit (dz3 X gs3), while ceramics and single crystals
achieve higher performance at the expense of significantly increased stiffness . As a result, polymer
piezoelectric materials have gained increasing attention for applications including wearable

sensors, soft robotics, biomedical devices, and flexible electronics [3,4].
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Fig. 1: Comparison of piezoelectric performance and mechanical stiffness for polymers,
composites, ceramics, and single crystals [59]. (a) Piezoelectric coefficient, dszversus
piezoelectric voltage coefficient g;3. (b) Energy harvesting figure of merit (d33 X g33) versus

stiffness.

2.1.2 PVDF Crystalline Phases

Among polymer-based piezoelectric materials, PVDF and its copolymers have attracted significant
attention due to their strong molecular dipole moment and favorable mechanical behavior [22,60].
PVDF is a semicrystalline fluoropolymer that can crystallize into several polymorphic phases,
including the a, B, and y phases, each characterized by distinct molecular conformations and dipole
arrangements [61,62]. As illustrated in Figure 2a, the a-phase is the most commonly formed
structure during conventional processing and consists of a trans—gauche chain configuration that
results in nearly complete dipole cancellation and therefore negligible piezoelectric response
[22,63,64]. In contrast, the B-phase exhibits an all-trans molecular conformation in which the

dipoles associated with the C—F bonds align along the polymer chain, producing a strong net



polarization and making this phase primarily responsible for piezoelectric behavior in PVDF
[22,63,65]. The vy-phase possesses partial polarity but generally produces weaker
electromechanical response compared to the B-phase [22,66]. Because of this, maximizing the
formation and stability of the B-phase has become a major focus in the development of PVDF-
based piezoelectric materials [67,68]. The piezoelectric performance of PVDF also depends on the
degree of dipole alignment within the crystalline domains, which can be achieved through
electrical poling or through processing methods that induce molecular orientation [68,69]. As
shown in Figure 2b, the transformation from the nonpolar a-phase to the polar B-phase can be
induced through several processing strategies, including mechanical stretching, thermal treatment,
electrical poling, and filler incorporation, all of which promote chain alignment and enhance dipole
orientation [68—71]. Techniques such as mechanical stretching, electrospinning, and extrusion
have been widely reported to promote chain alignment and enhance B-phase formation [68,69,72].
In additive manufacturing processes such as direct ink writing (DIW), shear forces generated
during extrusion can promote molecular orientation in a manner analogous to mechanical
stretching, thereby facilitating B-phase formation without requiring extensive post-processing [68—
71]. This processing—structure relationship directly influences the electromechanical response

observed in functional devices, as illustrated in Figure 2c.
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Fig. 2: (a) Molecular conformations of a-, -, and y-phases of PVDF [63]. (b) Schematic
illustration of a-to-f phase transition induced by mechanical stretching, quenching, electrical
poling, and filler incorporation, leading to dipole alignment [72]. (¢) Example of a flexible PVDF-
based piezoelectric sensor fabricated via direct ink writing, demonstrating voltage generation

under cyclic mechanical loading [73].

2.2 Filler-Based Composite Behavior

Polymer composites containing dispersed fillers are widely used to tailor mechanical, electrical,
and functional properties beyond those achievable with neat polymers [74,75]. The incorporation

of micro- or nanoscale fillers into polymer matrices enables modification of stiffness, density,



electrical conductivity, thermal behavior, and electromechanical response, depending on the
characteristics of the filler and its interaction with the surrounding matrix [33,76]. In piezoelectric
polymer systems, fillers may also enhance stress transfer, influence dipole alignment, and modify
the internal microstructure of the composite, thereby affecting overall performance [33,68,77]. The
behavior of filler-reinforced polymer systems is governed by several key factors, including filler
concentration, interfacial interactions between the filler and matrix, and the degree of particle
connectivity within the composite [76,78]. These factors collectively influence stress transfer,
microstructural evolution, and the emergence of functional properties at the macroscale, making
their understanding essential for the design and optimization of polymer composites with tailored
mechanical and electromechanical performance [33,79]. The following sections examine the

effects of filler loading, interfacial interactions, and filler network formation in greater detail.

2.2.1 Filler Loading Effects

The concentration of filler material within a polymer matrix plays a critical role in determining the
overall behavior of composite systems [80]. At low filler concentrations, particles are typically
well dispersed and act as isolated inclusions within the polymer matrix, leading to localized
modifications in stiffness and stress distribution [81]. As filler loading increases, the likelihood of
particle—particle interactions rises, significantly influencing the mechanical, electrical, and
functional properties of the composite [82]. In many systems, increasing filler content enhances
stiffness and improves load transfer between the matrix and reinforcing particles [83,84]. However,
excessive filler loading introduces several challenges, including particle agglomeration, increased
viscosity during processing, and reduced dispersion uniformity [82,84]. These effects negatively

impact processability and can limit achievable performance improvements [81,84].

10



In piezoelectric polymer composites, filler loading must therefore be carefully balanced to
maximize electromechanical response while maintaining sufficient mechanical flexibility and
printability [85]. This behavior is often non-monotonic, with an optimal filler concentration
yielding the highest electrical output. As filler content increases, improved particle interactions
and stress transfer enhance voltage generation. Beyond a critical threshold, however,
agglomeration and reduced dispersion quality lead to diminished performance. This non-
monotonic behavior is commonly observed in piezoelectric composite systems and is illustrated
in Figure 3a, which shows the evolution of electrical conductivity with increasing filler content,
and Figure 3b, which demonstrates the corresponding variation in electrical output with filler

loading [86,87].
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Fig. 3: (a) Schematic representation of electrical conductivity evolution with increasing filler
content, highlighting the transition from isolated particles to percolated networks [86]. (b)
Representative output voltage signals for composites with varying filler loadings, demonstrating
an optimal concentration for maximum electrical response [87]. (c—e) Evolution of filler
microstructure with increasing loading: (c) isolated particles, (d) partially connected clusters, and

(e) fully percolated network [88].
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2.2.2 Interfacial Interactions and Network Formation

Beyond filler concentration, the nature of interfacial interactions between particles and the
surrounding polymer matrix plays a critical role in determining composite performance [89].
Strong interfacial adhesion promotes efficient stress transfer, allowing mechanical deformation of
the matrix to be effectively transmitted to the embedded fillers, which is particularly important in
piezoelectric systems where electromechanical coupling depends on local strain transfer [40,89].
At low filler loadings, particles remain largely isolated with minimal interaction, limiting the
formation of continuous pathways for stress or charge transfer. As filler content increases, particles
begin to interact through physical contact or polymer-mediated bridging, enabling the formation
of interconnected networks that enhance both mechanical reinforcement and electrical response
[89,90]. This transition is illustrated in Figure 3c—e, where the system evolves from isolated
particle dispersion (Figure 3c) to the formation of localized conductive or stress-transfer pathways
(Figure 3d), and ultimately to a percolated network structure (Figure 3e) [88]. While these
networks improve functional performance, excessive connectivity or poor dispersion can lead to
agglomeration and non-uniform stress distribution, which may negatively affect both mechanical

integrity and electromechanical efficiency [82,91].

2.3 Lightweight Filler Architectures

Lightweight composite architectures have gained increasing attention for applications requiring
reduced density without sacrificing mechanical functionality, particularly in aerospace,
transportation, and flexible systems [92,93]. A common strategy involves incorporating hollow
fillers into polymer matrices, introducing internal void space that lowers bulk density while
maintaining load transfer through the surrounding matrix [29,94]. Beyond density reduction, these
fillers can also influence deformation behavior and stress distribution, making them a versatile
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design tool for multifunctional composites. As a result, lightweight filler architectures have
emerged as an effective approach for tailoring both structural and functional performance in

polymer systems.

2.3.1 Hollow Microspheres and Density Reduction

Hollow microspheres are commonly used as fillers in polymer composites to reduce density while
maintaining structural integrity within the material [29,94]. These particles typically consist of
thin-walled spherical shells enclosing an internal gas-filled cavity, which introduces controlled
porosity into the composite system [95]. When dispersed within a polymer matrix, hollow
microspheres reduce the bulk density of the material while still allowing the surrounding matrix
to support mechanical loads [96]. Glass microspheres are particularly attractive for lightweight
composite applications because they offer relatively high compressive strength, chemical stability,
and compatibility with a wide range of polymer matrices [94,95]. In addition to single-filler
systems, recent studies have explored hybrid filler architectures that combine hollow particles with
reinforcing phases such as fibers to simultaneously tailor density and mechanical performance
[29,97]. The degree of density reduction achievable in these systems depends on filler type and
volume fraction; as shown in Figure 4e, composite density decreases with increasing filler volume

fraction [97].
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Fig. 4: Direct ink writing (DIW) fabrication and structure—property relationships of hybrid
lightweight composites [97]. (a) DIW printing of composite inks into tensile specimens. (b)
Representative fillers used in the composites, including glass microfibers and hollow glass
microspheres. (c¢) Printed specimens with different printing directions (0° and 90°). (d)
Microstructures of printed composites at 0°, 45°, and 90° printing directions showing filler
distribution and alignment. (¢) Composite density as a function of filler volume fraction,

comparing theoretical predictions (lines) and experimental measurements (points).

2.3.2 Mechanical Compliance and Energy Absorption

The incorporation of hollow microspheres within polymer matrices can significantly modify the
mechanical deformation behaviour of composite systems. Unlike solid fillers, hollow particles
introduce localized regions of compliance that influence how stress is distributed throughout the
material during mechanical loading [94]. Under compressive or impact loading conditions,
microspheres may undergo elastic shell deformation, localized buckling, and progressive collapse
depending on their structural characteristics and the properties of the surrounding matrix [94,95].

These deformation mechanisms enable syntactic composites to dissipate mechanical energy more
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effectively than many traditional solid-filled materials [96,98]. As shown in Figure 5, the
compressive stress—strain response of HGM composites typically exhibits three characteristic
regions: an initial elastic stage, a plateau region associated with progressive microsphere collapse,
and a densification stage where the material compacts at higher strains [93]. Increasing the
microsphere volume fraction generally reduces the peak compressive stress while extending the
plateau region, indicating a greater contribution of microsphere deformation to energy absorption
[93]. Due to this behavior, hollow microsphere composites have been widely investigated for
applications requiring energy absorption, vibration damping, and impact resistance [29-31]. In
soft polymer matrices such as elastomers and silicones, the interaction between microsphere
deformation and matrix elasticity can further enhance strain tolerance and recoverability, making
syntactic composites attractive for multifunctional lightweight materials that require both

structural performance and mechanical adaptability [96,98].
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Fig. 5: Compressive stress—strain behaviour of HGM filled polymer composites at different

microsphere volume fractions under (a) quasi-static and (b) dynamic loading conditions [93].
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2.4 DIW Processing and Network Effects

Additive manufacturing techniques have increasingly been explored for the fabrication of
functional polymer composites with tailored architectures and properties [33,34,77]. Among these
approaches, direct ink writing (DIW) has emerged as a versatile method for printing soft materials,
particle-filled inks, and viscoelastic polymer systems [33,34,77]. DIW relies on the extrusion of
shear-thinning inks through a nozzle, allowing materials to be deposited layer-by-layer to form
complex three-dimensional structures [99]. The rheological behaviour of the printing ink plays a
crucial role in determining print fidelity, particle dispersion, and the resulting microstructure of the
printed material [35,100]. In particle-filled polymer systems, the extrusion process can also
influence filler orientation, particle interactions, and the development of particle networks within
the composite [68—71]. Consequently, the processing conditions used during DIW can significantly
affect both the internal structure and the resulting mechanical and functional properties of the

printed material [33,34,77].

2.4.1 Rheology and Shear Alignment

The rheological properties of composite inks are critical for successful DIW processing and
strongly influence the resulting material structure after printing [35,100]. To be printable, DIW
inks must typically exhibit shear-thinning behavior, where viscosity decreases with increasing
shear rate during extrusion but rapidly recovers once deposited, enabling the material to flow
through the nozzle while maintaining structural stability after printing [99]. As illustrated in Figure
7, DIW processing involves a combination of rheological requirements including shear-thinning
behavior during extrusion, rapid modulus recovery associated with gelation after deposition, and
sufficient yield stress to support the weight of subsequently deposited layers [99,101]. These
rheological transitions allow the material to transition from a flowing state inside the nozzle to a
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structurally stable filament once printed [99]. In particle-filled inks, the shear forces generated
during extrusion can also influence particle orientation and distribution within the polymer matrix
[68-71]. Elongated or anisotropic fillers often align along the direction of shear, creating
anisotropic microstructures that influence mechanical and functional performance [68-71]. Even
in systems containing spherical particles, shear flow can affect particle packing and dispersion
within the ink, making control of rheological properties and shear conditions essential for

achieving consistent microstructures and reliable composite performance [35,100].

Viscosity

Shear Fiate

Rheology and Printability
Relationships are Critical
but Incomplete

Fig. 6: Schematic illustration of rheological requirements for DIW, showing shear-thinning
behavior during extrusion, gelation-driven modulus recovery after deposition, and yield stress

required for layer support during printing [101].
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Chapter 3: Materials and Experimental Methods

3.1 Materials

PVDF powder and N-methyl-2-pyrrolidone (NMP) solvent were used to prepare the coating
solution for functionalizing HGMs. The HGMs (FibreGlast® 22) served as lightweight structural
fillers within the composite system. Polydimethylsiloxane (PDMS) systems, SE 1700 and Sylgard
184, were used as the elastomeric matrix materials. Copper tape was used as compliant electrodes
during electromechanical testing to enable voltage measurement under mechanical loading. For
dynamic testing applications, commercial foam earplugs (3M, Inc.) were used as substrates for
integrating printed composite films. All materials were used as received without further

modification unless otherwise specified.

3.2 Preparation of PVDF-Coated Hollow Glass Microspheres

PVDF-coated HGMs were prepared using a solution-based coating process to promote uniform
polymer coverage and minimize particle agglomeration. PVDF powder was first dissolved in NMP
at a 1:10 weight ratio to form a homogeneous coating solution. HGMs were then introduced into
the solution at a solvent-to-particle ratio of 1:3 by weight and mixed using a FlackTek SpeedMixer
at 3000 rpm for 5 minutes to ensure uniform dispersion. Following mixing, the suspension was
subjected to ultrasonication at 80 °C for 45 minutes with the container lid open to facilitate solvent
evaporation and improve coating uniformity on the particle surfaces. The coated microspheres
were subsequently dried in an oven at 80 °C for at least 24 hours to remove any remaining solvent.
This process resulted in PVDF-coated HGMs with improved dispersion characteristics and

enhanced interfacial compatibility within the polymer matrix.
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3.3 Composite Ink Preparation

Composite inks were prepared by incorporating PVDF-coated HGMs into a PDMS matrix at
different filler loadings. The PDMS base materials, SE 1700 and Sylgard 184, were combined at a
70:30 weight ratio and mixed to form a homogeneous elastomeric matrix. Curing agents were then
added at a 1:10 weight ratio relative to each respective base material and mixed until uniform.
PVDF-coated HGMs were subsequently added to the PDMS formulation at 0 (pure PDMS), 5, 10,
15, 20, and 25 wt% and mixed using a speed mixer at 3000 rpm for 3 min to promote uniform
particle dispersion. The prepared composite inks were then used for rheological characterization

prior to further processing.

3.4 Rheological Characterization of Inks

The rheological behavior of the composite inks was characterized to evaluate their suitability for
DIW. Measurements were performed using an Anton Paar MCR 302 rheometer equipped with a
cone-plate geometry (CP25-1, 25 mm diameter, 1° cone angle). The zero gap was set to 0.05 mm
prior to testing to ensure consistent sample loading conditions. Frequency sweep tests were
conducted to assess the viscoelastic response of the inks, with particular focus on storage modulus
and loss modulus across varying angular frequencies. These measurements were used to evaluate
shear-thinning behavior and viscoelastic properties relevant to extrusion and shape retention
during printing. Following rheological testing, the inks were transferred into 10 mL Luer-lock
syringes and centrifuged at 3000 rpm for 5 min to remove trapped air and prepare the material for

direct ink writing.
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3.5 Direct Ink Writing (DIW) Fabrication

Composite specimens (15 x 15 x 4 mm?, L x W x H) were 3D printed on a Hyrel® (3D Engine
SR) platform through a nozzle with an inner diameter of 410 pm. Three-dimensional CAD models
were created in SolidWorks® and imported into slicing software (Slic3r®) to generate G-code
consisting of alternating 0°/90° linear infill toolpaths between successive layers. Prior to printing,
ink-filled 10 mL Luer-lock syringes were mounted and purged to remove residual air. The nozzle
height was set to zero relative to the build surface to ensure consistent first-layer extrusion. Printing
was carried out using a layer height of 290 um on a glass substrate covered with Bytac® FEP-
coated aluminum foil to facilitate sample removal after curing. Prints were executed at a travel
speed of 15 mm/s under ambient laboratory conditions, with continuous extrusion to maintain
uniform filament width and consistent overlap between adjacent lines. Following fabrication, the
samples were left on the build platform to minimize handling-induced distortion and were then

cured in an oven at 80 °C for 24 hours.

3.6 Mechanical and Electromechanical Testing

Cyclic compressive tests with simultaneous voltage output measurements were performed to
evaluate the electromechanical response of the 3D printed composites. All compression
experiments were conducted using a Mark-10® test frame under displacement-controlled loading
at a constant crosshead speed, with samples positioned between two parallel compression plates.
Prior to testing, copper tape was applied to the top and bottom surfaces of each specimen to serve
as electrodes for voltage measurement. The specimens were carefully centered and brought into
gentle contact with the plates to ensure proper alignment and parallelism. Each sample underwent
10 repeated cyclic compression tests, with the maximum displacement selected to achieve

approximately 30% engineering strain relative to the initial specimen height. The nominal strain
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rate was approximately 0.3 s!, determined from the applied crosshead speed and specimen
thickness. Force and displacement data were recorded throughout testing for subsequent stress—
strain analysis. The electrodes were connected to a Siglent SDM3045X digital multimeter (Siglent
Technologies, Shenzhen, China), enabling real-time acquisition of voltage signals during cyclic
loading. Mechanical and electrical data were collected simultaneously to allow direct correlation
between compressive behavior and the resulting piezoelectric voltage response across different

composite formulations.

3.7 Thermal Characterization

Thermal characterization was conducted to evaluate the stability and heat transfer properties of the
composite materials as a function of filler loading. These measurements provide insight into
thermal degradation behavior, heat capacity, and thermal conductivity, which are critical for
understanding material performance under varying environmental conditions. A combination of
thermogravimetric analysis (TGA), thermal conductivity measurements, and differential scanning

calorimetry (DSC) was used to fully characterize the thermal response of the printed composites.

3.7.1 Thermogravimetric Analysis (TGA)

Thermogravimetric analysis was performed on pure PDMS and composite samples containing 5
wt% and 15 wt% PVDF-coated HGMs using a TGAS5500 (TA Instruments, New Castle, DE, USA)
with standard 100 pL platinum pans. Samples were heated from room temperature to 800 °C at a
rate of 10 °C/min under a nitrogen atmosphere with a flow rate of 25 mL/min. The mass loss
behavior was recorded as a function of temperature to assess thermal stability and decomposition
characteristics of the composites. These measurements were used to compare degradation onset

temperatures and residual mass fractions across different filler loadings.
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3.7.2 Thermal Conductivity

Thermal conductivity was measured using a Measurement Platform-2 (MP-2) TPS-4 system
(Thermtest Instruments, Fredericton, NB, Canada) based on the transient plane source (TPS)
method. In this technique, a controlled heat pulse is applied through a sensor in contact with the
sample, and the resulting transient temperature response is recorded to determine thermal
conductivity. Solid samples with dimensions suitable for the TPS sensor were used to ensure
accurate measurements. All tests were conducted under ambient conditions, and consistent sample

preparation was maintained to allow comparison between compositions.

3.7.3 Differential Scanning Calorimetry (DSC)

Specific heat capacity measurements were conducted using a Differential Scanning Calorimeter
(DSC 4000, PerkinElmer, Waltham, MA, USA). Samples with masses between 5 and 10 mg were
sealed in aluminum pans and heated at a rate of 10 °C/min over the desired temperature range. The
heat flow was recorded as a function of temperature, and specific heat capacity values were
determined from the measured response. These measurements were used to evaluate the thermal
energy storage behavior of the composites and assess how filler incorporation influences heat

capacity.
3.8 Dynamic Mechanical Analysis (DMA)

Dynamic mechanical analysis (DMA) was performed to evaluate the viscoelastic behavior of the
composite materials as a function of frequency and temperature. Measurements were conducted
using a TA Instruments RSA-G2 dynamic mechanical analyzer equipped with tension clamps.
Rectangular specimens were tested under oscillatory loading conditions to obtain storage modulus,

loss modulus, and damping behavior. Frequency sweep tests were performed over a range of
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angular frequencies to characterize the rate-dependent mechanical response of the materials.
Temperature-dependent behavior was also evaluated by conducting tests from 25 °C to 100 °C in
5 °C increments under a nitrogen atmosphere to minimize oxidative effects. Time-temperature
superposition (TTS) was applied to generate master curves, enabling the extension of viscoelastic
behavior over a wider frequency range. A reference temperature of 40 °C was selected, and shift
factors were determined to align individual frequency sweeps into a continuous master curve. The
Williams-Landel-Ferry (WLF) equation was used to model the temperature dependence of the shift
factors and to quantify the viscoelastic response of the composites. These measurements provide
insight into the influence of filler loading on stiffness, energy dissipation, and long-term

mechanical performance.

3.9 Dynamic Testing (Impact and Blast)

Dynamic testing was conducted to evaluate the response of the composite materials under transient
loading conditions representative of impact and pressure-driven events. These tests provide insight
into the material behavior under rapid deformation and their potential for sensing and energy
absorption in dynamic environments. Two testing methods were employed, including drop testing

and blast testing, to capture both low-velocity impact and high-rate pressure loading responses.

3.9.1 Drop Testing

Drop testing was performed to assess the electromechanical response of the composites under
repeated impact loading. Samples were subjected to controlled drop heights, and the resulting
voltage signals were recorded to evaluate the relationship between impact energy and electrical
output. The tests were conducted by releasing a mass from specified heights onto the sample

surface, generating transient compressive loading conditions. Voltage signals were measured in
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real time using a digital multimeter, allowing for analysis of peak voltage response and signal
consistency across repeated impacts. Multiple trials were conducted for each condition to ensure

repeatability and enable comparison between different composite formulations.

3.9.2 Blast Testing

Blast overpressures were generated using a compressed gas-driven blast apparatus housed in an
anechoic chamber, following previously established blast characterization protocols [102,103]. A
rigid head block was mounted in a fixed holder with its head facing the blast source to ensure
consistent alignment across trials. The head block was equipped with a 3D-printed dummy ear and
a standard foam earplug (3M, Inc., St. Paul, MN), with the PDMS-HGM film 3D printed on the
entrance side, which was inserted into the dummy ear canal. Blast waves were produced by
rupturing polycarbonate diaphragms (McMaster-Carr, Atlanta, GA) to generate controlled pressure
pulses. Multiple consecutive blast exposures were performed with sufficient time intervals
between each test. Pressure data were acquired using a data acquisition system equipped with an
analog-to-digital converter (National Instruments, Austin, TX) and were subsequently processed

and analyzed using LabVIEW software (National Instruments, Inc.).
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Chapter 4: Microstructure, Processing, and Physical Characteristics

The experimental results provide insight into how PVDF-coated HGMs influence the behavior of
PDMS-based composites as a function of composition. Building on the fabrication approach
described previously, the results are evaluated to determine how the incorporation of coated
microspheres affects mechanical response and electromechanical performance. Emphasis is placed
on identifying trends in stress—strain behavior, energy dissipation, and voltage generation across
different filler loadings. These responses are discussed in relation to the observed dispersion of
HGMs within the matrix and the overall uniformity of the composite structure [ref]. The presence
of the PVDF coating is also considered in terms of its role in enabling consistent performance and
maintaining composite integrity across compositions [ref]. Comparisons between samples
highlight the balance between maintaining compliance while enhancing functional response,

providing a clearer understanding of the behavior of these lightweight composite systems.

4.1 Microstructural Characterization

Microstructural characterization was conducted to evaluate the morphology, coating quality, and
dispersion behavior of the PVDF-coated HGMs prior to incorporation into the PDMS matrix.
These observations provide insight into the effectiveness of the coating process and the influence
of processing conditions on particle uniformity and surface coverage. SEM and EDS analyses were
used to assess coating consistency, particle size distribution, and the presence of interparticle
interactions. Understanding these features is important for interpreting how filler characteristics
influence the rheological behavior, mechanical response, and electromechanical performance of

the resulting composites.

25



4.1.1 Morphology and Coating of PVDF-Coated HGMs

The morphology of the PVDF-coated HGMs was examined prior to composite fabrication to assess
coating quality and particle characteristics. Figures 7 and 8 show representative SEM and EDS
images at multiple magnifications, highlighting coating uniformity, individual microsphere
morphology, and particle—particle interactions. As shown in Figure 7a-b, the SEM images and
corresponding EDS overlays indicate fluorine localized at the microsphere surfaces, consistent
with uniform PVDF coverage. The microspheres exhibited a mean particle diameter of 54.2 +23.5
um, indicating a relatively broad size distribution typical of HGMs. The higher magnification
image in Figure 8a reveals smooth and continuous PVDF coatings, suggesting effective mixing
and consistent surface coverage across individual microspheres, with no significant regions of
incomplete coating observed. In addition to coating uniformity, localized interactions between
adjacent particles are evident, as shown in Figure 8b, where PVDF capillary bridges are observed
between neighboring microspheres, likely formed during solvent evaporation in the particle
preparation stage. These features indicate the presence of physical connections between particles
and suggest the formation of an interconnected PVDF network. The presence of these interparticle
connections is expected to influence particle interactions during subsequent processing,
particularly in terms of resistance to flow within the composite inks. Overall, the observed coating
uniformity and particle morphology demonstrate that the processing approach was effective in
producing consistently functionalized HGMs with minimal agglomeration, providing a stable and

uniform foundation for composite fabrication.
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Fig. 8: a) SEM image of uniform coating on HGMs. b) Close-up SEM image showing capillary

bridges formation between neighboring microspheres.

4.1.2 Effect of Processing on Coating Uniformity

To further evaluate the influence of processing conditions on coating quality, additional SEM and
EDS analyses were performed on samples prepared with and without proper ultrasonication.
Representative micrographs and corresponding elemental compositions are shown in Figure 9 and
Table 1 for samples processed with ultrasonication, and in Figure 10 and Table 2 for samples
prepared without this step. For samples subjected to sufficient ultrasonication, the SEM images
(Figures 9a-b) show relatively uniform particle dispersion and consistent surface coverage across
the HGMs. The corresponding EDS results (Table 1) indicate fluorine atomic percentages of
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approximately 9—-11 at% across multiple sites, confirming stable and continuous PVDF coating. In
contrast, samples prepared without sufficient ultrasonication exhibit clear differences in both
morphology and composition. As shown in Figures 10a-d, these samples display particle
clustering, surface irregularities, and nonuniform coating coverage. The corresponding EDS
measurements (Table 2) show lower and more spatially variable fluorine content, ranging from
approximately 3—6 at%, indicating incomplete coating and inconsistent PVDF distribution. The
increased variability in fluorine content across different regions further supports the presence of
localized coating deficiencies and particle aggregation. These results demonstrate that
ultrasonication plays a critical role in achieving homogeneous PVDF coverage and minimizing
microsphere agglomeration during the coating process, which is essential for ensuring consistent

composite behavior in subsequent processing and testing.
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Fig. 9: SEM-EDS images of Sample 1. A) High-magnification micrograph showing localized
fluorine content at selected regions. B) Lower-magnification micrograph from a different site

showing spatial variation in fluorine distribution across the sample.
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Table 1: EDS elemental composition of Sample 1 in Figure S1, showing atomic and weight

percentages of fluorine and other primary elements.

Element Atomic Std. Weight Std. Atomic Std. Weight Std.
% Dev. % Dev. % Dev. % Dev.
Sample 1 Site A Sample 1 Site B
C 10.59 2.29 6.54 1.37 14.52 12.11 9.26 8.83
O 51.56 5.71 42.34 5.15 443 8.96 35.32 5.20
F 10.94 4.41 11.24 4.33 9.68 5.04 9.58 6.07
Si 18.75 2.23 3.13 2.55 21.76 5.77 30.32 6.47

a)

c)

Fig. 10: SEM-EDS images of PVDF-coated HGMs without proper ultrasonication. (a—d)
Representative micrographs from different sites of the sample showing particle clustering,
nonuniform coating, and surface irregularities. Fluorine detection confirms the presence of PVDF

on the HGMs despite incomplete dispersion.

29



Table 2: EDS elemental composition of Sample 2 in Figure S2, showing atomic and weight

percentages of fluorine and other primary elements.

Element Atomic Std. Weight Std. Atomic Std. Weight Std.
% Dev. % Dev. % Dev. % Dev.
Sample 2 Site A Sample 2 Site B
C 4.560 4.239 2.300 1.794 3.200 2.721 1.763 1.702
O 56.41 6.456 39.76 6.056 56.51 15.57 37.85 10.69
F 5.587 7.156 4.373 4.767 3.238 2.685 2.688 2.662
Si 22.89 6.933 28.573 8.616 20.66 15.65 2591 17.68
Sample 2 Site C Sample 2 Site D
C 7.673 4.404 4.507 2.817 10.23 6.709 6.250 4.324
O 50.46 8.704 38.95 7.132 51.97 8.462 41.33 6.698
F 6.420 6.474 10.64 13.86 5.529 6.416 5.450 6.701
Si 23.25 5.025 31.18 5.069 21.56 6.041 29.74 6.833

4.2 Rheological Behavior

Rheological characterization was performed to evaluate the flow behavior of the composite inks
and assess their suitability for direct ink writing. Understanding the rheological response is critical
for ensuring stable extrusion, shape retention, and overall print quality, particularly in systems
where particle interactions and network formation influence material behavior [35,100]. The
incorporation of PVDF-coated HGMs into the PDMS matrix introduces particle—particle
interactions that are expected to modify viscosity, shear-thinning behavior, and yielding
characteristics, all of which directly govern how the material flows under applied stress and
recovers after deposition. In addition to governing flow behavior, during extrusion in direct ink
writing, the material experiences high localized shear stresses at the nozzle, which can induce
alignment of PVDF molecular chains along the flow direction. This shear-induced alignment acts
as a form of mechanical poling, promoting the formation of the electroactive B-phase within the

PVDF coating and enhancing dipole orientation and net polarization, thereby reducing or
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potentially eliminating the need for conventional electrical poling [68—71]. The viscosity of the
composite inks as a function of shear rate is shown in Figure 11a, where all formulations exhibit
pronounced shear-thinning behavior, characterized by a significant decrease in viscosity with
increasing shear rate. This behavior enables smooth extrusion through the nozzle during printing
while maintaining sufficient resistance to flow at low shear rates for shape retention after
deposition [99]. Increasing the filler weight fraction from 5 wt% to 25 wt% results in a systematic
increase in viscosity across the measured shear rate range, indicating stronger particle—particle
interactions and the formation of a more interconnected internal structure within the ink [80,81].
The viscoelastic response of the inks was further evaluated through oscillatory shear
measurements, as shown in Figure 11b, where the storage modulus (G') and loss modulus (G”) are
plotted as a function of applied shear stress. At low shear stress, all samples exhibit gel-like
behavior, with G’ exceeding G”, indicating a predominantly elastic response governed by the
internal particle network [35,100]. As the applied shear stress increases, both moduli decrease and
reach a crossover point where G” exceeds G', marking the yielding transition from a solid-like to
a fluid-like state. This shear-yielding behavior is essential for extrusion-based printing, as it allows
the material to flow under the high shear conditions experienced at the nozzle while rapidly
recovering its structure once deposited [101]. The observed rheological behavior is consistent with
the microstructural features observed in the SEM analysis, where capillary bridges and particle
interactions contribute to the formation of a transient network within the composite ink. The
practical implications of this behavior are demonstrated in Figure 11c, where consistent extrusion
and filament formation are observed during printing, confirming reliable printability across all

compositions.
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Fig. 11: (a) Measurement of viscosity as a function of shear rate showing shear-thinning behavior
across different volume fractions of PVDF-coated HGMs composite inks. (b) Storage (solid) and
loss (dashed) moduli against applied shear stress, demonstrating shear yielding behaviors of all

inks. (c) 3D printing of composite ink with 15 wt% PDMS-HGMs.

4.3 Density and Structural Characteristics

The bulk density of the cured composites was measured to evaluate the effect of PVDF-coated
HGMs on the overall material structure. As shown in Figure 12, the composite density decreases
monotonically with increasing filler loading, decreasing from 1.08 £ 0.01 g/cm? for pure PDMS
to 0.57 £ 0.01 g/em? at 25 wt% PVDF-coated HGMs, corresponding to an overall reduction of
approximately 47%. To further quantify this trend, the experimental density values were fitted
using a rule-of-mixtures (ROM) model to estimate the effective density of the PVDF-coated HGM
particles. The composite density (p.) was expressed in terms of the matrix density (p,,) and filler

weight fraction (f,,), accounting for the relative contributions of each phase:
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where py represents the density of the PDMS matrix, pf is the effective density of the PVDF-
coated HGMs, and f,, is the filler weight fraction. Using this relationship, the effective particle
density was determined to be pr = 0.226 + 0.010 g/cm’, obtained through fitting to the
experimental data shown in Figure 12. The agreement between the ROM model and the measured

densities indicates that the model provides a reasonable representation of the composite system

across the range of filler loadings considered.
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Fig. 12: Experimental data and the theoretical curve of density of cured composites with different

filler loading.

To further characterize the coated microspheres, a geometric model was used to estimate the radius

of the PVDF-coated HGMs based on density relationships and mass balance:

— . -3
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where the densities of the uncoated HGMs and PVDF were taken as pyeqp= 0.13 = 0.05 g/cc and
ppvpr = 1.78 g/cc, respectively [21,22,97]. Treating the coated microspheres as concentric spheres,
the outer radius was determined using the average radius of the uncoated particles (rygy = 27.1
um), and the corresponding coating thickness was calculated as t ., = — Tyum, yielding a value
of 481 £ 252 nm. The variation in coating thickness is consistent with the distribution of particle
sizes and coating characteristics observed during microstructural analysis. These results provide a
quantitative description of the composite structure and confirm the effect of increasing filler

content on the measured density.
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Chapter 5: Mechanical, Functional, and Thermal Performance

5.1 Mechanical Behavior

The mechanical response of the PVDF-coated HGM composites was evaluated under cyclic
compressive loading to assess the influence of filler incorporation on stiffness, deformation
behavior, and energy absorption characteristics. Understanding the mechanical behavior of these
composites is critical for applications requiring lightweight materials that can sustain repeated
deformation while maintaining structural integrity and functional performance [34,90]. The
introduction of hollow microspheres into the PDMS matrix modifies load transfer mechanisms
and alters the effective stiffness of the composite by introducing compliant regions associated with
the hollow structure [66,72]. In addition, the interaction between the polymer matrix and the
dispersed microspheres contributes to the overall deformation behavior under applied stress,
influencing both recoverability and energy dissipation during cyclic loading [80,81]. Cyclic
compression testing provides insight into how the composite structure responds to repeated loading
conditions and establishes a direct relationship between filler content and mechanical performance,
forming the basis for subsequent analysis of constitutive behavior and energy absorption

capability.

5.1.1 Cyeclic Stress-Strain Behavior

Cyclic compressive tests were performed on the 3D-printed specimens to evaluate their
mechanical stability and deformation response under repeated loading. A representative stress—
strain response for the 15 wt% composite over 10 cycles is shown in Figure 13, where the first
loading cycle exhibits higher stiffness and peak stress compared to subsequent cycles, indicating

an initial rearrangement or settling of the internal microstructure under applied load [80,81].
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Following this initial cycle, the stress—strain curves stabilize and overlap across subsequent cycles,
demonstrating repeatable mechanical behavior and structural consistency under cyclic
deformation. The hysteresis observed between the loading and unloading paths, represented by the
shaded region in Figure 13, corresponds to the mechanical energy dissipated during each cycle.
This stabilized cyclic response indicates that the composite structure is capable of sustaining
repeated compressive loading without significant degradation in mechanical performance, which

is important for applications involving dynamic or repeated mechanical stimuli.
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Fig. 13: Representative cyclic stress—strain curve of a 3D-printed PDMS-HGM composite (15

wt%), with the shaded region indicating mechanical energy hysteresis during compressive cycles

5.1.2 Specific Stress and Energy Absorption

The effect of filler incorporation on mechanical performance was further evaluated through
comparison of the specific stress—strain behavior and energy absorption characteristics of the
composites. As shown in Figure 14a, all PDMS-HGM composites exhibit lower peak specific
stress compared to pure PDMS at compressive strains up to 30%, indicating a reduction in stiffness
and an increase in compliance with increasing filler content. The 15 wt% composite demonstrates

a 22.1% decrease in peak specific stress relative to pure PDMS, while further reductions are
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observed at higher filler loadings, reaching up to 49.2% for the 25 wt% composite. This
progressive softening behavior is associated with the incorporation of hollow microspheres, which
reduce the effective load-bearing cross-section and alter stress distribution within the matrix
[66,72]. At higher filler contents, additional reductions in stiffness are influenced by nonuniform
particle dispersion and localized agglomeration, which can affect load transfer and promote
localized deformation under compressive loading [80,81]. As a result of this increased compliance,
the composites exhibit significantly enhanced energy absorption capabilities, as shown in Figure
14b, where all composite formulations demonstrate higher specific energy absorbance compared
to pure PDMS across the investigated stress range. At an applied stress of 300 kPa, the composites
achieve approximately 2.9 to 4.3 times the specific energy absorbance of the unfilled polymer.
This behavior highlights the ability of the PVDF-HGM composites to dissipate mechanical energy
more effectively while maintaining structural integrity, supporting their suitability for applications

requiring lightweight materials with high energy absorption capacity.
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Fig. 14: (a) Specific stress—strain behavior of all specimens up to 30% strain, (b) specific energy

absorption as a function of applied compressive stress for different specimens.
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5.1.3 Hyperelastic Modeling

To characterize the nonlinear mechanical response observed in the stress—strain behavior, a second-
order polynomial hyperelastic model was employed to describe the material deformation. As
shown in Figure 15, all composites exhibit a superlinear stress—strain relationship, indicating
nonlinear elastic behavior typical of elastomeric materials under finite deformation. To quantify
this behavior, a second-order polynomial hyperelastic model was used, in which the strain energy
density function Uwas expressed in terms of the first and second invariants of deformation [104],
allowing the model to capture both deviatoric and volumetric contributions to the material

response:

2
_ - 1
U= Cyli=3)' =3 +5-0 -1 ©)

i¥j=1

where the coefficients C;; define the shear response of the material, while D, governs

compressibility, and the invariants I;, I,, and the elastic volume ratio J describe the deformation
state. The fitted material parameters for the different composite formulations are summarized in
Table 3. The hyperelastic model demonstrates strong agreement with the experimental stress—strain
data across the full range of applied strains, indicating that the second-order formulation is
sufficient to capture the nonlinear behavior of both the pure PDMS and the PVDF-HGM
composites. The consistency of the model fit across different filler loadings further suggests that

the deformation mechanisms remain governed by elastomeric behavior.
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Fig. 15: Comparison of experimental stress—strain responses and second-order polynomial

hyperelastic model fits for composites with varying filler contents.

Table 3: Material parameters for the second-order polynomial hyperelastic model of PDMS and

the composites with different weight fractions of PVDF-coated HGMs.

Strain Energy Parameters [MPa]

Weight % | Cio Cot | C20 | Cn | Coz | D1
0% 10.6 | -10.4 | -64.2 | 174 | -122 | 0.506
5% -0.208 | 0.265 | 40.3 | -98.7 | 61.4 | 1.83
10% -1.54 | 1.617 | 53.0 | -134 | 86.9 | 1.40
15% -0.35510.398 | 61.5 | -152 | 96.5 | 2.45
20% -1.44 | 1.53 | 40.7 | -98.6 | 62.0 | 1.22
25% -1.93 | 2.00 | 72.5 | -175 | 109 | 1.50

5.1.4 Morphological Analysis After Deformation

Following compressive testing, SEM imaging was conducted to assess microstructural changes
within the composites, with emphasis on HGM integrity and particle—matrix interactions within
the PDMS matrix. As shown in Figure 16a, the uncoated HGMs embedded in the matrix exhibit
noticeable structural damage after loading, while the magnified view in Figure 16b reveals severe

shell fracture and the presence of surface debris. These features indicate that the thin-walled
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microspheres are highly susceptible to damage under compressive stress, leading to localized stress
concentrations at the particle—matrix interface that can disrupt effective load transfer. In contrast,
the PVDF-coated HGMs shown in Figure 16¢ display significantly improved structural integrity,
with fewer fractured particles and reduced surface damage across the composite. The zoomed-in
image in Figure 16d further highlights an individual coated particle maintaining a smooth and
continuous surface with minimal deformation, indicating improved shape retention under loading.
This behavior suggests that the PVDF coating provides mechanical stabilization of the
microsphere surface while enhancing interfacial interaction with the PDMS matrix. As a result,
debonding and interfacial slip are reduced, allowing for more efficient stress transfer between the
matrix and filler phases [81]. These observations are consistent with the mechanical trends
discussed previously, where increased compliance and enhanced energy absorption are associated

with the presence of structurally stable, well-integrated microspheres within the composite.

Fig. 16: SEM images after cyclic compressive tests showing (a) uncoated HGMs in the PDMS
matrix and (b) a zoom-in view of an uncoated HGM, and (c¢) PVDF-coated HGMs embedded in

the PDMS matrix and (d) a zoomed-in view of an individual coated HGM.
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5.2 Electromechanical Response

Electromechanical testing was conducted to evaluate the voltage response of the composites under
cyclic compressive loading. As shown in Figure 17a, all specimens generate measurable voltage
signals during deformation, with the output amplitude increasing as the filler content increases up
to 15 wt%. Beyond this concentration, a reduction in voltage response is observed for the 20 wt%
and 25 wt% composites. This trend indicates that intermediate filler loading provides more
effective electromechanical coupling, while higher filler concentrations reduce performance due
to factors such as particle agglomeration and reduced matrix continuity, which can limit charge

transfer and mechanical interaction within the composite [40,87].

To quantify the piezoelectric response, the piezoelectric voltage coefficient g;3 was calculated

based on the measured voltage output, applied load, and specimen geometry:

VA

= — 4
933 Ft 4)

where V represents the measured voltage amplitude with the baseline response of the pure PDMS
sample removed, Ais the effective electrode area, F is the applied compressive load, and t is the
specimen thickness. The calculated g;5; values are presented in Figure 17b, where a similar trend
is observed, with the piezoelectric response increasing with filler loading up to 15 wt% and
reaching a maximum value of 34.9 + 1.9 mV-m/N, followed by a decrease at higher concentrations.
This result indicates that moderate filler loading is most effective for enhancing piezoelectric

sensitivity in the present composite system.

The observed peak in electromechanical performance at intermediate filler content is consistent
with trends reported in polymer-based piezoelectric composites, where improved response is

associated with enhanced electromechanical interaction at moderate filler loadings and diminished
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performance at higher concentrations due to structural and interfacial limitations . The results are
also consistent with the XRD analysis shown in Figure 17c, where increased B-phase intensity is
observed at 15 wt% compared to higher filler loadings, indicating a greater presence of the
electroactive phase at intermediate compositions. At higher filler concentrations, reduced B-phase
content suggests disruption of polymer chain organization, which can limit dipole alignment and
reduce the efficiency of stress-induced polarization. Overall, these results demonstrate that the
electromechanical response of the composites is strongly dependent on filler concentration, with

15 wt% providing the optimal balance between structural integrity and piezoelectric performance.
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Fig. 17: Electromechanical and structural characterization of PDMS-HGM composites: (a)
voltage output measured during cyclic compressive loading and (b) piezoelectric voltage constant
g33 for composites with increasing PVDF-HGM weight fraction; (¢) XRD spectra of PDMS-HGM
composites with varying filler contents (5, 15, and 25 wt%), showing diffraction peaks

corresponding to the a-phase and B-phase.
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5.3 Dynamic Mechanical Analysis

Dynamic mechanical analysis (DMA) was conducted to evaluate the rate-dependent viscoelastic
behavior of the composites and to examine how filler loading influences their dynamic mechanical
response. Temperature-dependent frequency sweep measurements were performed for pure
PDMS, 5 wt%, and 15 wt% composites over an angular frequency range of 1 to 100 rad s™* and a
temperature range of 25 to 100 °C. The results show that pure PDMS exhibits higher storage and
loss moduli compared to the composite samples, which is attributed to the absence of hollow
inclusions within the matrix. Among the composite formulations, increasing the filler content from
5 wt% to 15 wt% results in higher storage and loss moduli across the measured frequency range,
indicating enhanced stiffness and energy dissipation with increased filler loading. To extend the
accessible frequency range and better characterize the viscoelastic response, time—temperature
superposition (TTS) was applied to the DMA data [105], allowing measurements at different
temperatures to be shifted to an equivalent response at a chosen reference temperature:

E'(w,T) = E'(arw, Ty) (5)

E'"(w,T) =E"(arw, Ty) (6)
where ar is the temperature-dependent shift factor and T, is the reference temperature. The
variation of the shift factor with temperature was described using the Williams—Landel-Ferry

(WLF) relationship [106]:

¢ (T = To)

1 = 0
8 AT = (T —Ty)

(7)

where C; and C, are material-dependent constants. Using this approach, master curves were
constructed at a reference temperature of 40 °C, extending the effective frequency range by

approximately four orders of magnitude, as shown in Figure 18. Both storage and loss moduli
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increase with increasing frequency, indicating that the composites become stiffer and exhibit
greater energy dissipation at higher loading rates. The master curves also show a nonlinear
dependence on frequency, reflecting the presence of multiple relaxation mechanisms active over
different timescales [107]. While both composite formulations exhibit similar trends, the 15 wt%
sample demonstrates a broader modulus range and stronger frequency dependence compared to
the 5 wt% sample. At higher reduced frequencies, the 15 wt% composite exhibits an increase in
storage modulus of approximately 30% relative to the 5 wt% sample, along with a 2—3x increase
in loss modulus. This elevated loss modulus indicates enhanced energy dissipation under dynamic
loading conditions, highlighting the ability to tailor viscoelastic behavior through controlled filler

incorporation.
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Fig. 18: Viscoelastic characterization of PDMS—HGM composites: (a) storage modulus and (b)
loss modulus of 5 wt% PDMS-HGM composites obtained from DMA testing, and (c) storage

modulus and (d) loss modulus of 15 wt% PDMS-HGM composites, used for TTS analysis.
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5.4 Thermal Properties

Thermal characterization was conducted to evaluate the stability and heat transfer behavior of the
PDMS-HGM composites as a function of filler incorporation. Understanding these properties is
important for assessing material performance under elevated temperatures and dynamic operating
conditions, particularly in applications where both thermal resistance and energy dissipation are
relevant. The influence of PVDF-coated HGMs on degradation behavior and thermal transport was

investigated using thermogravimetric and transient thermal measurements, respectively.

5.4.1 Thermal Stability

Thermal characterization was performed to evaluate both the high-temperature stability and
thermal transport behavior of the composites. Thermogravimetric analysis (TGA) was used to
assess thermal stability, as shown in Figure 19a, where mass loss profiles are presented for pure
PDMS and composites containing 5 wt% and 15 wt% filler. All samples exhibit minimal mass loss
at temperatures below approximately 400 °C, indicating stable behavior within this range. At
higher temperatures, a primary degradation region is observed, corresponding to the
decomposition of the PDMS matrix. Compared to pure PDMS, the composite samples show a
reduced rate of mass loss and improved weight retention over the temperature range of 400—-800
°C. Among the composites, the 15 wt% sample exhibits the highest residual mass at elevated
temperatures, indicating enhanced thermal stability with increasing filler content. This behavior
aligns with prior studies on silicone rubber—glass composites, where the incorporation of thermally
stable inorganic microspheres enhances high-temperature mass retention by reducing polymer

volatilization and increasing residual inorganic content [108].
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5.4.2 Thermal Transport Properties

The thermal conductivity and specific heat of the composites were measured at room temperature,
as shown in Figure 19b. Pure PDMS exhibited the highest thermal conductivity and specific heat
among the tested samples. Incorporation of 5 wt% PVDF-coated HGMs resulted in a substantial
reduction in thermal conductivity (=70%) and specific heat (=62%) relative to pure PDMS,
consistent with the insulating nature of the hollow microspheres. Increasing the filler loading to
15 wt% led to a partial recovery in thermal transport properties, with thermal conductivity
increasing by approximately 20% and specific heat increasing by nearly 90% compared to the 5
wt% composite. This trend indicates an increased contribution from the PVDF phase to heat
transport within the composite, consistent with reported room-temperature thermal conductivity
(=0.18-0.26 W m! K™") and specific heat capacity (=1.2—-1.4 kJ kg™' K™) of bulk PVDF [109]. At
higher filler loadings, reduced particle spacing and improved connectivity between coated
microspheres likely promote the formation of more effective thermal pathways, where closer
particle proximity facilitates capillary bridge formation between adjacent PVDF-coated HGMs
and results in a more continuous conductive network. Overall, these results demonstrate that
thermal transport properties can be tuned through filler loading, balancing the insulating effect of
hollow microspheres at low concentrations with enhanced heat conduction at higher loadings due

to increased PVDF network connectivity.
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Fig. 19: Thermal characterization of PDMS—-HGM composites: (a) TGA results for pure PDMS
and PDMS-HGM composites at 5 wt% and 15 wt%, and (b) thermal conductivity and specific

heat of PDMS, 5 wt%, and 15 wt% PDMS-HGM composites.

5.5 Dynamic Testing

To demonstrate the piezoelectric response of PDMS-HGM composites under dynamic loading,
both drop tests and blast tests were performed. These experiments were used to evaluate the
electrical response of the composite under controlled impact conditions as well as under high-

intensity pressure loading.
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5.5.1 Drop Impact Testing

In drop tests, a Squirtle model (modified based on an open-source model by Yuxiu YUX from the
Bambu Lab online model library) was fabricated using PLA via fused deposition modeling, and
the PDMS-HGM (15 wt%) composite was subsequently deposited onto the top shell using direct
ink writing. A golf ball (45.6 g) was released from controlled heights of 15, 20, and 30 cm (Fig.
20a—b), and a clear voltage signal was measured for each impact event (Fig. 20c). The peak voltage
increased with increasing drop height, indicating a direct relationship between impact conditions

and the measured electrical response.
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Fig. 20: Demonstrations of the piezoelectric responses of PVDF-HGM composites under dynamic
loading. The drop tests (a) prior to release and (b) at the moment of impact of the weight onto the
PVDF-HGM composites coated surface, and (c¢) the resulting voltage output demonstrating

piezoelectric responses.

5.5.2 Blast Loading Response

To assess the response of the composite under more extreme conditions, blast tests were conducted
using a compressed gas-driven setup. A PDMS-HGM film was printed onto a commercial foam
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earplug, as shown in Figure 21a, and subsequently inserted into an artificial human ear mounted
within a head block placed inside the blast chamber (Figure 21b). During testing, blast
overpressure waves with peak amplitudes approaching 90 kPa were generated, producing a
characteristic Friedlander-type waveform with a sharp rise in pressure followed by an exponential
decay, as shown in Figure 21c¢ [110]. The voltage signal measured from the composite-coated
earplug exhibited a synchronized electrical response during the blast event (Figure 21d),
confirming that the material can transduce high-rate mechanical loading into an electrical signal.
These results highlight the potential of the composite for integration into wearable hearing
protective devices, where both mechanical compliance and dynamic sensing capability are

required under transient loading conditions [110].
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Fig. 21: Blast test demonstration of piezoelectric response in PVDF-HGM composites. (a) 3D
printing of the PDMS—-HGM composite film onto an earplug, (b) insertion of the composite-coated
earplug into a dummy ear and head block for blast testing, (c) measured blast wave profile during

testing, and (d) corresponding voltage output generated by the PVDF-HGM composite.
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Chapter 6: Computational Modeling and Potential Biomedical

Applications

6.1 Introduction

The developed PVDF-coated HGM composites exhibit tunable mechanical, thermal, and
electromechanical behavior as a function of filler loading and processing through DIW. Building
on these established structure—property relationships, the work is extended toward computational
modeling and functional applications. Preliminary finite element simulations were conducted to
examine stress distribution and particle—particle interactions within the composite, providing
insight into the formation of load transfer pathways and network behavior. In parallel, a proof-of-
concept bioinspired sensing system was developed by leveraging the flexibility and
electromechanical response of DIW-fabricated structures. A buckling PDMS architecture was
combined with conductive and piezoelectric coatings to enable signal generation under flow-
induced dynamic loading conditions. These results highlight the potential of the composite system
for multifunctional applications while offering initial modeling-based insight into the mechanisms

governing its behavior.
6.2 Computational Modeling of Microstructure and Network Behavior

6.2.1 Modeling Approach

Finite element simulations were conducted in ABAQUS to qualitatively replicate the percolating
network behavior observed experimentally and to better understand particle—particle interactions
within the composite. Microscopy observations, as shown in Figure 22a, revealed adjacent PVDF-

coated HGMs forming interconnected regions through localized bridging, which motivated the
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development of a simplified computational representation. Based on this observation, a two-
dimensional model was constructed in ABAQUS to capture the essential features of this behavior,
as illustrated in Figure 22b. The model consisted of two neighboring coated microspheres
positioned in close proximity and connected through a PVDF bridge to mimic the experimentally
observed network formation. These coated HGMs were embedded within a square PDMS matrix
to approximate a representative region corresponding to a 15 wt% HGM loading, with the
equivalent volume fraction determined through back-calculation. Geometric and material
parameters were defined using experimentally measured and literature-supported values, where
the HGMs were modeled with an average diameter of 47.8 + 1.33 um and a shell thickness of 160
+ 99.7 nm, while the PVDF coating thickness was taken as 481 + 252 nm as determined earlier.
The PDMS matrix was modeled using a hyperelastic constitutive formulation to capture its
nonlinear mechanical response, while the coated HGMs were treated as composite inclusions. This
modeling approach was intended to capture the key features of particle interaction and network
formation observed experimentally, rather than to provide a fully predictive representation of the

composite behavior.
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Fig. 22: (a) Microscopy image of adjacent PVDF-coated HGMs exhibiting interparticle bridging.
(b) Corresponding two-dimensional finite element model developed in ABAQUS to represent

particle interaction and percolation within the PDMS matrix.
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6.2.2 Network Formation and Percolation Behavior

The simplified finite element model shown in Figure 22b provides a qualitative representation of
network formation and percolation behavior between adjacent PVDF-coated HGMs within the
PDMS matrix. The modeled configuration captures the experimentally observed interparticle
bridging by representing neighboring coated particles connected through a compliant PVDF
region, enabling the evaluation of localized particle—particle interactions within the surrounding
matrix. The presence of the PVDF bridge provides a continuous link between adjacent HGMs,
illustrating how localized interactions can form interconnected regions within the composite. This
simplified configuration qualitatively demonstrates how reduced interparticle spacing may
facilitate the development of network-like structures. Although the current simulation results
remain preliminary and do not fully capture the complexity of the composite microstructure, the
model reproduces the general concept of percolating network formation observed experimentally.
The PDMS matrix was also assigned hyperelastic material behavior, allowing deformation of the
surrounding matrix to be represented more realistically than with a purely linear elastic
approximation. While further refinement is needed to improve geometric fidelity, material
representation, and predictive capability, the present model establishes a useful foundation for
examining how these interconnected structures contribute to the development of load transfer
pathways within the composite, which is further explored through the simulation results in the

following section.

6.2.3 Stress Distribution and Electromechanical Response

The stress distribution, deformation behavior, and voltage output obtained from the finite element
model provide insight into the role of particle interaction in facilitating load transfer and

electromechanical response within the composite. Representative results are shown in Figure 23,
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where the von Mises stress distribution, displacement magnitude, and voltage output are presented
for the simplified two-particle configuration. The stress contours reveal localized stress
concentrations in the regions surrounding the HGMs, with elevated stresses observed near the
particle interfaces and within the interparticle bridge, suggesting that mechanical interaction
between adjacent particles influences how load is distributed through the surrounding PDMS
matrix. In particular, the presence of the PVDF bridge promotes a more continuous stress transfer
between neighboring inclusions compared to isolated particles, indicating that interconnected
structures may contribute to more efficient load distribution within the composite. The
displacement field further supports this behavior by showing deformation of the PDMS matrix
around the inclusions and through the interparticle region, highlighting the role of the compliant
matrix in mediating interactions between particles. In addition to the mechanical response, the
voltage output distribution illustrates regions of potential generation associated with deformation
of the PVDF-coated HGMs, with elevated values observed near particle interfaces and within the
interparticle region, suggesting that localized deformation and particle interaction may contribute
to enhanced electromechanical response. Although the absolute magnitudes predicted by the model
are not intended to be quantitatively accurate, the results qualitatively demonstrate how particle
interaction and network formation can influence both stress transfer and voltage generation within
the composite. This behavior is consistent with experimental observations, where composites
containing PVDF-coated HGMs exhibited enhanced mechanical response and improved
electromechanical performance compared to the PDMS matrix alone, supporting the hypothesis
that interconnected particle structures play a key role in governing the coupled mechanical and

piezoelectric behavior of the system.
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Fig. 23: (a) von Mises stress distribution and (b) displacement magnitude for the simplified two-
particle model embedded in a PDMS matrix , and (¢) zoomed-in view highlighting interfacial stress

concentration in the narrow matrix ligament between adjacent inclusions.

6.2.4 Discussion and Future Directions in Modeling

While the present modeling approach provides a useful qualitative framework for understanding
particle interaction and network formation, several improvements are necessary to enhance its
predictive capability. One key limitation is the absence of fully coupled electromechanical
modeling, as the current simulations primarily capture mechanical behavior without explicitly
resolving the piezoelectric response of the PVDF phase. Incorporating multiphysics coupling
would enable direct simulation of voltage generation and provide a more complete understanding
of the relationship between mechanical deformation and electrical output. Additionally, the
simplified two-particle geometry does not fully represent the complexity of the composite
microstructure, and future work should consider more realistic representative volume elements

(RVESs) that include multiple particles and statistically relevant spatial distributions. Extending the
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model to evaluate different filler contents would also be important for capturing how variations in
particle concentration influence interparticle spacing, network formation, and overall composite
behavior. Furthermore, improved representation of the PVDF coating and particle—matrix
interface, including interfacial properties and potential debonding effects, would allow for more
accurate modeling of load transfer mechanisms. These developments would enable a more robust
modeling framework capable of linking microstructural features to the mechanical and

electromechanical performance of the composite system.
6.3 Bioinspired Electromechanical Sensing Application

6.3.1 Fabrication of Buckling Structure

The buckling structure was designed based on a bifurcation-inspired geometry, where the ratio of
key geometric parameters (w/L) was selected to achieve controlled structural instability under
loading. This design approach was adapted from a two-dimensional bifurcation model to enable
predictable buckling behavior. A parameterized design framework was developed using a Python
script, allowing systematic variation of geometric features and automated generation of G-code
for DIW fabrication. Using this approach, multiple samples were produced with varying dome
height, wall thickness, brim size, and nozzle diameter to evaluate their influence on the buckling
response, although optimization of these parameters is still ongoing. The structures were fabricated
using DIW to produce compliant PDMS architectures, as shown in Figure 24a, and after curing,
the printed structures exhibited consistent geometries across a range of sizes and design parameters
(Figure 24b). A thin gold layer was then deposited on the inner surface via sputter coating to serve
as a conductive electrode while maintaining conformity with the flexible substrate (Figure 24c).
Following electrode integration, a PVDF coating was applied to introduce piezoelectric

functionality. Two identical buckling structures were subsequently assembled and bonded using a

55



silicone adhesive to form a sealed configuration, taking advantage of the inherent compatibility
between silicone and PDMS for robust interfacial adhesion. The assembled structures, shown in
Figure 24d, demonstrate integration into a confined geometry suitable for flow-based evaluation.
This fabrication strategy combines parametric design, additive manufacturing, and post-processing
to produce a functional soft structure, where DIW enables scalable fabrication of tunable
geometries and the integration of conductive and piezoelectric layers provides a simple and

adaptable pathway for developing electromechanical systems.

Fig. 24: (a) DIW printing of PDMS buckling structure, (b) fabricated structures with varying
geometries, (c) inner surface after gold sputter coating, and (d) assembled PDMS structure
integrated within an artery- mimicking, and (e) schematic of the assembled buckling structure with

top and bottom electrodes.

6.3.2 Simulated Arterial Flow Setup

To evaluate the response of the fabricated buckling structure under dynamic flow conditions, a
simplified flow system was developed using a closed-loop setup driven by a Kamoer UIP pump
(Kamoer, Shenzhen, China). The pump enabled controlled, cyclic fluid flow through flexible

tubing, providing a repeatable method for simulating pulsatile conditions. The assembled PDMS
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buckling structure was placed within the flow path and integrated into a confined geometry,
allowing it to experience flow-induced pressure fluctuations and mechanical deformation during
operation. The corresponding device configuration is shown in Figure 24e, where the structure is
positioned to deform under cyclic loading while incorporating top and bottom electrodes for
electrical signal generation. Under these conditions, fluid flow induces periodic deformation of the
compliant structure, resulting in a coupled mechanical and electrical response. This setup was
designed as a proof-of-concept platform to investigate how flow-induced deformation of a soft,
structured system can generate measurable electrical signals. While the physical representation of
the system is simplified, it provides a controlled environment for evaluating the interaction
between fluid flow, structural deformation, and electromechanical response, serving as a

foundation for potential applications in sensing or actuation within soft and bioinspired systems.

6.3.3 Electromechanical Response

The electromechanical response of the buckling structure under cyclic flow conditions was
evaluated by measuring the voltage output generated during operation. Representative voltage—
time data are shown in Figure 25a, where transient voltage peaks correspond to deformation of the
structure induced by pulsatile fluid flow. As indicated by the pulse initiation marker in Figure 25a,
the electrical response occurs immediately following the onset of the flow pulse, demonstrating
temporal correspondence between the applied mechanical input and measured voltage signal. The
presence of repeatable peaks indicates that deformation of the compliant PDMS structure, coupled
with the PVDF layer, produces a detectable electrical response under dynamic loading conditions.
In addition to transient voltage generation, the ability of the system to retain charge was
qualitatively assessed using a bridge-circuit measurement incorporating a storage capacitor (0.1

uF), as shown in Figure 25b. In this configuration, the generated signal was routed through the
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bridge circuit to the capacitor, enabling accumulation of charge produced during successive flow
pulses. The inset in Figure 25b further highlights the step-like accumulation behavior, where
discrete charge increments are observed following successive pulses. The results exhibit a step-
like charge response following each fluid pulse, with incremental increases in accumulated charge
magnitude over time. This behavior indicates that the generated signal can be captured and
accumulated over successive flow cycles, providing further evidence of functional
electromechanical coupling within the system. Although the magnitude of the generated signal is
not optimized and may be influenced by factors such as coating uniformity, electrode
configuration, and structural variability, the results demonstrate a repeatable and measurable
electrical response driven by flow-induced deformation. These findings support the feasibility of
using such structures as soft, deformation-driven signal generators and establish a foundation for

further refinement and optimization.
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Fig. 25: (a) Voltage output as a function of time under pulsatile fluid flow, showing transient
response behavior and pulse initiation, and (b) bridge-circuit measurement showing stepwise

charge accumulation over time, with inset highlighting discrete charge increments.
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6.3.4 Discussion and Application Outlook

The results presented in this section demonstrate a proof-of-concept system in which a soft, DIW-
fabricated buckling structure generates a measurable electrical response under deformation. While
the current implementation is not optimized, the observed behavior establishes a direct link
between structural design, mechanical deformation, and voltage output, highlighting the potential
of these systems as deformation-driven electromechanical devices. From an application
perspective, this approach is relevant for pressure sensing and flow monitoring in soft or confined
environments, where structural deformation can serve as a transduction mechanism. In particular,
such structures may be applicable to geometries resembling vascular features, where localized
deformation and fluid—structure interactions are present. In these environments, the generation of
localized electrical signals may influence charge distributions within the surrounding medium,
providing a pathway for interactions with suspended particles under dynamic conditions. However,
these effects remain conceptual and require further investigation. Several limitations are present
in the current system. Variability in PVDF coating thickness and uniformity may affect the
consistency of the electromechanical response, while the electrode configuration and assembly
process introduce additional sources of variability in signal generation. Furthermore, the
magnitude of the generated voltage remains relatively low and has not been optimized for specific
applications. Future work should focus on improving fabrication control to achieve more uniform
coatings and consistent structural geometries, as well as refining electrode integration to enhance
signal stability. Integration with external electronics for signal amplification and processing will
also be critical for advancing the system toward practical applications. Overall, this work
establishes a foundation for the development of soft, structure-driven electromechanical systems

with potential for sensing and actuation in complex environments.
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6.4 Summary

This work demonstrated how the developed PVDF-coated HGM composite system can be
extended from material characterization to functional applications. Computational modeling
provided qualitative insight into particle interactions and network formation, supporting
experimentally observed structure—property relationships. A proof-of-concept electromechanical
system was then developed using DIW-fabricated buckling structures, which generated a
measurable voltage output under flow-induced deformation. These results highlight the potential
of combining tailored microstructures with soft architectures to achieve tunable electromechanical
functionality. Overall, this work reinforces the connection between processing, structure, and
properties, and demonstrates a pathway toward integrating these materials into application-driven

systems.
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Chapter 7: Conclusions

This work presented the development of lightweight, multifunctional PDMS-based composites
incorporating PVDF-coated hollow glass microspheres, with a focus on establishing clear
processing—structure—property—application relationships. A scalable fabrication approach was
developed by coating HGMs with PVDF using a solution-based method, followed by integration
into a PDMS matrix and processing via DIW. This enabled the creation of tunable composite
systems with controlled microstructure and geometry. Microstructural analysis confirmed uniform
PVDF coating and the formation of particle—particle interactions through localized bridging, which
contributed to network-like behavior within the composite. Mechanical testing demonstrated that
while stiffness decreased with increasing filler content, the composites exhibited enhanced specific
energy absorption, indicating improved energy dissipation capabilities at reduced density.
Electromechanical testing further revealed that the incorporation of PVDF-coated HGMs
significantly enhanced voltage output compared to the PDMS baseline, with optimal performance
observed at intermediate filler loadings due to a balance between particle connectivity and matrix
compliance. Thermal characterization showed that the composites maintained stability at elevated
temperatures and exhibited tunable thermal transport behavior depending on filler content.
Rheological analysis confirmed shear-thinning behavior suitable for direct ink writing, while also
suggesting that processing-induced shear may contribute to dipole alignment within the PVDF
phase. Preliminary computational modeling provided qualitative insight into particle interaction
and network formation, supporting experimental observations of load transfer pathways and
electromechanical response. Building on these findings, a proof-of-concept soft electromechanical
system was developed using DIW-fabricated buckling structures, demonstrating measurable

voltage output under flow-induced deformation. This highlights the potential for integrating these
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materials into functional systems. Overall, this study demonstrates that PVDF-coated HGM
composites offer a versatile platform for lightweight, tunable, and functional materials. By linking
processing methods to microstructural features and resulting properties, this work establishes a
foundation for future development of soft electromechanical systems for sensing and related

applications.
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