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ARTICLE INFO ABSTRACT
Keywords: Polydimethylsiloxane@nanoparticles (PDMS@NPs) composites represent a versatile class of
PDMS composites advanced elastomers whose physicochemical behavior can be finely tuned through nanoscale
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interfacial design and nanofiller morphology. Owing to their inherent flexibility, transparency,
and chemical stability, PDMS based systems have emerged as model platforms for developing
multifunctional materials with optimized mechanical, thermal, electrical, optical, acoustic and
wetting properties. This review systematically elucidates the structure property relationships in
PDMS@NPs composites and the interaction mechanisms between NPs and polymer chains that
enable tunable control over bulk and interfacial behavior, with particular emphasis on how NPs
dimensionality and aspect ratio (0D, 1D, and 2D fillers) regulate stress transfer, transport path-
ways, and functional interconnectivity within the matrix. Three main NP incorporation strategies,
(namely, physical mixing of presynthesized NPs, in situ synthesis on cured PDMS, and in situ
formation within uncured matrices) are critically compared in terms of interfacial coupling,
dispersion stability, and processing scalability. Particular attention is given to how interfacial
engineering, nanofiller morphology, and hierarchical architecture govern stress transfer, phonon
transport, charge percolation, and optical or surface responses. In addition, a property design
prospective is presented that links interphase design and nanofiller morphology to mechanical,
thermal, electrical, optical, acoustic and wetting-controlled surface properties. This review
further critically examines the limiting factors that reduce the applicability of PDMS@NPs
composites, including performance degradation, interface instability, and limited recyclability, as
well as long-term stability under mechanical, thermal, optical, and environmental conditions.
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Emerging directions such as green filler synthesis, recyclable PDMS matrices, dynamic and hi-
erarchical interphases, and predictive modeling of morphology-dependent dynamic interfaces are
outlined. Overall, this review provides a comprehensive and critical perspective on PDMS@NPs
composites as a next generation of soft, functional, and sustainable elastomeric materials, opening
new avenues for advances in flexible electronics, soft robotics, biomedical devices, and adaptive
coatings.

1. Introduction

Silicone, also known as polysiloxane, consists of a silicon-oxygen backbone with organic side groups (carbon), which gives it a
combination of organic and inorganic properties. Silicone is considered an ‘organometallic’ polymer due to the presence of carbon [1].
The main forms of silicones are oils, elastomers, gels, and resins, and are usually categorized as biocompatible, non-toxic, flexible, and
chemical inertness [1-4]. The core properties of silicone materials can also be tuned through molecular-level modifications, which
include control over polymer molecular weight, the addition of organic functionalities to the backbone or end groups, branching,
crosslinking density, and copolymerization with organic polymers [5]. Such tunability support their widespread use in, for instance,
implants, medical devices, tissue engineering, antimicrobial and water-repellent coatings, insulation, and soft robotics [6-10].

Polydimethylsiloxane (PDMS) is a soft synthetic polymer and one of most used silicone in the industry, due to its high flexibility,
chemical stability, optical transparency, low surface energy, tunable mechanical properties and biocompatibility.

As shown in Fig. 1, the development of pure PDMS and PDMS-based composites has gone through several historic stages from the
1940s to the present. In the 1940s, PDMS was first synthesized by the General Electric Company and Dow Corning corporation
[11,12]. The idea of the reinforcement of PDMS with particulate fillers appeared in the middle of the 20th century. In 1955, Warrick
and Lauterbur showed that particle size of filler, for instance, silica (SiO3), affects mechanical properties of silicone rubbers [13]. In
1957, Bueche performed measurements of modulus and swelling in PDMS reinforced by different fillers, such as SiO, and alumina
(Al203). The results indicated that the main reasons for modulus increase, and swelling reduction are polymer-filler attachments [14].
In the 1970 s, Boonstra and his colleagues reported the effect of SiO5 in elastomers by investigating mechanisms such as bound-rubber
formation and the influence of SiO3 surface chemistry [15]. These first works positioned SiO3 as a successful reinforcing filler in PDMS
elastomers and outlined the importance of nanoscale interfacial interactions for dictating macroscopic performance.

The 1990 s marked a turning point with the development of soft lithography (Fig. 1 A), where pure PDMS revolutionized micro-
fabrication and enabled the low-cost production of microfluidic devices [16,17]. This microfabrication technique proved highly
successful and has had a huge impact on a wide range of microfluidics applications, from the early 21st century to the present, as
illustrated in Fig. 1 A-E, I-K. In the early 2000 s, with the development of nanoscience, PDMS entered an era of research directed
toward multifunctional composites. The addition of various nanofillers was carried out to provide electrical, optical, thermal, and
biochemical properties in addition to mechanical reinforcement (Fig. 1 F-H). For instance, Paul et al. (2006) [18] reported on the
mechanics of prestressed PDMS@carbon nanotube (CNT) composites and gave early insights into the alignment and reinforcement of
nanotubes. Shortly after that, Khosla and Gray (2009) [19] developed multi-walled carbon nanotube (MWCNTs) for PDMS used in
microelectromechanical systems (MEMS), showing the potential for flexible conductive materials. In the meantime, Goyal et al. (2009)
[20] pioneered the in situ synthesis of metal NPs embedded in PDMS films, opening a path towards multifunctional composites with
tunable electrical, optical, and thermal properties (Fig. 1G). Since then, graphene, boron nitride nanosheets, quantum dots, liquid
metals, and various other organic/inorganic NPs have been incorporated in PDMS matrices. These composites have enabled appli-
cations ranging from sensors, actuators and heat sinks to membranes, filters, sponges, and even protective face masks developed during
the COVID-19 pandemic (Fig. 1 L-P).

Despite the advantages and successful applications of the PDMS, pure PDMS has several limitations. Mechanically, it has a low
elastic modulus and poor fracture toughness, which makes it likely to develop cracks. It is unsuitable where high stiffness or strength is
required [35,36]. Structural failure can also arise from weak adhesion to substrates like glass or metal. In biomedical contexts, hy-
drophobicity and absorption of small molecules make PDMS unsuitable for long term cell culture and drug studies. While surface
treatments such as oxygen plasma can temporarily render PDMS hydrophilic, hydrophobic recovery inevitably occurs [11,37]. Also,
PDMS is electrically insulating [38,39] and permeable to gases and water vapor, which can cause corrosion or device failure in
electronics [40,41]. For cell culture specifically, the bulk PDMS surface is poorly conducive to long term adhesion and proliferation, so
modifications are often required.

Modern PDMS-based composites address many of these limitations by the controlled incorporation of NPs into the polymer matrix
(forming PDMS@NPs composites), enabling tunable enhancement of mechanical, optical, electrical, thermal, wettability, and acoustic
properties depending on filler specifications and processing strategy. The overall effect of NPs is strongly dependent on synthesis
methods, particle size and shape, surface chemistry, incorporation techniques, concentration, and dispersion quality.

2. Molecular structure and main properties of PDMS
PDMS are linear polymeric organosilicon compounds with unique physicochemical features [42]. Its molecular structure is ob-

tained from repeating dimethylsiloxy (—SiO(CHs),-) units with terminal trimethylsilyl (—Si(CHs)3) groups [43], overall expressed as
CH3[Si (CH3)201n Si (CH3)3 (Fig. 2 A and B). The “n” defines the number of repeating unit and, as a result, the molecular weight and
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the resulting viscoelastic properties [44].

The siloxane (Si-O) backbone confers high flexibility, good thermal stability, and low surface energy. The Si-O bond has a high ionic
character due to silicon-oxygen electronegativity difference (with an estimated 37-51% ionic contribution), which increases its
strength and thermal stability [45]. The latter occurs since the dissociation energies of the Si-C bonds are higher than for Si-O bonds.
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Fig. 1. Representative applications of pure PDMS and PDMS-based composites from the 1940 s to the present. (A) Development of soft lithography
has revolutionized the application of microfluidic devices in wide variety of fields [16,17,21]. (B) Patterning cells in a PDMS microfluidic device
adapted from [22], copyright (1999) National Academy of Sciences, U.S.A. (C) Direct assessment of the impact of impaired red blood cells (RBCs)
deformability on the flow of blood in a PDMS microfluidic device [23]. (D) PDMS microdevice to separate blood plasma [24]. (E) Confocal micro-
PIV/PTV blood flow assessment [25]. (F) Application of PDMS-gold NPs composite films in microfluidic systems to immobilize biomolecules,
adapted from [26]. (G) Metal NPs (silver, gold, platinum) embedded in PDMS films for a variety of applications, adapted from [20]. (H) AuNP/
PDMS nanocomposites for water purification and drug delivery, adapted from [27]. (I) PDMS organ-on-a-chip having a flexible porous membrane
and two vacuum chambers, adapted from [28]. (J) PDMS spiral microfluidic device for cell focusing and ultra-fast plasma separation, adapted from
[29]. (K) microfluidic diaphragm pressure sensor for pulse and tactile monitoring, adapted from [30]. (L) UV-responsive nano-sponge and its
underwater oil absorption and desorption process, adapted from [31]. (M) Thermal performance of PDMS composite heat exchangers, adapted from
[32]. (N) Heat transfer mechanism in a PDMS/graphene nanoplatelets@liquid metal (PDMS@GNPs-LM) composite foam with a dual network
structure, adapted from [33]. (O) Face mask composed by PDMS and textile fabrics, developed during the COVID-19 pandemic [21], (P) Super-
hydrophobic PDMS@SiO,-WS, sponge for oil recovery, adapted from [34].
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Thus, the initial degradation of PDMS is mainly governed by the cleavage of Si-C bonds, while the Si-O-Si backbone remains intact at
high temperatures [46]. Also, the partial overlap of the empty d orbitals of Si with O p orbitals also imparts partial double-bond
character, which also contributes to the thermal stability of the siloxane backbone [45]. This feature ensures that the PDMS main-
tain its mechanical properties and performance under thermal stress, making it highly suitable for application in automotive, aero-
space, electronics industries, where the material is exposed to high temperatures [47-49].

Furthermore, PDMS Si-O-Si bond has a very broad bond angle, typically ranging between 120° and 180°, resulting in its inherent
flexibility [50]. This flexibility is also due to the absence of energy variation in the given angular range, which allows the bond to
undergo structural changes without breaking [51]. Elastomeric properties in a wide temperature range, which is most relevant for
flexible electronics, wearable devices, and sensors, enable comfortable skin contact and efficient signal acquisition. These features
ensure flexibility with no deterioration. Furthermore, by changing the mix ratio of the base polymer/curing agent, fine tuning of its
mechanical properties is possible, allowing high tunability with respect to specific mechanical properties [52].

The backbone also contributes for the inherent transparency of PDMS (refractive index of PDMS is approximately 1.4) as a result of
the low absorption of visible light by silicon-oxygen bonds [53,54]. Transparency is a feature highly pursued for microfluidic,
biomedical devices and optical examination, since it enhances the performance of devices that require precise fluid manipulation and
clear visibility [55-57]. It is also explored for tissue-mimicking phantoms due to its ability to mimic the optical and mechanical
properties of biological tissues [58-60]. In coating, it is advantageous for applications as self-cleaning surfaces and anti-icing. The high
transparency of PDMS-based coatings allow, for instance, a high visibility of windows (up to 93.6%) and enhanced performance in
subzero environments [61].

The molecular structure of PDMS is responsible for its hydrophobicity due to the presence of methyl groups (CHs3) oriented outward
[4]. Since CHj3 is non-polar, it creates a low energy surface that repel water, contributing to the high water contact angle observed on
PDMS surfaces [4]. Some of the most significant structure property relationships are presented in Fig. 2 C. Even though this feature can
be useful in several applications (anti-icing, self-cleaning surfaces, and fluid drag reduction), it can pose challenges in fields requiring
hydrophilic surfaces (as some biomedical devices). In the latter cases, several treatments can be applied to modify the hydrophobicity
of PDMS. For instance, oxygen plasma treatment introduces functional groups such as silanol (Si-OH) to turn it hydrophilic. None-
theless, this effect is temporary since the low molecular weight siloxane chains migrates from the bulk to the surface [62]. Another
surface modifications include UV-ozone treatment, polymer grafting and nanomaterials incorporation [62-64]. Table 1 summarizes
the main physicochemical properties of cured PDMS.

3. Methods of incorporating NPs into PDMS

The physicochemical performance of PDMS@NPs composites depends on how the NPs are introduced into the elastomer matrix.
The incorporation way determines dispersion uniformity, interfacial bonding, and long-term stability. Different studies have reviewed
PDMS modification strategies, covering physical blending, sol-gel hybridisation, plasma-assisted deposition, and microfluidic syn-
thesis [56,75]. Despite this progress, achieving strong and durable PDMS@NPs interfaces remains challenging due to the intrinsic
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Fig. 2. (A) Chemical structure of PDMS showing repeating —[Si(CH3)>—O]- units; (B) 3D molecular model of PDMS illustrating the Si-O-Si backbone
and flexible organic side groups; (C) Structure—property relationships: the Si-O backbone confers flexibility, thermal stability, and transparency
(yellow box); methyl side groups contribute to hydrophobicity, tunable wettability, and acoustic impedance (blue box); and the Si-C provides high-
temperature durability and delayed thermal degradation onset (red box).
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mismatch between the apolar siloxane network and the typically polar or metallic nanophases [21,63].

In this section, NP incorporation methods are classified according to the degree of interaction between NPs and the PDMS network,
rather than by processing technique. This aims to compare the effects of interfacial structure and curing dynamics on the resulting
composite properties. The three main incorporation methods are: (i) Physical addition of pre-synthesised NPs into uncured PDMS; (ii)
Synthesis of NPs on cured PDMS, which modifies the elastomer surface through controlled nucleation and reduction of precursors; and
(iii) In situ generation of NPs within uncured PDMS during curing, where concurrent crosslinking and NP formation yield chemically
integrated hybrids [76,77].

Although not being consensual, the term composite typically denotes a material in which two or more constituents coexist as
physically distinguishable phases, even after processing. The components may interact mechanically or through secondary forces, but
their identities remain separate within the final architecture [78]. Conversely, the term hybrid is typically used for systems in which
organic and inorganic building blocks interact at the molecular or nanoscale level, often through covalent bonding, strong coordi-
nation interactions, or the formation of co-continuous networks. These interactions generate structural environments and properties
that cannot be predicted by simple physical mixing [78]. Thus, throughout this chapter, the term PDMS@NPs composite refers to
systems in which PDMS and NPs form distinguishable phases. In contrast, hybrid PDMS systems denote covalently integrated networks
or co-continuous organic—inorganic phases.

3.1. Pre-synthesized NPs introduced into uncured PDMS

The direct dispersion of pre-synthesised NPs into uncured PDMS (prepolymer PDMS with curing agent) is the simplest and still the
most widely adopted incorporation method (Fig. 3 A). Common fillers include carbon nanostructures such as CNTs, carbon dots, and
graphene, as well as noble metals (Ag, Au) and oxides such as Fe304 and SiO». They are typically mixed into uncured PDMS by stirring
or ultrasonication, methods that are reliable but offer limited control over uniformity [79,80]. Organic solvents such as toluene or
hexane are often added to reduce viscosity and facilitate NPs distribution [81,82] temporarily. Ethanol is also commonly used to
disperse SiO5 before mixing with PDMS, and then evaporated [83,84]. Mixing and curing protocols are usually standardised according
to the manufacturer's specifications. The curing of PDMS is often performed at room temperature for 24-48 h or at higher temperatures
(60-150 °C) for a few hours. Degassing under vacuum (~0.1-10 kPa) is used to remove entrapped air [85]. The overall process and
typical outcomes of direct dispersion are illustrated in Fig. 3, which highlights representative preparation steps, rheological behaviour,
and microstructural features of PDMS@NPs composites.

Table 2 compiles representative PDMS@NPs systems from recent studies, illustrating how filler chemistry, loading, and dispersion
modify the balance between mechanical, thermal, and functional performance.

Despite its simplicity, this approach is limited by poor dispersion control and weak interfacial adhesion. PDMS@Graphene com-
posites often show non-uniform distribution and reduced chain mobility, consistent with the heterogeneous and shear-dependent
morphologies observed in Fig. 3 B [86]. At the same time, aggregation and sedimentation are recurrent, especially at high filler
loadings where viscosity rises sharply, as confirmed by the pronounced increase in the viscosity and yield-stress behaviour of
PDMS@CNT composites shown in Fig. 3C [87]. In silica-based systems, Colijn et al. [96] demonstrated that dispersion quality governs
both nanoscale and bulk dynamics, and that PDMS coated SiO, enhances miscibility, viscosity and interactions between particles.

Ultrasonication and solvent-assisted mixing can momentarily improve uniformity [97], as confirmed by the more homogeneous
filler distribution visible in Fig. 3 D. Yet these gains tend to fade: Mugemana et al. [98] found that apparent homogeneity on day one
often gives way to NP migration and performance decay over time. Characteristic agglomerates and voids observed in fractured
PDMS@NPs surfaces (Fig. 3 E) further illustrate the intrinsic instability of this simple blending method.

Direct dispersion is ideal for prototypes and compositional screening, where throughput and filler freedom matter more than long-
term stability. However, unpredictable dispersion, solvent residues, and weak matrix filler coupling limit its use in demanding or
durable devices [77].

Table 1

Main physicochemical properties of PDMS.
Property Value Ref.
Density ~0.97 g/cm® [65]
Transmittance > 90% [66]
Index of refraction 1.4 [65]
Glass transition temperature —-120°C [67]1
Thermal stability Stable up to —300°C [68]
Surface tension 19-21 mJ m-/~20 mN/m [69]
Thermal conductivity 0.12-0.35 W/mK [70]
Specific heat 1.46 kJ/kg-K [65]
Hydrophobicity 105° to 110° [71,72]
Tensile strength 2.24-6.7 MPa [65]
Young's modulus 360-870 KPa [73]
Dielectric strength 2.3-2.8 kV/mm [65]
Electrical conductivity 4% 10" Qm [65]
Poisson ratio 0.5 [74]
Magnetic permeability 0.6x10° cm®/g [65]
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3.2. NPs on cured PDMS

NPs can also be deposited or patterned onto cured PDMS surfaces using either in situ synthesis or transfer-based methods. These
methods enable spatial control and surface functionality without disrupting the bulk elastomer network. Fig. 4 summarizes the main
strategies, from in situ surface synthesis (Fig. 4A) to microcontact and plasma assisted NP transfer (Fig. 4 B).

3.2.1. In situ synthesis of NPs

PDMS's hydrophobic, insulating, and chemically inert nature provides excellent stability but limits its application in conductive and
catalytic devices. A strategy to overcome these intrinsic constraints is the in-situ synthesis of NPs directly on the cured PDMS surface,
enabling strong adhesion and conformal coverage without compromising elasticity. This method eliminates transfer steps and ensures
intimate metal-polymer interfaces, producing hybrid surfaces suitable for flexible electronics, sensing, and photonic applications.

Because PDMS possesses few polar functional groups, heterogeneous nucleation of NPs is nontrivial. Surface activation is required
to create hydroxyl or silanol sites that serve as anchors for metal precursors. Oxygen plasma, UV/ozone, or acidic oxidation create
Si—OH and Si—O-Si sites that raise surface energy and allow precursor ions to anchor (see Fig. 4 A (i)) [63,76]. Once reduced, either
chemically or photochemically, these ions nucleate into metallic NPs directly bound to the PDMS network. The resulting morphology
depends on the competition between nucleation rate, growth rate, and surface diffusion. Excessively rapid reduction promotes
agglomeration, while controlled kinetics favor uniform nanocrystal distributions. This concept has been demonstrated by Park et al.
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Fig. 3. (A) Schematic illustration of the direct dispersion of pre-synthesised NPs into uncured PDMS process, including mixing, degassing, and
curing of PDMS. (B) Polarising-interference micrographs of PDMS@graphene composites prepared by different mixing methods: (i) magnetic
stirring, (ii) stirring + calendering, and (iii) microfluidisation, illustrating the evolution from heterogeneous to uniform filler dispersion, adapted
from [86]. (C) Rheological response of PDMS@CNT composites showing the rise in viscosity and the onset of yield-stress behaviour with increasing
CNT loading ((i) viscosity vs shear rate; (ii) viscosity vs shear stress; adapted from [87] (D) Morphology and nanofiller distribution in PDMS
composites: SEM images of (i) PDMS@ Graphene Oxide (GO), (ii) PDMS@Ag, (iii) PDMS@reduced graphene oxide (rGO), and (iv) PDMS@Ag-rGO
samples, and (v) schematic representation of filler alignment within the PDMS matrix, adapted from [88]. (E) Fractured surface SEM images of 5 wt
% PDMS nanocomposites showing agglomerates and interfacial voids for (i,ii) PDMS@nanofibre and (iii,iv) PDMS@NPs systems, adapted from [89].
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[99] who, with the help of ridge-assisted nucleation, have grown Au NPs directly on PDMS and have shown that surface microcracks
promote controlled in situ growth and uniform distribution (Fig. 4 A (ii)), while Paghi et al. [103] have expanded the approach to 3D
PDMS foams, exploiting the enormous internal surface area and compressibility of porous networks. By immersing foams in aqueous
silver fluoride (AgF) solutions, they have achieved spontaneous reduction of Ag* to Ag® at room temperature, generating tunable NP
coverages (0-70%) simply by adjusting the reaction time and precursor concentration. Electrical percolation and piezoresistivity were
maximised at intermediate coverage, where the network formed stable conductive pathways that responded reproducibly to micro-
pressures as low as 25 Pa. The produced foams demonstrated long term durability and excellent recovery, underlining how percolation
threshold and interparticle distance control macroscopic electromechanical performance.

A related strategy by Kim et al. [104] used AgNO3 reduction on plasma-treated PDMS to produce antibacterial films for implantable
devices. The in situ formed Ag NPs have shown strong bactericidal activity and negligible cytotoxicity, confirming that careful control
of precursor concentration and reduction conditions can reconcile antimicrobial functionality with biocompatibility. Beyond these
works, Ahmed et al. [100] reported a multicomponent PDMS@Au/CdTe QD surface composition, in which Au NPs were first grown in
situ on PDMS and afterwards overlayered with CdTe quantum dots, forming photoluminescent composites that exhibit metal enhanced
fluorescence (Fig. 4 A (iii)). These studies make one point clear: surface activation and reduction kinetics critically define final
performance.

The coverage connectivity trade-off represents another universal design constraint: dense coatings improve conductivity and
plasmonic intensity but reduce flexibility and increase the risk of cracking under strain. In contrast, sparse coatings preserve elasticity
at the cost of incomplete percolation. Optimising intermediate coverage, as demonstrated by Paghi et al. [103], achieves mechanically
resilient and electrically active architectures suitable for strain-sensing and stretchable optoelectronic platforms. Even with these
advances, stability and uniformity still need further improvements. Silver oxidises, clusters coalesce, and coatings fatigue under strain.
Thin Au or oxide shells slow the decay, but at the cost of extra processing. Scaling to wafer scale areas may require microreactor based
coating or vapour assisted reduction, allowing for a more reliable and reproducible control over the reaction kinetics.

3.2.2. Surface patterning and NPs transfer onto cured PDMS

Stamp-based NP transfer, through microcontact printing (uCP) or related soft-lithographic techniques, patterns NPs onto cured
PDMS by conformal contact. A PDMS stamp inked with NP dispersions or molecular precursors is brought into contact with the PDMS
target surface; upon removal, a patterned NP layer remains, as exemplified in Fig. 4B (i).

The process of uCP is a mature and versatile method for nanoscale patterning, encompassing several transfer modes that differ in
how material is deposited or retrieved from the substrate [105,106]. These approaches are schematically illustrated in Fig. 4B (ii),
which compares additive, subtractive, and intaglio transfer configurations, where PDMS stamps are sequentially inked, contacted, and
released to generate patterned NP or QD films [101]. Redolat et al. [107] reached submicron precision by defining wetting domains on
PDMS stamps, while Xie et al. [108] and Lin et al. [109] used similar principles to build flexible Surface-Enhanced Raman Scattering
(SERS) platforms based on Au and Ag nanostructures. Jalajamony et al. [102] went further, printing Ag NP circuits directly onto PDMS
using plasma-assisted contact (Fig. 4B (iii)). Each variation pursues the same goal: precision without compromising flexibility. Beyond
planar or monolayer transfers, Schnee et al. [110] expanded the concept of PDMS stamping to replicate 3D nanostructured coatings. In
their work, a two-photon lithography master was used to create micropyramid arrays, which were subsequently replicated using PDMS
stamps inked with a germanium (Ge) NP epoxy composite. The method enabled the repeated fabrication of 3D anti-reflective surfaces
with low reflectivity in the short-wave infrared region, as well as the reuse of the PDMS stamp across multiple cycles. Recent strategies
also improve reliability and interfacial resistance in nanowire and NP networks on PDMS. For instance, Park et al. [111] inhibit
galvanic replacement to deposit conformal Au coatings on PDMS@Ag nanowire electrodes, thereby largely reducing contact resistance

Table 2
Properties of representative PDMS@NPs composites prepared via direct dispersion or solution mixing, and incorporating metallic (Ag, Au, CuO),
oxide (SiOy, TiOs, ZnO, Fe304, BaTiO3), and carbonaceous (graphene, CNTs) NPs.

NP Type NP Size (nm) Loading (wt.  Properties achieved Ref.
%)
Ag ~20-40 — Enhanced adhesion, modified viscoelastic modulus; microwave-assisted cure demonstrated [85]
Ag-rGO Ag: ~20-50; 0.1-1 Improved dielectric properties, reduced agglomeration, and flexible sensors [88]
rGO: 2-4
Au ~10-50 0.5-2 Plasmonic response, stretchable conductivity, enhanced adhesion [90]
BaTiO3 ~200 7-23 vol% Piezoelectric response, dielectric tuning, energy harvesting [91]
CuO ~23 <2 Improved antibacterial and anticorrosion properties; optimal performance at 0.5-1 wt% CuO; [79]

excess CuO leads to agglomeration and reduced biocompatibility; PDMS-SiO,-CuO coatings are
promising for temporary bone implants

Fe304 ~44-65 1-10 Changes in stress-strain, fracture toughness, thermal properties for hyperthermia applications [92]

Graphene; - >5 Increased hardness and reduced surface resistance with concentration [93]
CNTs

Reduced ~50-100 0.05-1.5 Tuned transparency, roughness, contact angle (TENG optimisation) [94]
graphene

TiOy ~70 8 Frequency-independent dielectric permittivity; low dielectric losses; suitable for microwave and [95]

terahertz applications; TiO, acts as a crystallisation centre, improving structural stability.
ZnO ~50 10 Enhanced piezoelectric response under compression; flexible sensor performance; voltage [89]

generation up to 4.2V depending on ZnO morphology
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in organic transistors.

Adhesion and reproducibility are dependent on surface cleanliness and interfacial chemistry, whereas residue transfer can be
reduced and pattern fidelity improved by plasma pretreatment [111]. However, repeated use may cause nanogap drift or contami-
nation unless NP anchoring layers, such as thiols, silanes, or conformal coatings, are introduced [112].

Surface patterning remains central to flexible optics and sensing, where the geometry is more relevant than the bulk composition. A
major challenge is to keep these delicate interfaces stable over extended periods and at scale. Hence, future progress will depend on
tougher interfaces, less distortion during contact, and scalable pattern transfer [113,114].

3.3. In situ synthesis of NPs on uncured PDMS (during or before curing)

In situ synthesis generates NPs within the PDMS phase during or immediately prior to curing, improving dispersion and interfacial
contact compared with ex-situ methods. Mechanistically, it relies on the chemical conversion of embedded precursors (e.g., hydrolysis
condensation, redox reduction, or thermal decomposition) concurrent with siloxane crosslinking, which fosters strong NP matrix
coupling and minimises aggregation [115].

Fig. 5 summarises the main mechanistic pathways encompassed by this concept, ranging from precursor reduction and poly-
merisation growth to sol-gel condensation, flash nanoprecipitation, and emerging microfluidic and surface-assisted strategies. These
approaches differ not only in the chemistry driving NP nucleation but also in the resulting degree of network integration, scalability,
and process control.

For PDMS@SiO;, composites, sol-gel based in situ formation yields significant gains in mechanical and thermal stability, while
Fourier Transform Infrared Spectroscopy (FTIR) and X-ray Photoelectron Spectroscopy (XPS) confirm silica incorporation without
disrupting the PDMS backbone. Both the catalyst type (acid or base) and the tetraethyl orthosilicate (TEOS)-to-PDMS ratio significantly
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influence the condensation rate, particle size, and mechanical response [116,117]. However, the tight chemical coupling that un-
derpins these advantages also narrows the formulation window, as hydrolysis and condensation kinetics are highly sensitive to hu-
midity, pH, and solvent polarity, and as a result, compromising the reproducibility and scale-up [115,118].

3.3.1. In situ polymerisation

In situ polymerization yields NPs directly inside the curing PDMS matrix, usually by reducing or decomposing the dissolved pre-
cursors as cross-linking proceeds. Metal salts, organometallic complexes, or silane monomers are incorporated into the PDMS pre-
polymer and subsequently transformed into NPs under thermal, photochemical, or chemical initiation (Fig. 5 A) [115].

The main strength of this method lies in control: nucleation within the viscous PDMS favors smaller, well-dispersed domains, which
often translate into better mechanical, dielectric, or optical behaviour. This ability to form well integrated domains is exemplified in
the work of Wang et al. [119], who achieved the in situ polymerization of an epoxy phase within PDMS (Fig. 5 (i)), uniformly
distributed throughout the matrix. In situ growth of Ag and Au NPs has also been shown to improve electrical conductivity and long-
term stability [120,121]. At the same time, silica generated within PDMS matrices enhances thermal resistance and modulus [117].
Moreover, chemical anchoring of NPs to the forming siloxane network can provide superior durability compared with post synthesis
addition. However, these benefits come at a cost, since reaction kinetics and curing must remain perfectly balanced. If precursors or by-
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products interfere with hydrosilylation, crosslinking can stand altogether [122]. Hydrolysis condensation rates are highly sensitive to
pH, humidity, solvent polarity, and catalyst choice, often resulting in nonuniform particle sizes or incomplete NP formation [118].
Reproducibility is therefore a persistent issue, particularly when scaling beyond laboratory batches.

3.3.2. Sol-gel processing

The most mature of the in situ methods is the sol-gel processing. This involves introducing inorganic nanodomains into uncured
PDMS through hydrolysis and condensation of alkoxysilanes, such as TEOS or trimethoxymethylsilane (MTMS), in the presence of
water and catalysts [118]. This method forms SiOy or TiOy networks under mild conditions compatible with PDMS curing, allowing
covalent or semi-covalent integration into the elastomer matrix [116]. The partial hydrolysed silanes that condense with siloxane
chains can yield strong interfacial bonding, thereby improving mechanical reinforcement, thermal resistance, and surface function-
ality compared to ex situ mixing approaches (Fig. 5B) [116,123,124].

Representative TEM images (Fig. 5 (ii)) from Cérdoba et al. [117] show SiO5 NPs synthesised under acidic and basic conditions,
where acidic catalysis yields smaller, more homogeneous domains, whereas basic environments promote aggregation. This process is
extremely versatile because it is tunable. Adjusting the precursor functionality, catalyst, or solvent polarity enables control over
domain size and distribution [56]. Such properties are valuable in various applications, including microfluidic devices, stretchable
electronics, and protective coatings that require transparency, hardness, or particular dielectric properties [56]. Organic-inorganic
hybrid networks generated through sol-gel chemistry also generally exhibit increased swelling and chemical degradation resistance
compared to unmodified PDMS, extending the utility of PDMS under conditions where standard PDMS would deteriorate rapidly
[125].

The major scaling challenges for sol-gel synthesis in PDMS relate to reaction rates, which can be influenced by factors such as
humidity, pH, and catalyst concentration. These effects make reproducibility between batches more difficult [116,126].

Yet the same rigid siloxane chains that reinforce the network can also stiffen it. Beyond a critical loading, the composite turns
brittle. To contextualize the diversity of sol-gel chemistries applied to PDMS systems, Table 3 summarises representative formulations
and outcomes reported in the recent literature.

3.3.3. Flash nanoprecipitation

Flash nanoprecipitation (FNP) relies on a high-speed mixing of a solvent and antisolvent streams in confined microchannels,
driving supersaturation and NPs nucleation within milliseconds [130]. This fast mixing produces narrow size distributions and enables
encapsulation of hydrophobic species within polymer or copolymer matrices (Fig. 5 C) [131,132].

A study by Lteif et al. [133] encapsulated metallic and oxide NPs (Au, Fe304, SiO2) within amino-terminated PDMS nanodroplets,
which were stabilised by polystyrenesulfonate shells. Unmodified PDMS aggregated instantly in polar media, but end functionalisation
stabilised the droplets into narrow and reproducible dispersions. TEM analysis (Fig. 5 (iii)) revealed Au NPs arranged in concentric
ring-like morphologies along the PDMS interface, a feature characteristic off diffusion limited growth during FNP. This study estab-
lished FNP as a method for liquid PDMS nanocomposites, although integration into solid PDMS remains a research challenge [133].

Mechanistically, the method’s strength lies in the precise control of the nucleation growth balance. However, translating FNP to
viscous prepolymers or curing matrices introduces new complexities involving diffusion, interfacial tension, and cure kinetics.
Sequential or microfluidic variants may mitigate these constraints but remain in early development for PDMS systems [130,134].

3.3.4. Co-flow focusing

Co-flow focusing is a microfluidic assisted synthesis technique that uses laminar flow within a microfluidic device to control mixing
and reaction regions, allowing reproducible NP formation within PDMS microchannels [135]. It yields narrower particle distributions
than batch methods, though the complexity of obtaining the drops and designing the devices is high [136]. Its ability to localise
reactivity is particularly advantageous for patterned or compartmentalised devices, although weak NP matrix bonding still limits long
term stability [137].

3.3.5. Surface functionalization (in situ context)

In situ surface functionalization involves adjusting the PDMS or NP precursors during particle formation to stabilise interfaces and
maintain curing compatibility. Functional silanes, polyethylene glycol (PEG)ylated chains, or siloxane additives regulate nucleation
kinetics and suppress phase separation [56,116]. When designed correctly, these additives greatly improve the dispersion and
adhesion; when overused, they can inhibit crosslinking or plasticise the network [115].

3.4. Comparison between incorporation methods

The incorporation of NPs into PDMS encompasses a continuum of approaches that differ not only in when the inorganic phase is
introduced, but in how deeply it interacts with the polymer network. As outlined in Section 3, these can be broadly grouped into three
main regimes, where each method defines a distinct balance between control, interfacial coupling, and processing freedom.

As summarised in Table 4, direct dispersion of NPs remains the simplest method. They are quick, modular, and compatible with
most filler chemistries, making them an appealing combination for prototyping or exploratory studies. Yet, their simplicity is also their
weakness, as poor dispersion, residual solvents, and weak interfacial bonding often limit their long-term reliability. The result is a
composite that performs well enough to demonstrate a concept, but rarely well enough to survive real operation. Deposition or growth
of NPs on cured PDMS offers a step forward. Here, the emphasis shifts from mixing chemistry to interfacial design, i.e., from surface
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energy, adhesion, and topology to the creation of functional skins. These surface integrated structures have transformed PDMS into
flexible plasmonic, catalytic, and sensing platforms. Still, they demand strict control over activation and reduction kinetics. Note that
excessive plasma treatment or accelerated reduction can compromise surface compliance, thereby diminishing the properties that
make PDMS a valuable material. When NPs are generated in situ within uncured PDMS, the governing mechanisms change again. Now,
inorganic and organic phases develop together, interlaced chemically and kinetically. The result of this joint formation yields
exceptional mechanical and thermal resistance, sometimes even new optical or dielectric properties, but at the cost of reproducibility.
Slight changes in humidity, catalyst ratio, or pH may affect particle size or the kinetics of crosslinking, thereby converting a smooth
hybrid into a stiff solid.

As seen above, these approaches can be seen as points along a gradient of increasing interfacial coupling and decreasing process
tolerance: physical addition prioritises compositional freedom; surface deposition integrates morphological and adhesive control; and
in situ generation couples polymerisation and nucleation into a single, reactive step. Ultimately, as interfacial strength rises, scalability
and flexibility fall. The challenge ahead lies not in finding new methods, but in mastering when and how to combine them, achieving
chemical intimacy without losing the manufacturability that makes PDMS so indispensable.

3.5. Role of nanofiller morphology in PDMS composites

Beyond the choice of incorporation technique, the morphology of the nanofiller is decisive in determining how NPs interact with
the PDMS matrix. A measure of this morphological variation is the aspect ratio (AR), defined as the ratio of the filler's characteristic
lateral dimension to its length or thickness (d,/L, where d;, is the lateral dimension and L is the length or thickness). Differences in ARs
place NPs into distinctive structural categories, each characterised by a propensity to establish interfacial contacts, to align under flow
or curing-induced stresses, and to assemble into percolated domains that can support mechanical, thermal, or electrical transport
[140].

NPs with AR ~ 1, or zero-dimensional fillers (OD), are mainly spheres that interact with the matrix as isolated inclusions, a
behaviour that makes their performance almost entirely dependent on the quality of the local polymer—particle interface. This happens
because their small contact area limits stress transmission across the interface, confining reinforcement to polymer segments in direct
contact with the particle surface and promoting extensive phonon scattering, particularly when the particles are well dispersed but
unable to establish meaningful connectivity, thereby preventing the formation of mechanically or thermally continuous pathways
[140]. In PDMS systems, spherical NPs such as silica or alumina, typically achieve good dispersion but still fail to establish the sus-
tained particle-particle contacts required for long-range connectivity [77]. As a result, improvements in stiffness are modest and heat-
transfer pathways remain largely discontinuous unless loadings are sufficiently high, because spherical fillers, being isotropic, require
markedly larger volume fractions before a percolated network can emerge [76].

One-dimensional (1D) fillers behave very differently. Nanotubes [141-143], nanorods and nanowires [144] introduce continuous,
elongated elements capable of transmitting load and heat along their longitudinal axis, readily developing extended points of contact
with the surrounding polymer. Because of their high AR (AR > 1), these fillers have a higher probability of forming partially connected
or percolated networks at low filler loadings, which can promote interconnected thermal pathways within the PDMS matrix [140,145].
Even when incorporated through simple mixing routes, mild shear during processing or contraction during curing can induce partial
alignment, further enhancing their ability to bridge neighboring regions of the elastomer. These axial pathways reduce interfacial
resistance and facilitate both phonon bridging and charge percolation at comparatively low filler contents [146]. In PDMS-based
composites, CNTs are a representative example: long CNTs form conductive and load-bearing networks at lower concentrations,

Table 3
Selected sol-gel formulations for PDMS@SiO5 and hybrid siloxane nanocomposites.
Precursor system / catalyst PDMS ratio / Curing /reaction NP size /morphology =~ PDMS improvement Main limitations Ref.
solvent conditions properties
environment
TEOS in acidic (HCI) or basic =~ PDMS:TEOS = In situ hydrolysis/ Si0, ~ 50-60 nm 1 Tensile strength Agglomeration and [116]
(NH40H) sol-gel 15:1 - 5:1 condensation during (acidic method, well (+30%), 1 thermal local brittleness
methods (5-15 wt% PDMS cross-linking, dispersed); larger stability; good at > 10 wt% loading
Si0y) 60-80 °C thermal aggregates under electrical insulation due to rapid
curing basic conditions condensation
Water based TEOS PDMS TEOS:PDMS Pad dry cure process,  Amorphous SiO, Superhydrophobic Reduced adhesion [127]
sol-gel coating (H20/ molar ratio ~ 80°C, 20 min network forming surface (WCA ~ 155°); after repeated
EtOH, acid catalysis) 1: 0.25 nanoscale roughness enhanced abrasion washing; sensitive to
(SEM) resistance humidity during
gelation
Vinyltrimethoxysilane VTMS:TEOS ~ 100 °C condensation Densely cross-linked 1 Hardness (+40%), 1 High temperature [128]
(VTMS)/TEOS hybrid 1:1 followed by anneal siloxane network adhesion to substrate, step limits use with
sol-gel on Ti substrates at 150°C (2h) with 30-40 nm hydrophobic (6 ~ 118°) soft PDMS substrates
domains
MTMS/TEOS/ Typical TEOS: Sol-gel 4 postbake at ~ Homogeneous SiO2 1 Mechanical strength Narrow formulation [129]
Diethoxydimethylsilane MTMS ~ 2 1 120°C network (20-40 nm) (Young’s window; risk of
(DEDMS) cocondensed modulus ~ 5-6 GPa), 1 cracking if
ORMOSIL hydrophobicity thickness > 5 pm
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whereas shorter CNTs typically require higher filler contents to achieve similar mechanical or electrical performance [147,148].
Hierarchical systems that combine CNTs with other tubular nanostructures, such as Au nanotubes, have also demonstrated improved
stability under large deformations, thereby supporting the development of stretchable electronic platforms [149]. Therefore, 1D fillers
maximize interfacial contact and directional transport, while simultaneously requiring careful dispersion control to avoid aggregation
and ensure consistent behaviour within PDMS.

Two-dimensional fillers (2D), with AR < 1, introduce a distinct mode of interaction within PDMS composites. Lamellar nano-
materials, such as graphene [150], carbon nitride [151], hexagonal boron nitride (h-BN) or transition-metal dichalcogenides [152]
present broad, planar interfaces that promote strong polymer-filler adhesion and enable in-plane phonon propagation across extended
surface regions. Their sheet-like geometry favors the assembly of uneven but continuous networks, even when the incorporation
method does not explicitly impose alignment. This behavior has been demonstrated in PDMS systems containing graphene- or BN-
based aerogel frameworks, where the 2D scaffold acts as a large-area interfacial template that stabilizes the polymer matrix and
enables efficient directional heat dissipation and load sharing. Within this morphological regime, graphene and related carbon-based
sheets provide enhanced electrical conductivity and mechanical reinforcement, while also improving gas barrier properties and
thermal stability by forcing diffusing species to traverse highly torturous paths [153]. Similarly, h-BN nanosheets contribute to high
intrinsic thermal conductivity and ultraviolet shielding, improving the durability of PDMS-based coatings under photo-oxidative or
environmental stress [154]. Graphitic carbon nitride (g-C3N4) nanosheets additionally introduce photocatalytic responsiveness when
immobilized within PDMS matrices [151]. Transition metal dichalcogenides on PDMS enable flexible optoelectronic interfaces,
leveraging their direct bandgaps and strong light-matter interactions for photodetection and energy harvesting [152]. Collectively,
these 2D fillers operate through mechanistics dominated by interfacial area and surface continuity rather than by the point rein-
forcement typical of OD fillers or the axial bridging characteristic of 1D structures, granting PDMS nanocomposites a multifunctionality
unattainable with other geometries.

Thus, morphology selection, 0D for optical transparency and matrix stability, 1D for directional conductivity and mechanical
reinforcement, 2D for photothermal response and barrier properties, must be guided by the balance between dispersion, interfacial
interaction, and the intended multifunctionality of the composite. Whether a filler operates through interfacial scattering (0D), axial
continuity (1D), or planar network formation (2D) defines not only how stress, heat or charge are transported through PDMS, but also
the types of trade-offs that emerge when multiple properties are engineered simultaneously.

4. Effect of NPs on PDMS properties
4.1. Interfacial chemistry and property control in PDMS@NPs composites

The macroscopic performance of PDMS@NPs composites is governed by the chemistry and mechanics of the polymer-NP inter-
phase. PDMS is apolar, flexible, and low-energy, whereas most inorganic fillers are polar, hydroxylated, or electronically delocalized.
Thus, interfacial design is required to reconcile chemical mismatch and to tune functionality. Interfacial strategies fall into three
classes: (i) strong covalent anchoring, for instance silanization and thiol-ene grafting, which maximizes stress transfer and reduces
phonon scattering [155-157]; (ii) dynamic covalent or coordinative bonding, such as boronic esters, imine, disulfide and metal-
-ligand, which delivers intermediate strength with reversible rearrangement for toughness and self-healing [158-160]; and (iii) non-
covalent interactions, such as van der Waals, n-w, hydrophobic and electrostatic, which favor chain mobility, particle sliding and
network reconfiguration [161-165]. These regimes, either alone or combined, control mechanical, thermal, wetting, optical,

Table 4
Comparison of NP incorporation methods in PDMS.

Parameter

Addition of premade NPs in uncured
PDMS

NPs synthesis in cured PDMS

In situ NPs synthesis in uncured
PDMS

Ref.

Control over NP
composition
and size

Dispersion quality

Typical operating
conditions
reported

Typical NP
loadings

Advantages

Limitations

High (pre-synthesis) but may change
during mixing

Dependent on the mixing method,
improved by microfluidization or
sonication

Solvent dispersion (ethanol), mixing,
curing at ambient or elevated
temperatures; some laser ablation
methods avoid solvents

0.05-1.5 wt% for conductive fillers; up to
10-15 wt% for SiO, or porogens

Easy, modular, suitable for compositional
screening

Aggregation, solvent residues, interfacial
bonding issues

Moderate; depends on
reduction kinetics and
surface activation

High surface uniformity;
good coverage in foams and
films

Surface activation (plasma,
UV), immersion in metal salt
solutions, chemical
reduction

Surface coverage tunable
(0-70% in foams)

Excellent surface adhesion,
good mechanical stability,
ideal for flexible sensors
Requires surface activation,
NP oxidation risk, scalability
challenges

Moderate; nucleation/growth tied
to PDMS chemistry; tuneable via
precursors/catalysts

Often improved (particles nucleate
in the matrix) but sensitive to cure
conditions

Sol-gel:PDMS:TEOS 15:1-5:1;
particle concentration 5-15%;
catalyst type (acidic/alkaline)
influences size

5-15% reported in solgel PDMS
examples; controlled by precursor
ratio

Better interfacial contact and one
step processing options; tunable
chemistry

Coupled control of nucleation and
cure; complex manipulation,
possible byproducts altering PDMS

[90,103,116,138,139]

[86,103,116]

[85,90,116,138]

[84,94,103,116]

[90,103,116,138,139]

[86,116,138]
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photoacoustic, and electrical properties.

Covalent anchoring of oxide or ceramic fillers, such as SiO3 and TiO, to PDMS through silanes or sol-gel linkages leads to me-
chanical reinforcement due to the enhanced stiffness, effective bound-rubber fraction, and load transfer, besides improved mechanical
performance and fatigue resistance [166,167]. This is more pronounced in polar oxide or ceramic NPs because strong chemical
contacts suppress the interfacial debonding. Dynamic covalent or coordinative chemistries introduce sacrificial, rearrangeable bonds
that are capable of energy dissipation and may allow for potential self-healing with much retention of the elastomeric compliance
[168,169].

The thermal transport is constrained by phonon scattering at the polymer-NPs interface. Covalent bonding and intimate contact
reduce the interfacial thermal resistance (Kapitza resistance) and, in turn, enhance heat conduction, especially in oxide or ceramic
fillers [16,17]. Architectures using “hairy” filler surfaces or 3D continuous scaffolds can create percolating phonon channels and have
been reported to yield substantial increases in thermal conductivity, in some cases several-fold over neat PDMS [170,171]. Poorly
bonded or polymer-filled interfaces drastically reduce effective conductivity, demonstrating the critical importance of interfacial
quality [172].

Surface wettability depends on interfacial chemistry and nanoscale roughness. Oxide NP coatings, silanization with low-energy
tails, or hierarchical surface roughness enable tuning from hydrophilic to superhydrophobic surfaces, while dynamic or sacrificial
interphases can impart self-healing or self-replenishing wetting states [82,173]. Covalent anchoring improves durability under
abrasion without compromising optical transparency or elastomeric compliance [174,175].

Optical and plasmonic properties are sensitive to NPs chemistry/size and the interfacial design [176-178]. For transparent com-
posites, low refractive-index contrast and surface coatings (core-shell silica or graded interphases) reduce scattering and preserve
transmittance [179,180]. For plasmonic or photothermal NPs, sparse soft ligands favor near-field coupling and strong optical re-
sponses, while thick covalent shells stabilize dispersion and enhance device durability at the cost of reduced coupling [181-183].

Photoacoustic and photothermal generation couple optical absorption to fast thermal expansion [184,185]. Interface thickness and
bonding type control heat transfer from absorbing NPs to the PDMS matrix, affecting acoustic amplitude and bandwidth. Thin covalent
contacts or conductive bridges enhance conversion efficiency and high-frequency content, whereas polymeric ligand layers slow heat
flow, lowering amplitude and broadening response [186-188].

Electrical performance is enhanced when interfaces preserve NPs connectivity and network rearrangement. Non-covalent
embedding, soft ligands, or hierarchical filler networks facilitate high conductivity and strain-adaptive conduction in PDMS com-
posites with carbon fillers or metal nanowires [189-191]. Covalent immobilization can improve contact stability and device lifetime
but may reduce initial percolation efficiency [192,193].

In practice, the choice of interfacial strategy depends on both the chemical nature of the NPs and the desired property enhance-
ment. Covalent anchoring enhances stiffness, thermal conduction, and overall mechanical integrity; dynamic covalent or coordinative
bonds provide toughness, self-healing, and adaptable interphases; non-covalent or soft-ligand interfaces support electrical percolation,
strain-adaptive conduction, and preservation of optical/plasmonic coupling. Hierarchical interphases combining a covalently
anchored inner layer with a soft or dynamic outer layer often provide the best multifunctional performance. Table 5 summarizes
common filler-interface combinations with reported property enhancements.

4.2. Mechanical and structural modifications

4.2.1. Fundamentals and mechanisms of mechanical performance in PDMS@NPs composites

PDMS is known for its high flexibility, optical transparency, biocompatibility and ease of processing. Nevertheless, is also char-
acterized by low tensile strength, low hardness, and a modest elastic modulus resulting in an intrinsic mechanical weakness which
limits its use in mechanically demanding applications [194]. These limitations are related with PDMS’s molecular structure. The
siloxane backbone is composed of repeating —Si-O-Si- units with pendant methyl groups. The low rotational energy barrier of the free
siloxane gives high mobility to the polymer chains [195]. At the same time, the non-polar methyl groups minimize intermolecular
forces such as hydrogen bonding or dipole-dipole interactions, leading to low chain—chain cohesion [196]. This combination results in
a soft and extensible elastomer that cannot withstand extensive stresses or repeated mechanical cycling.

Addition of rigid nanofillers to the PDMS matrix restrains chain mobility, minimizes applied stresses and pore filling that otherwise
act as sources of cracking. The effectiveness of the reinforcement is largely based on interfacial interaction in the form of covalent
bonding, hydrogen bonding, or van der Waals forces that enhance adhesion and allow for effective transfer of stress [197,198]. For
instance, uniform dispersion of nanodiamond or silicon nitride (Si3Ny4) resulted in clear increases in tensile modulus and strength
[197], whereas functionalized nanodiamond exhibited even greater gains over untreated particles due to stronger interfacial bonding
[198]. Poor dispersion, on the other hand, resulted in agglomeration, sheet fragmentation, and decreased reinforcement [199].

Thus, the mechanical fragility of PDMS can be optimally addressed by PDMS@NPs composites, which combine the elastomer’s
softness with the rigidity of nanofillers [197-204]. Similar reinforcement trends are reported in FF@MWCNTs-based [205], GnF-based
[206], and silane modified CNTs based [204] PDMS composites. In general, the maximum improvement was achieved where fillers
were uniformly dispersed within the PDMS matrix, emphasizing the role of stable dispersion in mechanical reinforcement in PDMS.
Fig. 6 provides a schematic overview of the main fabrication methods used in the preparation of PDMS@NPs composites (Fig. 6 A), the
experimental configurations applied in mechanical characterization tests (Fig. 6 B), and a representative example of the typical stress
strain behavior of these nanocomposites (Fig. 6 C (i, ii)).
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4.2.2. Effects of PDMS@NPs composites on mechanical properties and applications

The addition of NPs to PDMS has proved experimentally the reinforcement mechanisms outlined above. Early experiments per-
formed with multiwalled carbon nanotubes (MWCNTs) indicated that incremental addition to 7 wt% uniformly enhanced stiffness and
Young's modulus [200-203], specifically addressing the low modulus inherent in pure PDMS. Subsequently, fillers such as boron
nitride (BN), SigNy4, and nanodiamond have been found to increase tensile strength [197]. This becomes particularly pertinent when
considering the effect of surface chemistry on filler performance. At 8 wt%, SiO2 NPs increased tensile strength by approximately 80%
and hardness to 8.34 kgf/mm?, whereas TiO NPs produced only a 20% strength improvement, accompanied by lower hardness (6.58
kgf/mm?) and reduced ductility [167]. The better performance of SiO, results from its particle size and the presence of surface silanol
groups to form hydrogen bonds with the PDMS matrix [167]. Hybrid filler systems can show synergistic behavior. For instance, a filler
containing a combination of SiO5 and ZnO NPs (2.5 wt% each) has shown the tensile strength of 16.5 MPa, elongation of 77%, and the
modulus of 14 MPa, better than in single-filler systems [208]. Analogously, TiOz NPs supported on mesoporous silica (MCM-41)
enhanced the modulus and strength and elongation at 10 wt%, while higher loadings resulted in agglomeration and decreased rein-
forcement efficiency [209].

Particle size also performs a highly significant role in mechanical properties. 15 wt% of nano-Al;03 outperformed micro Al,O3 with
a modulus of 2.45 MPa, tensile strength of 0.89 MPa, elongation of 260%, and Shore A hardness of 22.4. These improvements were due
to enhanced interfacial interactions and the ability of NPs to fill microdefects, thus increasing matrix homogeneity [210].

Processing methods also strongly affect PDMS@NPs composites performance. Graphite nanoflakes (GnF)-reinforced PDMS has
shown improved elastic modulus and strength up to a maximum of ~ 7.6 vol% filler, with spray lay-up outperforming solvent casting
and hand lay-up through reduced porosity, bubble entrapment and residual solvent, resulting in a more homogeneous deposition
(modulus 0.6 MPa, strength 1.96 MPa) [207].

Other than mechanical strengthening directly, nanofillers and structural modification can improve the durability of PDMS, with
enhanced resistance to cyclic fatigue, frictional wear, and long term degradation [211]. To investigate the role of microstructure in
PDMS composites with multi-walled carbon nanotubes (MWCNTSs), two materials containing 4 wt% nanotubes were prepared by
different methods: conventional mixing and processing via Coaxial Biaxial Extensional Rheometer (CBER). Electronic microscopy
images revealed that the conventional method promotes agglomeration, while CBER produces a more refined and uniformly dispersed
network. This structural difference results in higher reinforcement efficiency and more stable mechanical behavior in the CBER
composite. The formation of agglomerates in conventional mixing reduces the effectiveness of reinforcement, as it limits the inter-
action between MWCNTs and the PDMS matrix, contributing to the loss of performance under mechanical loading. The composite
obtained by CBER maintains a stable response under cyclic tension, withstanding 2000 cycles at 30% deformation, which enables its
application in high-sensitivity wearable sensors for monitoring human movements (fingers, wrist, knee and swallowing) and in smart
exoskeletons aimed at ergonomic support and injury prevention [211] become possible (Fig. 7 A). Similarly, ultra-soft PDMS com-
posites filled with black carbon and dimethyl silicone oil exhibited low modulus (2.3-12 kPa), high elongation (~1500%), and rapid
elastic recovery, with electrical stability maintained over 100,000 cycles at 100% strain [212] (Fig. 7 B).

Dynamic covalent networks also improve long term stability. Silyl ether cross linked PDMS has shown good tensile strength
(~11 MPa), thermal stability (Ts ~ 322 °C), and reprocessability (78% recovery after repeated cutting). Incorporation of 5-20 wt%
MWCNTs improved strength without compromising structural integrity, where 15 wt% is an optimal composition for mechanical and
electrical performance and resistance to handling under repeated loads (Fig. 7 C) [213]. Besides, surface wear can be prevented by
structural design. Direct ink writing (DIW) printed PDMS@NPs composites incorporating nanometric SiO; were engineered with
textured surfaces that reduced the coefficient of friction (COF) by 32.9%, trapped debris, and preserved structural integrity when
subjected to ball on disc testing, with applications in wearable devices and soft robotics (Fig. 7 D) [214].

Reinforcement with advanced nanofillers like metal-organic frameworks (MOFs) and CNTs also yields exceptional performance.
The covalent anchoring of methoxysilane-grafted UiO-66- (UiO-66-MS, a Zr-based MOF derived from UiO-66-NHy) to the PDMS matrix
results in a 2.8-fold increase in tensile strength and enhances fracture toughness from 0.655 to 1.013 MJ-m™ [215]. The study shows
that the stability of the composite is determined by the interface: unmodified particles (UiO-66-NHy) aggregate and form voids,
impairing stress transfer and reducing CO2/N; selectivity, while the Si-O-Si bond resulting from the silanic treatment ensures ho-
mogeneous dispersion and avoids such degradation mechanisms. This difference is confirmed in continuous operation, where

Table 5
Summary of representative PDMS@NPs composite fillers, interfacial strategies, and the corresponding target properties. Covalent, dynamic covalent/
coordination, and non-covalent approaches are highlighted for mechanical, thermal, electrical, optical, and wetting functionalities.

Filler type Recommended interface Target property
Oxide/Ceramic Covalent anchoring (silanes, sol-gel) Mechanical reinforcement, fatigue resistance, thermal conduction
Dynamic/Reversible Dynamic covalent or coordinative bonds (boronic esters, Toughness, self-healing, adaptable interphase
fillers imine, metal-ligand)
Carbon/Metal nanowires ~ Non-covalent interactions, soft ligands, or hierarchical Electrical conductivity, piezoresistive behaviour, stretchable
networks sensors
Thermal fillers Covalent bonding or conductive bridges Enhanced thermal conductivity, phonon transport
Optical/Plasmonic NPs Soft ligand shells, sparse coverage; or graded/core—shell for Plasmonic coupling, optical transmittance, photothermal/
transparency photoacoustic response
Surface-functional/ Silanization, hierarchical roughness, dynamic layers Tunable wettability, superhydrophobicity, self-healing surfaces
Oxide NPs
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membranes with UiO-66-MS maintain stable permeability and selectivity for 100 h under 2-4 bar, whereas formulations without
modification suffer progressive deterioration due to interfacial instability [215]. The incorporation of 10 wt% functionalized CNTs
(OHCNT) into the PDMS@(OHCNT) dual-network (Fe3+—Py/boronic-ester) double reversible network (Fig. 8 A (iii)) results in a
mechanically robust and highly self-healing composite, as evidenced in Fig. 8 B (i). In this condition, the material has a toughness
of ~ 7.2 MJ-m3, elongation at break of ~ 882% and yield stress of ~ 1.1 MPa, recovering most of these properties after 12 h at 70 °C or
approximately 40 s under near infrared (NIR) photothermal activation. This performance emerges from the cooperation between weak
dynamic interactions, such as the boronic ester bonds (Fig. 8 A (i)), and the Fe3*—pyridine coordination bonds, which provide support
to mechanical strength (Fig. 8 A (ii)), together with PDMS/OHCNT interfacial interactions, responsible for energy dissipation and
network reorganization. A moderate CNT content preserves the segmental mobility required for healing, while higher concentrations
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summarizes this behavior, showing localized disruption followed by dynamic recombination of supramolecular interactions [216].
Self-repair plays an essential role in the durability of these nanocomposites, and the PDMS-COOH-Fe30, system features a distinct

mechanism, governed by a dynamic supramolecular architecture, based solely on reversible hydrogen bonds between the carboxylic

groups of the PDMS (Fig. 9 A). This network allows spontaneous structural reorganization at room temperature, resulting in
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progressive mechanical recovery: the composite with 15 wt% of Fe3z04 restored 62.2% of the resistance in 30 min, reaching up to
97.7% after 8 h (Fig. 9 B (i-iv)). The magnetic response is also preserved after repeated damage-healing cycles (Fig. 9 B (v)). Among
the evaluated compositions, 15wt% FegO4 provided the most balanced combination of reinforcement, extensibility and healing
performance, without compromising recovery after failure [217].

Thus, the two systems represent complementary approaches to overcome the traditional trade-off between mechanical strength and
repairability in PDMS elastomers. While the Fe-Py-PDMS/PDMS-FBA system exploits the synergy between strong and dynamic bonds,
enabling ultra-fast, light-activated curing, the PDMS-COOH-Fe30,4 system demonstrates efficient self-healing at room temperature
with simpler molecular architecture governed solely by hydrogen bonds.
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ester bonds between PDMS-FBA and functionalized OHCNTSs. (II) Fe**—pyridine coordination complex. (iii) Resulting hybrid network (PDMS@
(OHCNT) dual-network (Fe>*—Py/boronic-ester). (B) (i) Stress—strain curves and optical microscopy images of the Fe/FBA@10% OHCNT elastomer
before fracture and after healing at 70 °C. (ii) Self-healing efficiency of Fe/FBA@x% OHCNT samples after different healing times. (iii) Normalized
stress-relaxation experiments for Fe/FBA@x% OHCNT. (iv) Schematic illustration of the self-healing mechanism.

Adapted from [216].
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4.2.3. Durability, challenges, and future directions

The development of PDMS@NPs composites has evolved from early studies primarily focused on mechanical reinforcement
through the simple incorporation of NPs [199] toward more advanced strategies emphasizing multifunctionality, durability, and
application-oriented performance [212-215,217]. Research has moved into the analysis of interfacial engineering surface function-
alization, particle size control, and the use of hybrid fillers to optimize stress transfer and reduce NPs agglomeration [197,199]. For
instance, silanized nanodiamonds result in better mechanical enhancement than the unsilanized ones due to better interfacial adhesion
[198], whereas SiO2/ZnO hybrid fillers show a synergistic effect with an increased modulus and strength combined with good ductility
[208]. The most important development has been the integration of multifunctional capabilities other than mechanical reinforcement.
State of the art PDMS@NPs composites incorporate electrical conductivity (e.g., CNT networks for strain sensing [216]), magnetic
actuation (e.g., Fe3O4 for soft robotics) and autonomous self-healing, often validated by cyclic fatigue testing and application focused
simulations [217].

Despite these advances, several challenges make large scale application difficult. Firstly, more tests are needed under real con-
ditions, including exposure to humidity, temperature variations and extended mechanical cycles, the reports of experiments are still
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Adapted from [217].
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optimized for idealized laboratory environments. Furthermore, high NPs loadings, although increasing stiffness, often induce
agglomeration, reducing the effective interfacial area, favoring the formation of structural defects such as crack propagation and
compromising mechanical, electrical, and optical properties, as well as hindering the processing of the material [199,204-206]. Also,
scalability and sustainability are still an underexplored topic. Many high performance composites rely on synthesis methods that,
although described as simple at the laboratory level, involve multiple steps and long processing times, as in the case of the func-
tionalization of CNTs or the incorporation of MOFs [215,216]. These characteristics represent significant obstacles to scalability and to
the transition from laboratory-scale fabrication to large-scale production. In addition, the environmental impact of NPs synthesis and
the recyclability of PDMS elastomers at the end of their service life are rarely addressed in the literature. Together, these factors
underscore the need for new strategies before PDMS@NPs composites can achieve widespread practical application.

Future research should focus on process simplification through dispersion techniques that allow for greater scalability, validation of
robustness through material exposure to extreme conditions, and an integrated approach to material design that would balance, in a
single step, mechanical resilience, multifunctionality (electrical, magnetic, sensory), and sustainability (e.g., biobased fillers, recy-
clable matrices). Achieving this balance will be critical to the transition of PDMS@NPs composites laboratory applications to reliable
components in next generation technologies, including implantable biomedical devices, flexible electronics, and adaptive soft robots.

As summarized in Table 6, representative PDMS@NPs composites demonstrate how the NPs filler characteristics (type, size,
concentration, and alignment) govern the mechanical behavior of the resulting PDMS composites, offering insights into their tunability
for specific application requirements.

4.3. Thermal conductivity

4.3.1. Fundamentals and mechanisms of thermal transport in PDMS@NPs composites

PDMS is a low thermal conductivity polymer, whose representative values vary between 0.12-0.35 W/mK [70]. Heat transport
occurs primarily via phonons, which are strongly scattered by the amorphous nature of the polymer. This limits directional conduction
of heat and renders PDMS inherently insulating. Enhancement of thermal conductivity through the incorporation of NPs is a field of
interest to thermal interface materials, wearable electronics, microchip cooling, and self-powered sensors, without sacrificing PDMS's
flexibility and processability [218].

The degree of thermal improvement relies on the maximum filler loading in the PDMS matrix, which is widely dependent on NPs
type and properties. Saturation values vary between as low as 4.4 vol% for carbon black to more than 50 vol% for silicon carbide (SiC)
[219,220]. Surface area and porosity of NPs are particularly critical. For instance, NPs fillers with surface areas below 3.0 m?/g and
porosity below 0.003 cm®/g favor efficient packing and continuous thermal pathways, while irregular pores trap polymer and hinder
heat transfer [220]. The particle morphology presents a non-linearity regarding the enhancement of thermal properties: while it is
possible to assert that large, irregularly shaped particles may yield superior results, specifically by facilitating phonon transport
through the reduction of inter-particle interfaces, which introduce thermal contact resistance [219], spherical or near-spherical
particles enable higher particle packing density, allowing for a denser composite and, consequently, enhanced thermal properties
[220].

Interfacial thermal resistance at the filler—matrix interface is another controlling parameter, one employed strategy involves the use
of coupling agent structures, such as aminosilane coupling agents (ATS, e.g., 3-aminopropyltrialkoxysilanes). These agents contain
both hydrophobic and hydrophilic regions, facilitating bonding to hydrophobic PDMS and hydrophilic metals, while simultaneously
enabling better dispersion within the material [221]. An alternative strategy is the decoration of particles with metallic NPs. This
approach increases the specific surface area and creates bridges that expand the particle-matrix contact area. This is particularly
effective for inert materials, such as Al;Os3, as it facilitates bonding to the polymeric chain via van der Waals forces and hydrogen
bonds, and improves particle-particle contact [222].

Predictive models have been widely employed to explain thermal conductivity in PDMS@NPs composites. The classical Maxwell's
model of 1873 [223] addresses two-phase heterogenic solids with randomly distributed NPs and volume fractions between 10-50 wt%,
but not particle shape or dispersion [218,224].

2k +k, — Zcp(km — kp)
2km + ky + ¢ (km — kp)

keyr = km

In equation 1, k. is the thermal conductivity of the composite, k., is the thermal conductivity of the matrix, k, is the thermal
conductivity of the particle and ¢ are the volume fraction of the particles.

The Maxwell model is too simplistic and ignores several mixture parameters that affect the result. Refinements such as the
Cheng-Vachon model of 1969 [225] and Okamoto-Ishida model [226] attempt to consider particle shape and dispersion. Other
models of equations have been used, as shown in Table 7, in the attempt to help the prediction of the thermal properties. However,
there are still significant deviations between experiments and predictions, especially at high concentrations or with oriented fillers
[220]. The ideal contact between matrix and particles is considered in the effective medium theory (EMT), while particle—particle
contact resistance is measured in the Foygel model [70,222].

Despite of analytical models fail as they cannot estimate, for instance, in structured or highly filled composites, tools involving
Finite Element Methods have been reported for the verification of preferential heat paths, in which Liu et al. [222], for example,
verified the greater heat flux caused by the addition of Ag NPs on the surfaces of BN flakes, since it was verified that the silver acted as a
connecting agent for the particles. In another work, it was verified that NPs dispersed in a random manner encounter greater difficulty
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since they are isolated by the PDMS matrix and that, when the particles are in a chain, the heat is better dissipated [218].

Due to the major limitations regarding especially the interaction of the different materials involved in the composite, these sim-
ulations ultimately provide a more qualitative analysis with limited results. Simulations by Molecular Dynamics, in turn, present a
higher degree of complexity; Wang et al. [239] simulated the influence on the thermal conductivity of PDMS@molybdenum disulfide

Table 6
Representative PDMS@NPs composites for mechanical properties control, summarizing NPs filler characteristics (type, size, concentration, and
alignment), their effects on PDMS properties, targeted applications, associated challenges and prospects and other relevant data.

Filler characteristics Mechanical Effects of NPs on Applications Challenges and prospects Other data Ref.
properties PDMS properties
TiOz (~24nm, 10 wt Higher Reinforcement Insulating Agglomeration > 8-10 wt%,; Contact angle ~ 93°; [167]
%) and SiO, hardness, elastic without ductility loss; coatings for limited interaction between adhesion 4A; TiO,
(~11 nm, 8 wt%) modulus and physical and chemical electrical matrix and fillers anatase, SiOo
tensile strength; interaction with applications amorphous
elongation matrix
maintained
ZnO Higher tensile Mechanical Anticorrosion Aggregation > 5 wt%; need Contact angle up to [208]
(10-30nm, 2.5wt  strength and reinforcement, better steel coatings for long-term tests 120°; corrosion current
%) + SiO2 Young’s dispersion in the 2x 10 A/cm?
(20-35nm, 2.5wt  modulus, combination potential — 0.55V
%) increased
stiffness; lower
elongation
GnF Higher modulus Properties affected by  Sensors, paint on Porosity; optimize spray lay-  Surface roughness [207]
(~15 wt%; and strength at process induced coatings up depends on process
random low loadings; porosity; effective (spray, molding,
alignment) drop at high; reinforcement up to brushing)
reduced optimal point
elongation Sensors, paint on
coatings
MWCNTs Good strength; Refined/ Strain sensors for ~ Prevent aggregation at Stable > 2000 cycles; GF [211]
(4 wt%; refined flexible; high reconstructable human motion higher loadings (>5 wt%); up to 1151 (100-200%
dispersion via cyclic stability conductive network; monitoring and industrial scalability needed  strain); MWCNTs:
elongational flow high sensitivity; wide exoskeletons 9.5nm x 1.5pm
field) strain detection range
Carbon Ultrasoft; highly ~ Super softness; Motion sensors; Conductivity decreases with ~ Strong adhesion on [212]
black + dimethyl stretchable; fast lubricating effect; flexible higher oil; optimization and glass, metal, biological
silicone oil recovery; cyclic self-adhesion (dry/ electronics; scalability needed tissues
(0-50%j; stability wet); stable electrical biomedical
homogeneous response adhesives
dispersion)
Silyl ether linkages; Higher strength; ~ Thermal stability; Reprocessable Control of crosslink density; High conductivity; [213]
MWCNTs good recovery hydrolysis resistance; elastomers; NP dispersion; scalability reusable adhesion;
(optimal ~ 15 wt electrical reusable MWCNTs:
%; 0-20 wt%) conductivity conductive 10-20 nm x 5-30 pm
adhesives
SiO, COF reduction Adjusted rheology; Flexible wearable ~ DIW scalability; tests under Contact angle ~ 99° [214]
(~20 nm; 32.9% (60°); textured surfaces devices; real use conditions (60°);
1:8-1:32; lower wear reduce contact area component
homogeneous protection
dispersion; DIW
printing at 0°,
60°, 90°)
Ui0-66-MS (UiO-66- Higher tensile Improved interfacial CO2/Ny Scalability at high loadings; 100-200 nm; stable for [215]
NH; modified strength; higher ~ compatibility; higher separation permeability—selectivity 100h
with toughness CO2/N; selectivity; membranes balance
methoxysilane; higher CO,
40 wt%; permeability
homogeneous
disp.)
CNTs (dopamine- Higher tensile Mechanical Flexible Dispersion issues > 10 wt%; ~9.5nm dia.; ~1.5pm [216]
modified; 10 wt%; strength; higher reinforcement; electronics, anti- scalability length
homogeneous toughness ultrafast self-healing icing/deicing
dispersion)
Fe304 Higher tensile Mechanical Potential: Aggregation > 20%; Glass transition 0.5 °C; [217]
(20 nm; 15 wt%) strength and enhancement self- magnetic thermal Decomposition

toughness, high
elongation, self-
healing

healing; magnetic
response

actuators, soft
robots, artificial
muscles

220 °C; Magnetization
35.9emu/g
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(MoS3) and PDMS@boron nitride (BN/)MoS, composites simulated using reverse non-equilibrium molecular dynamics (RNEMD) in a
simulation at the atomic level. Through the simulation, it was possible to observe factors of great relevance in the final thermal
properties of the composite, such as the existence of voids in the PDMS@MoS; that were eliminated by the composites with the hybrid
BN/MoS,, in addition to the ideal concentrations of fillers in the matrix.

As seen, both the equations and the simulations highlight the importance of particle distribution and interfacial engineering, and it
becomes clear that the way the NPs are distributed plays a fundamental role in improving thermal conductivity, since, as shown in
Fig. 10, depending on the type of distribution, heat flow can be facilitated in systems that promote contact between the particles.

4.3.2. Effects of PDMS@NPs composites on thermal properties and applications

The incorporation of NPs into PDMS has yielded significant improvements in thermal transport, with results very dependent on the
filler type, dispersion method, and composite architecture. Although random dispersion remains the most common practice (due to
simplicity and cost), it only provides moderate improvements. For instance, boron nitride (BN) NPs (< 1 pm) achieved 0.29 W/mK at
6.6vol% [219], while larger particles provided improved performance. Cu microparticles (45 pm) were up to 0.75W/mK and Al
microparticles (24.7 pm) were up to 1.20 W/mK for higher loadings [220]. These findings indicate the advantage of employing larger
fillers in forming continuous thermal pathways.

In situ decoration of microparticles with NPs also offers a way to further enhance by reducing interfacial voids and improving
particle matrix bonding. Huang et al. [240] decorated AloO3 microparticles using Ag NPs, as shown in Fig. 10 A, increasing thermal
conductivity from 0.54 W/mK to 0.67 W/mK. Later, Zhao et al. [241] demonstrated that h-BN (30 pm) decorated with Ag and Cu NPs
(Fig. 10 B) achieved 1.56 W/mK at 25vol%, whereas undecorated h-BN achieved 0.897 W/mK, highlighting the effectiveness of
interface engineering. Moreover, external alignment methods (such as electric or magnetic fields) create anisotropic conductive
networks. Gao et al. [218] observed conductivity increasing from 0.22 W/mK (random) to 0.31 W/mK when Ba-Ca-Ti-Zr oxide/
copper nanorods were aligned by an AC field (Fig. 11 C). Hybrid filler systems also promote percolation: blends of BN flakes (5 pm) and
Al,03 spheres (800 nm) achieved 0.228 W/mK at 20 wt%, improving on composites with a single filler (Fig. 11 D) [242].

One of the most efficient alignment strategies is the creation of a 3D porous structure, known as a skeleton, which allows combining
the particle alignment found in particles aligned by magnetic or electric fields, as previously seen, as well as the isotropic charac-
teristics of random dispersion. BN@AgNP/rGO skeletons were reported to reach 2.34 W/mK at only 8 wt% [222], while expanded
graphite skeletons achieved conductivities as high as 10.45W/mK at 23.8 wt% [70]. These interconnected network architectures
possess uninterrupted heat paths that surpass random or aligned dispersions. The potential of PDMS@NPs composites is further

Table 7
Equation models for prediction of the thermal conductivity of PDMS@NPs composites and their respective characteristics.
Model Equation Applied Observation
by
Cheng-Vachon[225] 1 _ 1 « 2 Various Attempt to consider
corrected by k -1/2 1/2 1/2 materials particle shape and
3 3
Okamoto-Ishida 4 39 (kp — km) | km + 3% (kp — knm) [220] dispersion. Significant
model [226] deviations at high
3 \12 12 1/3 \'? 3\ 71?2 e concentrations or with
kn + 5!/!) (ky — kem) *3 ﬁ(ll) [4 (5 q’) (ky = kem) ] oriented fillers

km
Maxwell-Eucken K5~ = Ky (2km +kp —2Vy (ki — kp) ) / (2km +kp +200 (km — kp) ) KI5+ = (3) Au[228] Does not consider the
[227] ky (ka ko ,2(1 _ Vf) (kp _ km) )/(ka thkm +(1 — ) (kp _ km) ) GF/h- fornTation of chains of
Fe30y4 particles
[229]
Ag [230]
Hamilton-Crosser i kp + (n— Dk + (1 — Dp(Kp — k) (4) AlLO3 Modifying the Maxwell
[231] = Km Ky + (11— D)k — 4‘(kp —kn) [232] model to support non-
TiN [233] spherical inclusions
Y. Agari [234,235] k = kp(©29)(C1km)1 ") (5)  AlLOs Crystallinity, crystal size
[236] and formation of
conductive networks
taken into consideration
Hatta [237] k = [1 +((/;)/(S(1 — @)+ (km)/(kp — km) ) }k,,l 6) Ni [238] Does not consider the
formation of chains of
particles

In equations 2 to 6 ¢ is the volume fraction of filler particles in the binder; HS — is lower bound equation; HS + is upper bound equation,n is related to
the thermally conductive filler sphericity; C1 is the factor affecting the crystal size and the crystallinity; C2 is a factor of forming thermally conductive
networks; S varies as a function of the direction and of the size of the filling.
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demonstrated in practical applications. Cu NPs sponges functionalized with PDMS@GO exhibited improved conductivity from 0.52 to
1.38 W/mK via two networks of conduction (Fig. 11 E) [243]. Yan et al. [244] similarly functionalized carbon fibers using carboxyl
groups (-COOH) in order to facilitate ZIF-67 crystal growth, which upon pyrolysis worked as catalysts for the formation of carbon
nanotubes (CNTs) with encapsulated Co NPs. The CNTs formed connections between the fibers, enhancing the material's thermal
conductivity by reducing the thermal resistance at interfaces (Fig. 11 F) creating a thermal pathway for the heat, up to 1.08 W/mK,
300% higher than in the untreated fibers case. Such hybrid systems are significantly promising for thermal interface materials,
microchip cooling, flexible electronics, and microfluidic devices.

4.3.3. Durability, challenges, and future directions

PDMS is a material with high stability of its properties and, even in aging processes at temperatures of up to 175 °C, ultimately
improve and stabilize its thermal properties [245]. The use of NPs in principle tends to improve thermal stability due particles hinder
the movement of the Si-O chains of the PDMS matrix, presenting an significatively increase in the degradation temperature [49]. In
more specific situations, In more specific situations, such as the PMDS composite with carbon felt and ACNTS studied by Yan et al.
[244], the material was submitted to 10 thermal cycles between room temperature and 100 °C, and a decrease in thermal conductivity
was observed with a slight reduction of 0.259 W/mK (in-plane) and of only 0.048 W/mK (out-of-plane), probably caused by minor
damage due to temperature variations. Results regarding mechanical and magnetic properties after 1000 bending cycles remained
satisfactory.

Even though thermal conductivity improvements are significant, several drawbacks must be considered. For instance, NPs addition
eliminates PDMS intrinsic transparency. Complex methods such as field alignment or skeleton fabrication introduce scalability and
processing challenges being harder to perform in situ. Alignment also induces anisotropy, constraining applications where isotropy
must be maintained. Another concern is the durability of filler matrix interfaces under thermal cycling; mismatches in elastic modulus
may cause debonding. This issue can be partly solved by varying prepolymer curing agent ratio to modify PDMS elasticity. Cost is
another barrier. NPs are usually expensive to fabricate, and some composites require as much as 70 wt% of filler and can decrease
flexibility properties [240].

Scaling, cost-efficient skeleton-based composites must be the target for future studies. Blending micro and NPs together to reduce
interfacial resistance is particularly promising, as well the use of recycled particles from machining or laser cutting processes to reduce
the cost of the NPs. Ag NPs deserve a special mention because they have good bonding with PDMS and high thermal conductivity
improvements [240,241,246]. For industrial applications, in addition to the great advantage of meltability and ease of application, the
simplicity of adding particles to the polymer matrix allows, for example, the addition of organic particles, such as Organic Thermo-
chromic Materials (OTM), combined with the addition of NPs to improve thermal performance, enabling the material to change its
color according to the temperature of the composite, allowing rapid visual inspections (Fig. 11 G) [188]. Finally, long term thermal
cycling studies must be conducted to assess the reliability of these systems for practical, real-world applications.

As summarized in Table 8, representative PDMS@NPs composites demonstrate how the NPs filler characteristics (type, size,
concentration, and alignment) govern the thermal conductivity behavior of the resulting PDMS composites, offering insights into their
tunability for specific application requirements.
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Fig. 10. Composite of PDMS with three different particle distributions: on the left, a random distribution, where thermal enhancements are not very
significant due to the isolation of particles by the matrix material; in the centre, a chain-like distribution, where a preferential heat-transfer pathway
is formed through the NPs, resulting in a material with anisotropic characteristics and improved thermal transport, particularly along the alignment
direction; on the right, a 3D interconnected structure that allows for enhanced heat flow in all directions.
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4.4. Wettability and surface energy control

4.4.1. Fundamentals and mechanisms of wettability control in PDMS@NPs composites

The intrinsic hydrophobicity of PDMS is characterized by water contact angles (CA) of 105° to 110° and surface energies of about
20 mN/m [249,250]. This behavior arises from the outward orientation of terminal methyl groups, which create a low energy
interface. While this hydrophobicity can be advantageous for self-cleaning, anti-icing and drag reducing surfaces, it severely limits
applications in microfluidics, biomedical devices and coatings that demand hydrophilicity or tunable wetting. Conventional treat-
ments such as oxygen plasma or UV-ozone render hydrophilicity temporary by introducing silanol groups (Si—-OH), while hydrophobic
recovery is rapid due to the mobility of low molecular weight siloxane chains from bulk [62]. Beyond the well-known hydrophobic
recovery of plasma-treated PDMS, the long-term stability of NP-based coatings is also influenced by particle migration, weakening of
the interfacial bond, and surface chemical modifications. In NP-filled systems, the partial detachment or rearrangement of surface NPs
can damage the hierarchical roughness that provides superhydrophobicity [251]. Furthermore, when photoactive NPs, such as TiOs,
are incorporated, prolonged exposure to UV rays can induce photocatalytic oxidation, which reduces hydrophobicity, as reported in
TiO2/PDMS coatings that transition to superhydrophilic states under irradiation [91,252]. Therefore, the need for studies that include
time-dependent wettability data, tracked over days/months, is emphasized. This is particularly important because long-term me-
chanical, moisture, and UV stimuli often alter surface chemistry and roughness, rather than just observing initial CA values [253].

The incorporation of NPs offers an adjustable solution to overcome such limitations. Inorganic NPs, particularly SiO5 and TiO,
interact with PDMS chains through hydrogen bonding or covalent Si-O-Si bonds to facilitate increased NPs adhesion and interfacial
stability [254,255]. Simultaneously, they produce micro and nanoscale roughness, which is beneficial for the Cassie-Baxter wetting
regime where air bubbles trapped at the surface and as a result it reduces the liquid-solid contact area and lead to superhydrophobicity
(CA > 150°, sliding angle < 10°) (Fig. 12) [256]. Aside from this spatial contribution, NPs also impact surface energy by chemical
functionality: silanol or fluorinated groups decrease interfacial free energy further, while metal oxides or sulfides introduce polar sites
that modify wettability toward higher hydrophilicity. Depending on the chemistry and illumination on the surface, it can promote a
superhydrophilic surface. A clear example is a spray applied TiO, PDMS coating (ideally 3% TiO, with 50% PDMS) where exposed
TiO9 NPs and TiO photoactivity produced pronounced photocatalysis (72-80% methylene blue degradation), superhydrophilicity (CA
8-9°) and antimicrobial activity, with irregular morphology (agglomerates) and sensitivity to illumination/substrate identified as
critical performance factors. Hence, in this case it is produced a Wenzel type wetting regime (Fig. 12) [252].

In addition, NPs can introduce other properties to PDMS. For instance, TiO2 NPs provides self-cleaning photocatalysis [255]; ZnO
NPs gives mechanistically robust semirigid nanostructures that do not dissolve under mechanical stress [257]; Ag NPs provide anti-
microbial characteristics [258]; and sulfide NPs (such as CuS) can provide local photothermal effects that facilitate droplet mobility
[259,260]. Therefore, the NPs not only reverse the intrinsic limitations of PDMS but also promote its functionality beyond that the
original polymer could not perform on its own.

4.4.2. Effects of PDMS@NPs composites on wettability and applications

The morphology (spherical, lamellar, porous, agglomerated) and chemical composition of NPs govern the scale and hierarchy of
roughness and, consequently, the transition between wettability regimes. Si NPs are the most widely used fillers in PDMS due to the
chemical compatibility and capacity for hierarchical structure formation. Core shell in-situ biosynthesized treated eco-friendly silica
(IBTES)@SiO; NPs, for instance, were reported to form surfaces with water contact angles (WCAs) of 163° and sliding angles below
10°, while is extremely resistant to chemical degradation from pH 1-13 [254]. Their morphological control is also essential. Spiny SiO»
NPs yielded transparent PDMS films with the WCA values of 165.4 +1.0° and optical transmittance of 96.93%, demonstrating the
potential for achieving such high hydrophobicity without sacrificing optical transparency [261]. Binary SiO2-TiO systems extended
these properties by coupling high hydrophobicity (WCA 152° + 2°) with photocatalytic oxidation of organic contaminants and
chemical resistance under a broad pH range (2-12), demonstrating the multifunctionality accessible due to hybrid oxide fillers [255].

Other types of inorganic NPs can also modify PDMS composite performance. ZnO containing composites maintained super-
hydrophobicity under pressure due to the semi rigid nanostructures, which were resistant to compaction and still exhibited some
surface roughness [257]. PDMS@Ag coatings introduced antimicrobiality alongside high CAs, extending the usefulness of these
composites to textiles and biomedical applications [258]. Recently, porous fillers such as MOFs and sulfide-based NPs like copper
sulfide (CuS) have introduced other functionalities. MOFs introduce inherent porosity and CuS NPs offer photothermal activity, both of
which assist in providing an efficient oil water separation and irradiation induced self-cleaning [259,260]. PDMS acts as a flexible, low
energy binder that anchors NPs and at the same time stabilizes the hierarchical topographies responsible for extreme wetting behavior.
The interplay among morphology of NPs, surface chemistry, and matrix interactions will eventually determine whether the composite
exhibits simple hydrophobicity, robust superhydrophobicity, or even multifunctional performance. PDMS@NPs composites allows the
development of superhydrophobic coatings for the protection of cementitious materials [254], in an efficient oil water separation
[251,261], photocatalytic self-cleaning [262], and anticorrosive protection [263,264]. The mechanical robustness is attained by
strategies such as double cross linking [251] or functionalization with cyanoacrylate [174], while the optical transparency is preserved
in coatings based on spiky SiOy NPs [261]. Slepicka et al. [265] demonstrated that a single high-energy excimer laser pulse applied to
Au/C films deposited on PDMS produces Au/C nanoclusters with high effective surface area that act as Surface-Enhanced Raman
Scattering (SERS) hotspots while leaving PDMS wettability essentially unchanged.

Other applications of PDMS@NPs composites include their use in self-cleaning mechanisms (Fig. 13 A) [253], for oily wastewater
remediation (Fig. 13 B) [266], in emulsion separations on porous surfaces with opposite affinities (Fig. 13 C) [267], as a
PDMS@SiO2@WS;, super-hydrophobic sponge for oil/water separation in marine environments (Fig. 13 D) [34], and as a PDMS@ZnO
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Fig. 11. (A) Differences in heat flux between pure Al,03 NPs and Al,O3@AgNPs under random dispersion conditions with low and high NPs
concentrations, demonstrating the higher efficiency of the decorated particles in facilitating phonon transport in both cases. Adapted from [240]. (B)
h-BN particles decorated with Cu NPs and Ag NPs, with the heat flux of pure h-BN particles, h-BN particles decorated only with Cu NPs, and those
decorated with both Cu and Ag NPs being compared under a random distribution. A visible improvement in heat flux is observed for the h-BN@Cu
NPs compared to the pure h-BN particles, and an even more significant enhancement occurs when Ag NPs are also added, due to the improved
interaction between the particle [241]. (C) Alignment process of barium calcium zirconium titanate (BCZT) NPs and Cu NRs within the PDMS matrix
using an electric field that oriented the particles between the positive and negative electrodes. Adapted from [218]. (D) Mixing process of BN
particles and Ag NPs within the PDMS matrix, followed by alignment through a direct-current-induced electric field. After curing, a flexible material
is obtained, with the NPs aligned, resulting in enhanced thermal transfer compared to pure PDMS, particularly along the alignment direction [242].
(E) Cu sponge with a geometry inspired by natural plant sponges, filled with PDMS containing graphene oxide NPs to achieve improved thermal
conductivity, both due to the three-dimensional structure of the sponge and the NPs-enhanced PDMS. On top, an additional layer of Organic
Thermochromic Materials (OTM) is applied to enable visualization of colour changes according to the temperature of the composite [243]. (F) It
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illustrates the formation process of CNTs with Co NPs within the carbon fiber network, demonstrating the mechanisms by which heat flux is
enhanced through the connections between fibers created by the CNTs, which simultaneously allow for the passage of electrical current [244]. (G)
Example of an application of a PDMS composite with OTM in a computer chip, where the visible colour patterns on the surface correspond to the
temperature range of the composite [188].

Table 8
Representative PDMS@NPs composites for thermal conductivity properties control, summarizing NPs filler characteristics (type, size, concentration,

and alignment), their effects on PDMS properties, targeted applications, associated challenges and prospects and other relevant data.

Filler Thermal Effect of NP on Applications Challenges and prospects Other data Ref.
characteristics conductivity (W/ PDMS properties
mK)
rGoCaCOs3 0.44 Their shape and Heat dissipation in Uniformly dispersing the Direct dispersion and ~ [49]
(5%wt; random contact points electronics; Flexible and nanofillers in the polymer solution mixing;
distribution) improve thermal wearable devices. matrix is a complex task. Simple/green
conductivity. synthesis method.
(Bag.gsCap.15) 0.31 Aligned NPs created ~ Low power wearable There is a physical limit to ~ Direct dispersion and [218]
(Tio.90ZT0.10) a patch. electronics; Self powered  the design; Aligning two solution mixing.
0O3/Cu sensors; miniaturized types of particles is
nanorods and integrated electronic  extremely challenging.
(21%vol; chain devices.
like
distribution)
BN 0.29 Their shape and Thermal; Interface Low conductivity gain at Direct dispersion and [219]
(150 nm; 6.6% contact points Materials (TIMs) low concentrations; solution mixing
vol; random improve thermal Significantly lower impact
distribution) conductivity than microparticles;
Increase the concentration
and add other particles
BN@Ag and rGo 2.34 The AgNPs acted as TIMs Maintenance material's In situ synthesis of [222]
(23.8%wt; 3D thermal bridges electrical insulation; Use of ~ AgNPs on BN NPs
network) between the BN AgNPs, which is expensive
flakes
Aly03(5um) 0.67 AgNPs chemically TIMs Drastic increase in Direct dispersion and [240]
@AgNPs bonded to Al,O3 viscosity, Poor solution mixing
(70% wt; improved compatibility between the
random interfacial bonding ceramic filler and the
distribution) polymer matrix
BN (flaky,5 pm) and ~ 0.228 Inserting nano-Al Thermal management in NPs orientation involves Direct dispersion and [242]
Al,03 between boron electronics high energy costs; different  solution mixing
(spherical nitride sheets helps NPs sizes improve thermal
shape,800 nm) create easier paths performance; Possibility of
(20%wt; chain large-scale production.
like
distribution)
CNT/Co 1.08 Decreased contact Precision electronic Immediate practical in situ synthesis to [244]
(Fiber resistance and device application; scability create a bond
decorated) created transfer against mechanical stress; between the fibers
paths between degradation due to
fibers thermal fatigue
h-BN@(Ag/Cu) 1.5645 The NPs chemically  Electrical Packaging Low economic viability; Direct dispersion and [241]
(25%vol; bonded with h-BN difficult to produce on a solution mixing;
random and contributed to large scale; loss of excellent results for
distribution) the creation of a mechanical properties. random distribution
spontaneous patch
Graphite 0.4370 Their shape and Flexible and wearable Agglomeration can Direct dispersion and [247]
(20%wt; contact points electronics; sensors and degrade mechanical solution mixing
random improve thermal actuators; biomedical properties; low cost
distribution) conductivity devices particles
CoNi 2.44 Aligned NPs created ~ 5G communications; Heat buildup through Direct dispersion and [248]
(21%vol; chain (in plane) a patch facilitating flexible Electronics microwave absorption solution mixing;
like 0.75 (interplane) heat propagation in degrades performance or “Three in one”
distribution) the preferred damages devices. multifunctional
direction material

coating with antifouling properties (Fig. 13 E) [268]. Despite the successful applications of PDMS@NPs composites, challenges such as
scalability, thermal stability, and UV degradation must be addressed through formulation optimization to meet industrial

requirements.
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4.4.3. Durability, challenges, and future directions

The long-term stability of wettability alteration depends on the robustness of the NPs PDMS interface and its hierarchical structure
under environmental stress. Double crosslinking methods maintained CAs above 150° after 60 cycles of abrasion and 20 cycles of oil
water separation [251], whereas PDMS-SiOx—ethyl cyanoacrylate composites maintained CAs above 154° after 50 cycles of abrasion
[174]. Mechanical durability tests (tape peeling and sandpaper abrasion) have shown films with retained CA > 150° after 300 tape peel
cycles and have maintained superhydrophobicity (CA ~161°, SA < 9°) after 90 cm of abrasion, with CA still ~157° after 220 cm,
evidencing a robust, thick PDMS@SiO, composite layer (Fig. 14). Thermal treatment, such as, rapid pyrolysis or flame scorching,
generated in situ nanosilica within the PDMS backbone to form superhydrophobic surfaces with deformation, abrasion, and corrosive
environment resistance [269]. Nevertheless, some problems may arise, including high NP loading that can compromise both trans-
parency and mechanical flexibility [258,264]. Furthermore, while fluorinated surface modifications effectively reduce surface energy,
they raise environmental and toxicological concerns [270].

Even in many PDMS@NPs systems, the immediate superhydrophobic character after preparation may not be maintained over long
periods of time, unless facilitated by the stability of surface-bound nanoarchitectures and the absence of detrimental chemical re-
actions. The loss of wettability can be caused by PDMS chain mobility and oligomer diffusion, i.e., mechanisms relevant to hydro-
phobic recovery in plasma-treated PDMS [62], and by mechanical wear leading to the loss of micro/nano roughness, widely
documented in cases of surface roughness damage [251]. Other wettability losses may be promoted by photocatalytic oxidation re-
actions induced by the presence of TiO, NPs after exposure to UV radiation [91,252], potentially leading to increased hydrophilicity
following UV irradiation. In contrast, schemes employing more effective NPs binding approaches, such as dual crosslinking or PDMS-
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Fig. 12. Wetting behavior transition in PDMS@NPs composite surfaces demonstrating superhydrophobicity and superhydrophilicity. Super-
hydrophobic Cassie-Baxter state: trapped air pockets beneath the liquid droplet create a high contact angle (CA > 150°), minimizing solid liquid
interaction; Wenzel state: partial liquid penetration into surface textures reduces the contact angle while maintaining hydrophobic character; and
superhydrophilic Wenzel/Cassie-Baxter state: complete wetting of the textured PDMS@NPs surface leads to a very low contact angle (CA < 10°),
enhancing liquid spreading. The bottom scale illustrates the correlation between contact angle and surface free energy, showing the transition from
superhydrophobic (low surface energy, ~28 mJ m?) to superhydrophilic (high surface energy, ~72mJ m?) regimes.
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epoxy hybrids, have demonstrated significantly greater stability, including the integrity of superhydrophobicity under prolonged UV
exposure and multiple abrasion cycles [253]. Collectively, such observations highlight the paramount need for common standards in
evaluating the long-lasting functionality of PDMS@NP assemblies through terms such as temporal superhydrophobic stability after
days or months and after exposure to UV radiation, mechanical wear cycles, and retention of the quantity or levels of nanoarchitecture.

Recent trends are pointing toward fluorine free alternatives such as PDMS@ZnO and bicontinuous PDMS@SiO; coatings, that
combine high hydrophobicity with greater environmental sustainability [257]. At the same time, multifunctional coatings combining
wettability engineering with antimicrobial, magnetic or photothermal properties are being explored for protective and biomedical uses
[260,271,272]. In addition, up scalable deposition methods such as spraying and roll to roll coating are being devised to facilitate
industrial translation [253,273]. A major current challenge is to combine high wettability with durability, scalability and environ-
mental safety. The successful transition of PDMS@NPs composites from laboratory prototypes to large scale applications in protective
coatings, microfluidics, biomedical systems, and environmental remediation will depend on the resolution of these challenges
[207,208,210].

As summarized in Table 9, representative PDMS@NPs composites demonstrate how the NPs filler characteristics (type, size,
concentration, and alignment) govern the wettability and surface energy properties of the resulting PDMS composites, offering insights
into their tunability for specific application requirements.

4.5. Optical properties

4.5.1. Fundamentals and mechanisms of optical properties in PDMS@NPs composites

PDMS provides high transparency, low autofluorescence, and optical stability. However, the incorporation of NPs often alters these
properties by introducing refractive-index mismatch and light-scattering effects (Fig. 15). The Si-O-Si backbone provides low elec-
tronic polarizability as well as low absorbance of its visible spectrum, leading to more than 90% transmittance between 400 and
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Fig. 13. (A) Comparison of the self-cleaning mechanism with bare glass and coated glass, adapted from [253]. (B) Schematic illustration for
remediation of oily wastewater. Adapted from [266]. (C) Emulsion separations from hydrophobic (water) and hydrophilic (oil) porous surface.
Adapted from [267]. (D) The durable and ecofriendly superhydrophobic PDMS@SiO.@WS, sponge was fabricated by one step dipping method for
efficient oil/water separation in complex marine environments. Adapted from [34]. (E) PDMS/ZnO nanorod composite coating as a marine anti-
fouling surface. Adapted from [268].
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1100 nm and a refractive index of 1.40-1.45 [275-278]. The amorphous structure and large Si-O-Si bond angle (120-180°) minimize
variations of densities, suppress sing birefringence and light scattering. In addition, the absence of conjugated/chromophoric groups
also guarantees low optical loss, making PDMS one of the clearest polymers used for photonic and biomedical devices [279,280].

The incorporation of NPs into PDMS offers an efficient way to modulate its optical response by changing the local dielectric
environment through surface modification. High-index NPs like TiO, ZrO,, Si, or ZnO raise the effective refractive index (n_eff) by
increasing polarizability of the composite, as EMT theory predicts [281]. Maxwell-Garnett and Bruggeman models capture the
monotonic increasing behavior of n_eff versus NPs volume fraction, if particles are highly dispersed. However, contrast of refractive
index between PDMS and filler (An = |n_PDMS - n_NP|) also dominates scattering. If particle size reaches visible wavelengths, Mie
scattering causes haze and loss of transparency [178].

The interfacial region between PDMS and NPs is therefore critical. Covalent Si-O-Si bonds, hydrogen bonding, or van der Waals
interactions connect the polymer chains, influencing local dipole orientation and dielectric response. Controlled interfacial chemistry,
via silane coupling, ligand engineering, or silica shell coating, tends to reduce refractive mismatch and aggregation, maintaining
optical homogeneity [282-284]. In addition to the refractive index adjustment, NP inclusion adds unique optical mechanisms. For
dielectric systems (e.g., TiOg, ZrO,, SiO2), polarization and interfacial field effects prevail, which allow for stable, high transparency
materials. For semiconducting or plasmonic systems (e.g., Au, Ag, Si, ZnO), other effects like exciton coupling or localized surface
plasmon resonance (LSPR) come into play [282,285]. Plasmonic fillers enhance local electric field and refractive sensitivity but add
wavelength selective absorption to diminish the transparency window. Semiconductor NPs, on the other hand, add quantum
confinement induced luminescence or photoresponsivity.

The optical behavior of PDMS@NPs composites is due to four mutually related mechanisms: (i) refractive-index enhancement by
stronger dielectric polarizability; (ii) scattering of light, depending on particle size, dispersion, and An; (iii) plasmonic absorption
(metallic inclusions) or excitonic absorption (semiconducting inclusions); and (iv) interfacial polarization, depending on surface
chemistry and NPs morphology. Fig. 15 presents a schematic comparison of the optical behavior of pure PDMS and PDMS@NPs
composites under illumination within the 400-1100 nm wavelength range. Optimal optical performance is attained by balancing filler
loading and shape through appropriately designed interfaces to optimize tunability while maintaining PDMS's intrinsic transparency.

NPs geometry plays a decisive role in shaping the optical response of PDMS@NPs composites. Size distribution governs how light is
absorbed or scattered, with monodisperse nanoparticles supporting predictable, linear attenuation scaling, whereas polydisperse
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Fig. 14. Schematic representation of the mechanical durability tests performed on the superhydrophobic PDMS@NPs surface. In the sandpaper test,
the sample is subjected to abrasion under load, resulting in partial removal of the surface structures while maintaining its superhydrophobicity. In
the tape test, adhesive tape is pressed and peeled off from the surface, causing slight disintegration of the upper PDMS@NPs layer, which still
preserves its superhydrophobic properties after the test.

Adapted from [274].
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nanoparticles typically exhibit logarithmic attenuation behaviour due to broader morphological heterogeneity [286]. Spatial
arrangement further contributes to optical performance: asymmetric nanoparticle distributions enhance overall attenuation, while
reduced inter-particle spacing strengthens plasmonic coupling and field localization [286]. Particle size also matters, as smaller
nanoparticles minimize scattering and help preserve transparency [287], whereas larger plasmonic particles enhance resonance
selectivity and spectral tunability [286]. Consequently, the optimal geometric configuration depends on the application functionality,
whether the priority is attenuation efficiency [286], plasmonic sensing sensitivity [285], tunable optical filtering [176], or maximizing
optical transparency [287]. NPs morphology exerts also a influence on the optical behaviour of PDMS@NPs composites by dictating
how light is absorbed, scattered, and locally amplified. Spherical NPs produce isotropic responses and can maintain high transparency
when they are monodisperse, sub-wavelength, and well dispersed, as shown for silica-coated Au NPs in PDMS elastomer films and for
~10-20 nm ZrO,@SiO> spheres uniformly dispersed in PDMS high-index nanocomposites [178,288]. In contrast, anisotropic shapes
such as nanorods, nanoprisms, or nanoplates introduce geometry-dependent plasmon modes, enabling spectral tunability and
enhanced field localization [289]. NPs with sharp features, including nanostars or branched morphologies, generate intense “hot
spots” that greatly increase absorption and scattering, which benefits sensing but reduces optical clarity [290,291]. Irregular or
polydisperse NPs (common in in-situ reduction inside PDMS) broaden extinction spectra and produce nonlinear attenuation due to
heterogeneous size and shape distributions [292]. Overall, nanoparticle geometry determines the balance between transparency,
resonance selectivity, and field enhancement, guiding the design of PDMS-based optical elastomers for photonic, sensing, and energy-
conversion applications.

4.5.2. Effects of PDMS@NPs composites on optical properties and applications

The addition of NPs to PDMS enables refractive index, transparency, and photoluminescence to be systematically adjusted,
extending its use from microfluidic optics to advanced photonic devices. One of the most reported achievements in PDMS@NPs
composites is the refractive index modulation without significantly compromising transparency. The refractive index of pure PDMS
(~1.40) can be increased up to 1.65 with the incorporation of high-index NPs such as TiOz or ZrO, [178,281,283,293,294]. For
instance, PDMS@ZrQ,/SiO2 nanocomposites display roughly linear increase of refractive index from 1.42 to 1.60 at NPs loadings up to
50 wt%, with transmittance greater than 91% across the visible range [178]. Similarly, PDMS@ZrO, composites with dia-
mine-siloxane ligand modification achieves homogeneous dispersion up to 20.8 vol%, with refractive indices 1.39-1.65 and trans-
parency of around 93% [283]. PDMS@TiO5 composites prepared by non-aqueous sol-gel processing also exhibit controlled index
increases to values of approximately 1.56 (at 589 nm) at loadings of 0.2 to 15.5 wt% [281].

Transparency loss is mainly caused by NP aggregation induced light scattering and refractive index mismatch between phases.
Transmittance decreases as NP aggregation occurs, particularly with high contrast TiO; fillers. SiOy NPs, whose refractive index
contrast is lower than that of PDMS, however, maintain excellent transparency even under high loadings [282]. The interplay between
An and dispersion defines an optimal region where the refractive index can be adjusted without compromising clarity. For
PDMS@ZrO, and SiO; composites, the transmittance spectrum remains essentially constant throughout the visible range [178,293],
whereas PDMS@TiO; systems show a gradual decrease toward shorter wavelengths due to Rayleigh scattering and intrinsic band edge
absorption [281].

The incorporation of plasmonic or semiconductor NPs introduces additional optical functions beyond refractive index control. Au
and Ag NPs in PDMS display LSPR to a maximum of about 520 nm and 450 nm, respectively [282,285]. The LSPR wavelength also
increases with growing particle size or a higher surrounding refractive index, making the composites potential for refractive index
sensing and optical strain sensing. Whereas metallic NPs increase the absorption but reduce the transparency. In addition, they offer
valuable spectral selectivity and field enhancement, which are valuable for sensing and spectroscopy.

Semiconductor fillers such as Si, ZnO, CdSe, and perovskite nanocrystals, impart luminescent or photoresponsive character. As
shown in Fig. 16 A, red and green color emitting perovskite nanocrystals (CsPbBrg.7s|2. 25 and CsPbBr3, respectively) are alternately
embedded in a UV-curable polymer matrix [279]. Light extraction is enhanced by the prismatic microtexture on the top red layer,
while PDMS encapsulation guarantees passivation and long-term optical stability. The obtained multilayer stacked structure yields
stable and high quality white emission upon excitation by a blue LED source [279]. Carbon dot and graphene quantum dot doped
PDMS films emitting broad excitation dependent luminescence have been used for antimicrobial surfaces and flexible optoelectronic
coatings [295]. Eu®" or Tb®" emitting lanthanide doped and MOF based PDMS hybrids have been used in ratiometric fluorescent
devices and temperature sensors [296,297].

Mechanical flexibility is another significant feature of PDMS@NPs composites. The elastomeric nature of PDMS allows its optical
properties to respond reversibly to deformation. Plasmonic PDMS films are stretchable with color change, due to interparticle spacing
and local refractive field change [298]. In dielectric systems, refractive index and transparency are maintained even when curved,
showing that the PDMS matrix maintains homogeneous NPs dispersion during mechanical stress [178,281,282]. This combination of
elasticity and optical stability enables PDMS@NPs composites to find application in reconfigurable photonic devices, tunable coatings,
and wearable optical sensors. Cho et al. [178] developed transparent nanocomposite films with adjustable refractive indices. Fig. 16 B
(i) illustrates a schematic representation of the surface modification process, where ZrO, NPs are coated with a SiO, layer, involving
TEOS and NH3-H»0 and the resulting ZrO,@SiO NPs are dispersed in a PDMS matrix to create a transparent nanocomposite film. To
confirm the presence of a SiO; layer on the surface of ZrOz NPs, the authors have performed TEM-EDX analysis of ZrO,@SiO2 NPs
(Fig. 16 B (ii)). The results can be observed in Fig. 16 B (iii) where the images reveal the film’s notable transparency, appearing almost
invisible against the background.

The interconnection between morphology and optical behavior has been clarified by microscopy and surface topography in-
vestigations. Homogeneous, smooth morphologies with minimal roughness correspond to isotropic optical response and high
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Table 9

Representative PDMS@NPs composites for wettability and surface energy properties control, summarizing NPs filler characteristics (type, size, concentration, and alignment), their effects on PDMS

properties, targeted applications, associated challenges and prospects and other relevant data.

Filler characteristics Wettability Effects of NPs on PDMS properties Applications Challenges and prospects Other data Ref.
SiO, WCA 163°, Super hydrophobicity.; UV and Concrete protection against Scalable NP synthesis; long term abrasion Sol-gel + Surface [254]
(core-shell SA<10°. chemical resistance (pH 1-13); Strong humidity and harmful ions (Cl-, resistance. functionalization
IBTES@Si05;) adhesion to mortar S03-); Self-cleaning of urban
surfaces.
SiO; + TiO, CA 152° £ 2° CA > 120° after 200 bending cycles; Wall protection; Reduced Sensitivity to pH < 2 and > 13; Fragilization Sol-gel processing; [255]
Chemical resistance (pH 2-12). pollutant adhesion with excess TiOy (>15 wt%). Photocatalysis (~90% dye
degradation)
SiOy WCA Optical transparency 96.93%; Reusable  Chlorine/water separation; UV degradation after 360 h; Reduced Direct dispersion and solution [261]
(“spiky”, ~120 nm; 165.4 +1.0° for 20 oil/water cycles suitable for multiple surfaces transparency with excess NPs mixing
Mass ratio SiO,:PDMS (glass, metal, wood, fabric,
=1:1.5) paper.
SiO, WCA >150.5° Stable after 60 abrasion cycles; Oil Treatment of industrial effluents; ~ Recycling after saturation; Outdoor durability =~ Assisted deposition; Porous [251]
(~20 nm; 23.3 wt%) water separation efficiency of 95% in Separation of organic solvents testing. structure and double cross-
20 cycles. (carbon disulfide, heptane and linking.
xylene).
SiO; (~3,37 pm) + TiO, WCA 152.2° Stable at 100 °C; Photocatalytic (59% Self-cleaning; Repellency to Requires 400 °C annealing (limits heat Direct dispersion and solution ~ [262]
(~20 nm). MO in 60 min); UV/mechanical acids (pH 2), bases (pH 11), sensitive substrates); degrades at high mixing; UV and heat
(NPs:PDMS — 4:1) resistance solvents temperatures; economical and scalable resistance (<600 °C)
synthesis methods
SiO4 WCA 156.29°, Abrasion resistant; Dynamic droplet Anti biofouling; Self-cleaning >60% loading fragility; Adhesion to diverse Surface functionalization; [263]
(60 wt% PDMS@SiO, WSA 3° impact resistance coatings substrates; Functionalization to increase Spray coating; Thermal
chemical and thermal resistance stability (<400 °C).
SiO, CA >154° Stable after 50 abrasion cycles; Aluminum alloy protection; Self-  Superhydrophobicity lost under severe Direct dispersion and solution ~ [174]
(~20 nm, 60 wt%) CA >150° after 2 months cleaning of contaminated abrasion mixing
ambient + 250 h UV surfaces
SiO, CA=163° and Resistance to 20 abrasion cycles High-speed water/sand impact; —>28% SiO, reduces superhydrophobicity; Direct dispersion and solution ~ [253]
(~20nm, 114 wt%) SA=3.5° Corrosion resistance; Industrial Needs better thermal/chemical stability mixing;
scalability Spray coating
NF-SiO, WCA =158° Stable after 150 tape peels, 100 steel Marine/industrial equipment; Long-term wear, extreme temperature, and Direct dispersion and solution ~ [270]
(5 wt%) wool rubs, 50 blade scrapes, 450 g sand  Self-cleaning; Laser structured NP retention need robust large-scale mixing

impact; WCA 157.4° after 30 h at
100-300°C.

metal surfaces

solutions.
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Fig. 15. Optical behaviour of pure PDMS compared with PDMS@NPs composites where it is observed that the light enters with angle 6 of incidence
in both composites and afterward, due to the change of the index of refraction, bends 6 + « due to the index of refraction of the PDMS and leaving in
evidence the influence of the NPs by the term y in the other composite side. The scattering effect of the light on the NPs is also demonstrated through
the detailed image. After passing through the PDMS, it is observed that it is possible to maintain the transparency with the transmission of the
passage of light in the range between ~ 400-1100 nm and with the exit angle being similar to the angle of entrance.

transmittance, whereas aggregation gives rise to scattering centers that degrade clarity [178,179,283,284,293]. In situ sol-gel syn-
thesis and surface functionalization improve NPs dispersion and interfacial compatibility. For instance, silane coupling agents or SiO,
shells improve intimate adhesion to the PDMS network and reduce local refractive discontinuities [282,284,293]. The methods lead to
reproducible optical performances of the composites and have enhanced stability. The versatility of PDMS@NPs composites has led to
their applications in different optical devices. PDMS is an optically transparent encapsulant, and it protects luminescent NPs in LEDs
and photovoltaics from oxidation and water and maintains optical emission over time [279,280,299,300].

PDMS@NPs composites are also employed as high index substrates for lenses, waveguides, and photonic coatings in flexible
photonic devices. Luminescent PDMS composites incorporating perovskites or quantum dots are applied as color conversion layers and
luminescent solar concentrators [299,301,302]. Mechanochromic and thermochromic PDMS systems that change color or emission
upon mechanical strain or temperature are promising for sensing and anti-counterfeiting uses [298,303,304]. The PDMS@NPs
composites have also been employed in biomedical diagnostics that take advantage of their optical and photothermal properties. Han
et al. [305] have developed a PDMS@TiO5 nanocomposite-photonic polymerase chain reaction (PCR) reactor for portable quantitative
polymerase chain reaction (QPCR) analysis. PDMS@TiO film integrated with a carbon graphene mixture enhances the absorption and
scattering of the light and as result it enhance the thermal cycling (Fig. 17 A). Fig. 17 B and C demonstrate the most significant
mechanisms: increased heating cooling rates due to photon scattering and increased fluorescence intensity through TiO; driven light
reflection, amplifying the dye DNA complex signal. This design demonstrates the potential of PDMS@NPs composites to integrate
optical enhancement and thermal management into compact molecular diagnostic platforms.

4.5.3. Durability, challenges, and future directions

Despite the extensive developments, optical stability over the long term and reproducibility are challenging in PDMS based
nanocomposites. Photo oxidation, aggregation, and thermal mismatch can progressively degenerate transparency and luminescence
[178,279-281,283]. Plasmonic structures, being highly sensitive, are particularly prone to chemical instability and absorption losses
upon prolonged exposure to illumination [282,285]. Cycling temperature or humidity exposure may trigger interfacial debonding,
altering local refractive indices and scattering behavior.

Another limitation is the lack of standardized optical characterization protocols. Reported refractive index or transparency data can
be inconsistent due to variations in film thickness, wavelength range, or measurement geometry. Having comparable results of the
wavelength resolved transmittance, haze, and n and k spectra, will allow quantitative cross studies comparison.

To meet these challenges, many strategies are emerging. Controlled surface modification (e.g., silica shelling [282], ligand engi-
neering [293]) homogenizes interfaces and minimizes scattering. In metal systems, particle size, shape, and operating off the plasmon
resonance optimize to minimize absorption losses [281,285]. Self-healing PDMS networks (already demonstrated in mechanical
systems) holds out an appealing way to preserve optical clarity under strain or environmental stress.

Scalability and sustainability are further issues. Most high-performance composites are based on laboratory sol-gel or sputtering
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methods, which are challenging to scale up to a large area fabrication. Green, solvent free methods and recoverable PDMS matrices
should be the focus of future development to ensure industrial applicability.

Looking forward, the field is shifting toward adaptive and multi-functional optical elastomers. Dynamic refractive index modifi-
cation via responsive fillers, hybrid metasurfaces combining elasticity with plasmonic or dielectric nanostructures [306], and bio-
inspired structures mimicking anisotropic tissue optics are promising research frontiers. Achieving stable dispersion, standardized
evaluation, and scalable synthesis will be decisive to realize PDMS@NPs composites as reliable components in flexible displays, smart
sensors, and soft photonic systems operating across visible and near infrared regimes.

Long-term optical degradation in PDMS@NPs composites results from physical-chemical degradation, environmental influence and
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Fig. 16. (A) Fabrication of PDMS-encapsulated stacked prismatic layers of red and green halide nanocrystals dispersed in a UV-curable polymer,
forming a white emitting composite with enhanced luminous efficacy and stability under blue LED excitation. Adapted from [279]; (B) i. Schematic
representation of the surface modification of ZrO, NPs using TEOS for producing a transparent nanocomposite film with a configurable refractive

index; ii. TEM-EDX images of ZrO,@SiO, NPs demonstrate that a SiO» layer has changed the surface of the ZrO, NPs; iii. ZrO,@SiO2-PDMS
nanocomposite film with a thickness of 100 nm, comprising 50 wt% ZrO,@SiO, NPs. Adapted from [178,281,282].
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photochemical pathways. The primary chemical degradation pathways include oxidation [307], hydrolysis of Si-O-Si backbone bonds
[308], and pH-mediated changes affecting both matrix and embedded particles [309]. Physical degradation manifests as cracking
under radiation exposure [310], NPs aggregation [311], and structural transformations at particle-matrix interfaces [312]. Envi-
ronmental conditions often act synergistically, and the combination of elevated temperatures (85-100 °C) and high humidity (85%
RH) produces the most severe degradation [311]. Photochemical pathways are particularly significant when photocatalytically active
nanoparticles such as uncoated TiO5 or Cuy-xS generate reactive oxygen species that oxidize the PDMS matrix [313]. Critically, NPs
play a dual role in optical degradation. Surface-modified nanoparticles with silica shells [313] or organosilicon coatings [314] provide
protective barrier effects and suppress radical generation, while uncoated photocatalytic nanoparticles accelerate matrix degradation
[313]. Concentration-dependent light scattering also reduces transparency with increasing NPs loading [287]. Degradation timelines
range from hours under accelerated conditions (64.1% efficiency loss in 160 h for unprotected PDMS@QDs) [315] to years of stability
with appropriate protective architectures [307], indicating that degradation rates are highly dependent on composite design and
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Fig. 17. Schematic representation of the (A) photonic qPCR system and data acquisition setup. The near-infrared LED (940 nm) runs photothermal
cycling, while fluorescence is recorded by a detection camera. (B) Enhanced heat transfer through PDMS@TiO, improves cooling efficiency, and (C)
reflected light increases fluorescence intensity, reducing Ct values in the qPCR analysis.

Adapted from [305].
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exposure conditions rather than being intrinsic to PDMS@NPs systems.

As summarized in Table 10, representative PDMS@NPs composites demonstrate how the NPs filler characteristics (type, size,
concentration, and alignment) govern the optical behavior of the resulting PDMS composites, offering insights into their tunability for
specific application requirements.

4.6. Acoustic and photoacoustic properties

4.6.1. Fundamentals and mechanisms of photoacoustic generation in PDMS@NPs composites

PDMS is frequently used as a flexible matrix for photoacoustic (PA) and optoacoustic transducers due to its mechanical compliance,
low acoustic impedance, and thermally expandable property [318]. However, the intrinsic optical transparency of PDMS requires the
presence of light absorbing NPs to efficiently convert incident laser energy into heat and subsequently into acoustic pressure waves.
The photoacoustic phenomenon occurs upon excitation of NPs in the PDMS by incident laser pulses, followed by the conversion of
optical to thermal energy. The thermal energy produces local temperature rise, initiating thermoelastic expansion, and leading to
transient acoustic pressure waves propagating PA signals and being picked up by ultrasound sensors. At the end, the acquired data are
processed to obtain the PA signal and form high resolution PA images (Fig. 18) [319,320].

Different types of nanofillers have been explored to enhance the conversion of the incoming laser energy to heat. Plasmonic NPs (e.
g. Au NPs) possess high plasmonic absorption in the visible spectrum (~540 nm), directly increasing PA conversion [321]. Carbon
based nanomaterials such as CNPs [322], multiwalled carbon nanotubes MWCNTs [323], and graphene nanoflakes [324] provide a
synergy of broadband optical absorption as well as high thermal diffusivity and permit high amplitude and high frequency generation
of ultrasound. Semiconductor or oxide NPs, such as lead zirconate titanate (PZT) [325] and BiMgFeCeOg (BMFCO) [326], have
introduced piezoelectric or multiferroic properties, for gas detection and sound detection respectively. The dependence of photo-
thermal conversion efficiency on geometry has been studied through both numerical simulations and experiments. For instance,
asymmetric plasmonic NPs tend to generate and concentrate stronger plasmonic heating at sharp tips, corners and edges due to highly
enhanced electromagnetic fields [327]. A numerical work performed by Baffou et al. [328] has investigated the influence of Au
morphology by quantifying the heat generation through mapping the heating power density within Au nanostructures. Additionally,
experimental studies have shown geometry dependent effects in a wide range of nanostructures, including nanoplates, nanorods,
nanocubes and branched nanostructures [327,329,330]. Overall, highly symmetric nanospheres and nanocubes typically exhibit
strong absorption resonances, whereas low symmetry polyhedral NPs show broader and reduced absorption with multiple plasmon
resonance peaks [327,331,332]. It is worth mentioning that the blackbody nanostructure proposed by Huang et al. [333] consisting of
an Au nanorod coupled to an Au nanosphere, exhibits nearly perfect absorption (98-99%) %) across a wide spectral range from 400 to
1400 nm. Several fundamental equations related to photoacoustics including the thermal energy remaining in the absorber, pressure
rise generated from the thermal expansion, and the photothermal conversion efficiency can be found at Vella et al. [324], Hosseinaee
et al. [334] and Cui et al, respectively.

4.6.2. PDMS@NPs composites effects on acoustic properties and applications

The amplitude, frequency content, and stability of generated ultrasound are strongly influenced by NP type, concentration,
morphology, dispersion quality and synthesis procedure. PDMS@Au NPs composites synthesized in alcohols exhibited high optical
absorption and an improvement of 20% in PA amplitude compared to those made using acetone or water [321]. PDMS@CNP NPs
coatings on optical fibers have reached a maximum pressure of 1.04 MPa with a bandwidth of 54.2 MHz, exhibiting high uniformity
over probes made by means of a spin coating method [322]. Similarly, graphene nanoflake PDMS films exhibited optical absorption up
to 11 MPa at laser fluences of 228 mJ cm™, with spatial confinement bigger than 40 MPa outputs which enables acoustic cavitation
microbubbles in water and in tissue mimicking material such as agar phantoms [324]. Additionally, it is well known that NPs affect the
generation of ultrasound frequency. For instance, graphene decorated with Au NPs dispersed in PDMS leads to a better dispersibility of
the flake into the polymer matrix, which leads to an increase in a bandwidth at 6 dB up to 85 MHz and an enhanced interfacial heat
transfer. Hence, the generation of high frequency and high pressure ultrasound waves enables enhanced permeabilization of biological
membranes and improved imaging resolution (Fig. 19) [335].

CNT combined with self-healing PDMS (PDMS@FeHpdca), has shown the ability of achieving ultrasound pressures exceeding
25 MPa with high conversion efficiency (10.66 x 10°%), while maintaining self-healing properties under laser or mechanical damage
(Fig. 20) [336]. Piezoelectric composites (PDMS@PZT) integrated into acoustic wave resonators exhibited enhanced sensitivity for gas
sensing due to their high piezoelectric charge coefficients [325]. Beyond PA generation, PDMS@NPs composites also enable multi-
functional strain and acoustic sensing: PDMS@ MWCNT strain sensors detected sound waves up to 3 kHz [323], PDMS@PPyAg NPs
hybrid films were able to detect changes in acoustic vibrations during normal speech [337], and PDMS@graphene—cellulose nano-
crystal elastomers have the ability to recognize different subtle acoustic vibrations of syllables, such as “good” and “delight” [338].
These advances shows that the incorporation of NPs into the PDMS not only enhance the intensity and spectral control of ultrasound
but also enable multifunctional applications ranging from fatigue crack detection [318], optoacoustic flow [336], invasive biomedical
imaging [322], and thrombolysis [336], to human machine interfacing and wearable acoustic sensors [337,338].

4.6.3. Durability, challenges, and future directions

Despite significant advances, several challenges remain in translating PDMS@NPs acoustic composites into practical devices.
Uniform dispersion of nanofillers is critical, as metal and carbon NPs have the tendency to form agglomerates. Furthermore,
agglomeration increases solution viscosity due to the high concentration of the absorbers in the polymer matrix. Apart from
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influencing the uniformity of the composite, it also reduces control over its thickness. As a result, the film occasionally exceeds the light
penetration depth, affecting the photoacoustic signal. It is particularly difficult to attain stable water solution dispersions of carbon
based materials because of their hydrophobic nature and inherent tendency to agglomerate [335,339]. High NP loading can be positive
for absorption but often compromises the transparency of the PDMS matrix [338,340]. Acoustic stability upon repeated use is another
constraint, since thermal degradation or nonlinear thermal effects may degrade the transducer's performance [324,341,342]. Yao et al.
[323] have proposed a flexible strain sensor, based on a PDMS@MWCNTs composite film, that can detect sound waves over a wide
frequency range (0-3000 Hz), recognize speech at different volume levels, and sense finger and arm bending motions, while remaining
resistant to sweat and rain during various human movements. However, cyclic strains of 20% tend to cause wear at the ends of the

conductive film, which can reduce conductivity and potentially degrade the sensor performance.

Table 10

Representative PDMS@NPs composites for optical properties control, summarizing NPs filler characteristics (type, size, concentration, and align-
ment), their effects on PDMS properties, targeted applications, associated challenges and prospects and other relevant data.

Filler characteristics Optical properties Effects on PDMS Applications Challenges and Other data Ref.
properties prospects
ZrO, n increases 1.42 — 1.60; Variation in High-index optical Aggregation Sol-gel [178]
(13.7 nm;50 wt > 91% transmittance refractive index elastomers, coatings at > 50 wt% incorporation with
%, isotropic without depending on the Si-O-Si linkage
dispersion) compromising reaction time;
transparency simple synthesis
and fabrication
ZrO, n up to 1.65; >93% Variation in Optical devices Difficulty of large NPs functionalized [293]
(3-10 nm; Transmittance refractive index scale production with Di-amine
20.8 vol%, without head group and
homogenously, compromising Siloxane double
isotropic transparency tail structure
dispersion)
TiO, (43 wt%; n 1.40 - 1.56 Decrease in contact ~ Waveguides, led Increasing the NPs prepared insitu ~ [281]
randomly angle. encapsulation and concentration of non aqueous
distributed, Significant loss of coating NPs makes the method
isotropic transparency material more
dispersion) fragile; processing
uniformity
Ag Plasmonic dips in Significant color Metal enhanced Ag NPs are NPs deposited on [282,285]
(dispersed on the transmittance at change depending fluorescence to expensive the surface by
surface) 430-510 nm, on DC voltage and microfluidic devices sputtering
corresponding to LSPR PDMS composition; or flexible tunable
peaks Decrease in contact  plasmonic substrates
angle for SERS
Au 3D conglomerates Sensitivity of ~ 250 nm/ Color tuning Colorimetric sensors, The thickness of In situ NP reduction [285]
(distributed on RIU SERS, LSPR based PDMS influences in PDMS
surface) (bio)sensing the growth
behavior of Au NPs
and affects their
optical properties
Au Luminescence peak at Enhanced light Optical devices, light ~ Uniform When irradiated [316]
(0.1-0.2 wt%, 425 nm under UV trapping, scattering  guides, scintillation dispersion, bubble with 2.9 MeV
isotropic excitation at 280 nm. and luminescence detectors formation, and proton beams,
dispersion) properties scalability. PDMS with AuNPs
improving the emits blue
stability of the luminescence.
material
CsPbX;@glass PLQY of ~ 95% and Color converter High quality white Excellent CsPbX; in situ [299,302]
FWHM of ~ 16 nm backlight for LCD resistance against nucleation/growth
(CsPbBr3) screens water/heating inside the glass
PLQY of matrix
~80% and FWHM
of ~ 33 nm
(CsPbBry 511.5)
B,03/ Photoluminescent The composite optoelectronics Excellent - [299,302]
CsPbBr;@K,SiFg: emission (green 521 nm)  turns yellow industry resistance against
Mn** water/heating
2,78%
Nitrogen doped Efficiently convert UV Maintained Color converting Aggregation Synthesis by [295,317]
carbon quantum light (365 nm) emitted transparency with LEDs and adjustable induced microwaves and
dots by an LED chip into the particles white lighting. quenching; purification
(isotropic visible light of various without altering the
dispersion) colors (blue, green, amorphous nature

yellow and red)

of the polymer
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PDMS@NPs composites are emerging as versatile materials as next generation multifunctional acoustic and photoacoustic mate-
rials. Emerging applications will combine plasmonic, carbon based, and piezoelectric fillers to optimize light absorption, heat transfer,
and electromechanical conversion [326,343]. The development of self-healing optoacoustic materials offers a promising way to create
robust and flexible ultrasound devices for biomedical applications. Merging self-healing PDMS matrices with efficient absorbers of
NPs, such as CNT, can enable flexible, long term transducers to withstand high laser fluence and mechanical load, paving the way for
next generation implantable, wearable, and therapeutic ultrasound technology [336]. In a study performed by Zhang et al. [336], it
was observed that when the CNT concentration was below 6.7 wt%, the surface damage on the device was almost completely elim-
inated. In contrast, at CNT concentrations exceeding 6.7 wt%, the self-healing capability gradually weakened, resulting in only partial
recovery and visible residual marks. This behavior was attributed to the availability of binding sites between internal metal ions and
ligands within the self-healing PDMS. At low CNT concentrations, a greater number of binding sites between internal metal ions and
ligands were preserved in the self-healing PDMS, facilitating the reformation of metal ligand coordination bonds. In contrast, excessive
CNT tend to reduce the number of dynamic metal-ligand bonds, thereby compromising the self-healing process. The study further
demonstrated that after physical damage, such as cutting, the self-healing PDMS patch exhibited no significant changes in both output
sound pressure and signal waveform. Even after repeated cutting cycles, the patch has maintained a stable performance, provided that
the damage intensity remained below the irreversible threshold of the material. In such cases, metal ions in the damaged regions
remained near the ligands due to strong interactions, enabling rapid bond formation and effective self-healing. However, it was found
that the patch performance tends to deteriorate under repeated thermal damage and nearly failed after 20 thermal cycles at an in-
tensity of 50 mJ pulse for 5min. In contrast to cutting damage, thermal breakdown has introduced both physical disruption and
irreversible chemical degradation. Irreversible chemical damage accumulated with increasing damage cycles, tends to weak the patch
performance by impeding the formation of metal-ligand coordinate covalent bonds. Further details on this self-healing optoacoustic
material and its precursor system can be found in Zhang et al. [336] and Li et al. [344] respectively.

Scalable fabrication methods such as spin coating [322], roll to roll printing [325], and freestanding NP films [337] are being
reconfigured to allow affordable bulk production. All these developments will contribute to new technological advancements in high
resolution imaging, drug delivery, wearable electronics, human machine interfaces, and energy harvesting devices. Table 11, sum-
marizes representative PDMS@NPs composites demonstrate how the NPs filler characteristics (type, size, concentration, and align-
ment) govern the acoustic and photoacoustic behavior of the resulting PDMS composites, offering insights into their tunability for
specific application requirements.

4.7. Electrical and dielectric properties
4.7.1. Fundamentals and mechanisms of electrical and dielectric properties control in PDMS@NPs composites

PDMS is intrinsically an insulating polymer that exhibits high volume resistivity (~3.9 x 10'* Q.cm) and a high dielectric
breakdown strength (~32.2kV/mm) [345]. This low conductivity results from its non-polar, amorphous structure, which restricts
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Fig. 18. Photoacoustic principle: (1) Pulsed light applied to PDMS@NPs composites and NPs absorb the light’s energy; (2) Absorbed optical energy
is converted into heat, resulting in a localized temperature increase, then the surrounding pressure rises through thermal expansion; (3) The
generated pressure propagates as photoacoustic waves from the location of interest toward the surface and are recorded by ultrasound detectors; and
(4) The acquired data are processed the PA signals are reconstructed into images.
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charge mobility and prevents a long range electron transport [346,347]. Its dielectric properties are dominated by electronic and
atomic polarization with minimal contribution from dipolar and interfacial polarization due to the low chain polarity [348,349]. The
introduction of conductive NPs into PDMS through the preparation of PDMS@NPs composites has emerged as an active approach to
promote electric conductivity and charge storage. As illustrated in Fig. 21, two main mechanisms support such improvements, namely:
(a) the formation of percolating networks that establish a continuous electrical pathway between adjacent NPs, reducing the perco-
lation threshold, thus allowing a large range conduction [350-352]; and (b) interfacial polarisation, which arises from the accumu-
lation of charge at polymer NP interfaces, significantly enhancing the dielectric constant [353,354]. Conductive carbon fillers and
metallic NPs further enhance these phenomena owing to the promotion of electron delocalization [355,356], while liquid metals (LMs)
act as dynamic fillers, preserving the conductive connectivity under mechanical deformation conditions [357,358].

Other mechanisms exist, including space charge accumulation, whereby trapped or immobile charges at the filler matrix interface
create local electric fields that influence bulk conductivity and dielectric properties [359]. PDMS@NPs composites overcome the
intrinsic insulating nature of PDMS by providing multiple, mutually complementary charge transport and polarization mechanisms
such that electrical and dielectric performance can be improved.

4.7.2. Effects of PDMS@NPs on electrical and dielectric properties and applications

The incorporation of NPs into PDMS transforms the polymer from an electrical insulator into a multifunctional material. The
inherent mechanisms improve bulk electrical and dielectric properties, enabling PDMS@NPs composites to surpass pure PDMS in
several applications, for instance, in energy harvesting, thermal management, and flexible energy storage.

PDMS@NPs composites are highly beneficial in energy harvesting and thermal management applications. Flexibility, translucency,
and electronegativity of PDMS allow simple integration with NPs to fabricate high performance triboelectric nanogenerators (TENGs)
(Fig. 22 A) [360]. The operational mechanisms of TENG based on the integration of triboelectric effects and electrostatic induction can
be found in the review by Zhou et al. [361]. In addition to TENGs, PDMS is used in passive daytime radiative cooling. In nanoporous
polyethylene (nanoPE)/bilayer PDMS textiles, infrared emissivity within the 8-13 ym atmospheric transparency window is enhanced
by the transparent PDMS top layer to enable sub ambient cooling under non input of external energy [361,362]. This results from the
intrinsic Si-O-Si and Si-C vibrational modes of PDMS, and scalability and automatability of the fabrication process ensure industrial
feasibility [361].

Metal NPs, such as Ag NPs, highly enhance dielectric behavior of pure PDMS. The incorporation of 20 wt% Ag NPs increases PDMS
dielectric permittivity from 5.3 to 16.9 at 1 kHz with triboelectric performance of short circuit currents of 5.1 pA, open circuit voltages
of 33.6 V, and peak power outputs of 72.2 yW at 8 MQ load, compared to negligible responses in the case of the pure PDMS [356]. LMs
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Fig. 19. Photoacoustic generation of ultrasound using graphene (GR) nanoflake composites decorated with gold NPs (Au NPs): (A) Illustration of
the experimental setup used to detect high frequency ultrasound signals generated by laser irradiation; (B) TEM image showing graphene flakes
decorated with Au NPs; (C) Illustration showing the surface decoration of a few layers of graphene, where polymer chains are intercalated between
the flakes; (D) Bandwidth at 6 dB upper limit as a function of the laser fluence for GR (black) and AuGR (red) 0.9 wt%, and for four different film
thicknesses: 17 pm (square), 11 pm (circle) and 9.5 pm (triangle). (E) Computational simulations showing a few graphene layers (1.65nm thick)
with an embedded gold NP (radius 12.5 nm) surrounded by PDMS (50 x 50 nm), where at a time of 0 ps the laser irradiates GR and at 30 ps the
absorber is almost fully thermalized.

Adapted from [335].
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Fig. 20. (A) Fabrication of a self-healing optoacoustic flexible patch by mixing light absorbing material (CNTs) with thermally expandable
PDMS@FeHpdca matrix. (B) Optoacoustic patch under pulsed laser irradiation (532 nm). (C) Effective acoustic energy output generated by the
patch. The practical applicability of the patch was evaluated through the performance of several experiments, including acoustic flow (D),

thrombolysis (E), and wireless energy harvesting (F) [336].
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Table 11

Representative PDMS@NPs composites for acoustic and photoacoustic properties control, summarizing NPs filler characteristics (type, size, con-
centration, and alignment), their effects on PDMS properties, targeted applications, associated challenges and prospects and other relevant data.

Filler properties Acoustic and Effects on PDMS Applications Challenges and Other data Ref.
photoacoustic properties prospects
properties
Lead zirconate titanate Piezoelectric FPW Enables piezoelectric CO,, gas sensors; Frequency drift Mechanically mixed [325]
(PZT) NPs response; frequency effect in PDMS; acoustic due to humidity and dispersed in PDMS
(~560 nm; random) shift with gas improved acoustic transducers and gas absorption  prepolymer; cured to
absorption response flexible piezoelectric
film
Graphene nanoflakes with Bandwidth 85 MHz Improved thermal High resolution PA Complex AuNPs decorated on [335]
Au NPs (—6 dB); enhanced interface and PA imaging; biological fabrication; costof ~ graphene, then mixed
(~25nm Au; 20 wt% PA signal strength efficiency; higher heat ~ membrane AuNPs into PDMS; vacuum
on GR) dissipation in PDMS permeabilization degassed and cured
Polypyrrole (PPy)/Ag NPs  Sensitive acoustic Ag NPs increased Flexible sensors; Complex In situ polymerization [337]
(~50 nm; uniformly detection of vocal electrical wearable fabrication; of PPy/AgNPs in PDMS
dispersed) vibrations conductivity, cycling electronics; human potential matrix to form
(qualitative) stability and machine interfaces; oxidation of conductive film, high
mechanical recover speech from  AgNPs, reproducibility and
compliance; improved  vocal damage bending tolerance stability for the
strain sensing of about 1050 stretching and
cycles recovering tests,
monitor respiration
and real time pulse
wave (0 to 60 mA)
CNTs Griineisen Enhanced acoustic Dual mode optical/ High cost; Ultrasonic/mechanical [343]
(0-3.03 wt%; size n/s;  coefficient ~0.72; impedance matching ultrasound imaging,  dispersion mixing of CNTs in
random) acoustic impedance and optical in vivo imaging uniformity limits uncured PDMS;
1.02-1.13 MRayl attenuation reproducibility highest performance at
1.52% CNTs-PDMS
coating
Candle soot NPs Nonlinear surface Improved SAW Non-destructive Requires precise CSNPs dispersed [318]
(Size n/s; acoustic wave (SAW) intensity and SNR; crack detection laser alignment; directly in PDMS
random alignment) generation; light promotes efficient limited to prepolymer and
absorption wave propagation microscale fatigue thermally cured
through PDMS detection
CNPs PA output 1.04 MPa;  High light absorption; Optical fiber PA Limited CNPs mixed in PDMS [322]
(30 nm; 15 wt%,; bandwidth 54.2 MHz stable PA response probes, high scalability; base with solvent
uniform distribution) resolution dependent on spin  assisted dispersion and
ultrasound imaging coating precision degassing
Au NPs Optical absorption Enhanced optical Fiber optic PA Risk of Au NPs ultrasonically [321]
(<100 nm; random peak ~540 nm; PA absorption and PA transducers; agglomeration; dispersed in PDMS
distribution) amplitude + 20% vs.  conversion efficiency microfluidic devices  reduced prepolymer; cured via
pure PDMS uniformity at high  spin coating
loading
MWCNTs Acoustic detection Enhanced sensitivity, Flexible stretchable Complex Magnetic field assisted [323]
(10-20 nm dia., range 0-3000 Hz linearity and sensor; sound and fabrication; alignment of CNTs
0.5-2 ym stretchability; human motion Repeated within PDMS during
length) + magnetic Superhydrophobic detection, stretching wears curing
NPs (~1 pm); aligned and self-cleaning electronic skin of the film and
under magnetic field ability bionic robots. reduces the film’s
conductivity.
Graphene nanoflakes PA amplitude Improved PA Cavitation therapy; Saturation at high Controlled protocol to [324]
(0.6-1.2nm; 11 MPa; confined amplitude and optical sonophoresis-based fluence due to obtain well dispersed
0.7-1.1 wt%; random ultrasound of high absorption; NPs drug delivery, Griineisen layers of graphene
distribution) amplitude (> photoacoustic parameter nanoflakes in the
40 MPa); bandwidth medical devices decrease PDMS matrix
21.5 MHz
CNTs Ultrasound Self-healing at room Biomedical High cost; thermal ~ CNTs blended into [336]
(8 nm dia., 20 um output > 25 MPa; temperature; ultrasound; and mechanical PDMS@FeHpdca via
length); Fe-Hpdca self  efficiency enhanced mechanical thrombolysis; degradation limits ~ dynamic covalent
healing PDMS 10.66 x 107 strength and PA acoustic flow; performance bonds; physical or
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also offer a different alternative, with high inherent conductivity (~3.4 x 10° S-m’! in eutectic gallium-indium) and mechanical
deformability, with dielectric enhancement under strain and stretchable electronic devices (Fig. 22 B) [358,363].

Carbon based nanofillers, including graphene nanoplatelets (GNPs) and reduced graphene oxide (RGO), establish extended
conductive networks within PDMS. The use of GNP foams was reported to improve conductivity from 13.5 S-m at 0.15 vol% to 30.4
S-m™ at 0.24 vol%, while the hybridization with LMs even strengthened the networks with sustained mechanical integrity [33].
Similarly, RGO coated fibers on polyurethane/polyester scaffolds have demonstrated conductivity improvements from 0.012 to 0.136
S-m™ with multiple dip coating cycles [364]. These findings indicate the effectiveness of carbon-based fillers in developing light, high
conductivity composites.

Crucially, NPs morphology plays a decisive role in governing charge percolation, as it dictates the efficiency with which conductive
networks are established. This structural parameter is intrinsically linked to the overall performance profile of the composite,
particularly in terms of thermal conductivity enhancement and mechanical robustness. 1D fillers, (such as CNTs, nanofibres, or
metallic nanowires) are widely recognised for their effectiveness in achieving electrical percolation [365,366], significantly reducing
the percolation threshold (p.), defined as the minimum concentration required for the transition from insulating to conductive
behaviour. Their inherent waviness or tortuosity further promotes three-dimensional contact and facilitates electron tunnelling across
narrow gaps [365], thereby ensuring continuity within the conductive network. In terms of thermal transport, 1D fillers consistently
outperform plate-like or brick-like counterparts, with reported thermal conductivity enhancement (TCE) ratios approaching 4.5
compared to approximately 1 for lower-aspect-ratio morphologies [367]. Nevertheless, these advantages come with processing
challenges: high filler loadings increase matrix viscosity, hinder uniform dispersion, and may induce aggregation, creating structural
defects that compromise tensile strength and reduce film integrity [365].

At the opposite end, 0D fillers (e.g., carbon black or spherical SiO5) are generally less efficient percolators [368,369] and therefore
require higher volume fractions to reach a continuous charge-transport network [365,366]. Their elevated surface area and surface
energy promote agglomeration, which disrupts homogeneity and diminishes thermal conductivity enhancement compared to well-
—dispersed systems [369]. Moreover, clustered 0D particles act poorly as rigid reinforcements, often reducing overall mechanical
strength and toughness relative to composites in which fillers are uniformly distributed.

2D sheet-like morphologies—such as graphene platelets or nanosheets—occupy an intermediate position between these extremes.
Characterised by one nanoscale dimension and two extended lateral dimensions, they offer large interfacial areas and readily form
extensive network structures, achieving relatively low p. values compared to spherical fillers, though typically higher than those
observed for high-AR 1D materials [368]. Regarding thermal performance, platelet-like or sheet-like morphologies exhibit
comparatively lower TCE than rod-like 1D structures [367]. For instance, the enhancement factor for platelet, brick, or polygonal
shapes is approximated at a ratio of 1 compared to the 4.5 factor observed for CNTs/nanowires [367]. However, the incorporation of
2D fillers introduces its own complexities: achieving optimal dispersion and alignment within the polymer matrix remains a significant
challenge, and poor control over these parameters can result in fillers acting as mechanical weaknesses [368].

Moreover, attempts to enhance electrical conductivity by elevating filler content sometimes lead to compromises that could un-
dermine the overall mechanical integrity of the nanocomposite. These trade-offs are extensively established in effective medium
theories like as Maxwell-Garnett and Bruggeman, which describe how filler shape and volume fraction influence the composite's
dielectric and conductive properties [370]. While these models provide useful predictive frameworks, they also emphasize the
drawbacks of pushing systems towards percolation thresholds, where conductivity increases are accompanied by higher dielectric

PDMS@NPs composites
Increase electrical conductitivity Improve dialectric constant Nanoparticle
Pure PDMS properties Percolating networks Interfacial polarization
) ' = = Electrical pathway
High volume resitivity
High dialectric breakdown Proton

Low electrical conductivity

-+
@ Electron

Fig. 21. Schematic representation comparing the intrinsic electrical properties of pure PDMS with the mechanisms responsible for enhanced
performance in PDMS@NPs composites. On the left, pure PDMS exhibits high volume resistivity, high dielectric breakdown strength, and low
electrical conductivity due to its non-polar, amorphous structure. On the right, PDMS@NPs composites demonstrate two key improvements: for-
mation of percolating networks, which establish continuous electrical pathways between NPs, thereby increasing electrical conductivity; and
interfacial polarisation, resulting from charge accumulation at polymer NP interfaces, which contributes to an increased dielectric constant.
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Fig. 22. Interdisciplinary research on F-TEDs. (A) Schematic and optical images showing the fabrication process of sunlight assisted F-TEDs.
Adapted from [289]. (B) Schematic representation of a wearable, three dimensional piezoelectric/thermoelectric dual-mode tactile sensor array
designed for electronic skin (e-skin) applications. Adapted from [290]. (C) Interface engineering between graphene and F-TEDs for developing an
innovative adaptive electronic system capable of fast, bidirectional stiffness modulation. Adapted from [291]. (D) i. Schematic of the liquid metal
based elastic kirigami electrode (LM-eKE) and its cross sectional view; ii. Comparison of the electrical and mechanical failure thresholds between the
gold coated electrode (Au-eKE) and LM-eKE; iii. Images of LM-eKE under 0% strain and 810% strain; iv. Image of the LM-eKE attached to both an
uninflated balloon (inset) and a fully inflated balloon powering interconnected LEDs; v. Changes in resistance of the LM-eKE on natural rubber under
\Larious mechanical deformation and damage conditions. Adapted from [292].

losses and structural instability.

Pure PDMS is an ideal base for sensors used in smart textiles, soft robotics, and monitoring systems. For instance, a wearable 3D
architecture piezo/thermoelectric bimodal tactile sensor array for electronic skin (e-skin) applications has been developed, designed to
empower robots with tactile capabilities and for human health monitoring (Fig. 22 C) [360]. Stretchable conductors are fabricated by
coating and encapsulating graphene platelets (GnPs) with PDMS, allowing them to be bent and stretched robustly (Fig. 22 D (iii, iv))
[371]. PDMS based flexible resistive strain sensors exhibit varying elasticity based on their microstructure and sensing components
[372]. Composites with Ag nanowire PDMS@networks, carbon black PDMS@NPs, and PDMS@EGaln can achieve stretch abilities of
60-100%, while CNT films can reach up to a strain of 280% [372]. Biodegradable and breathable leaf vein based tactile sensors with
adjustable sensitivity have also been explored [362]. LM based flexible/stretchable mechanical and motion sensors include ultra-
sensitive strain sensors with a brick and mortar architecture, highly sensitive pressure sensors with knotting structures, and LM based
elastic kirigami electrodes (Fig. 22 D (i)) [373].

PDMS@NPs composites improve stretchable and flexible energy storage devices too. Incorporating tungsten oxide coated Ag
nanowires (WO3@AgNW) into PDMS increases adhesion, mechanical stability, and resistance to repeated bending and stretching
induced delamination [374]. PDMS is also used as a substrate, encapsulant, and protective matrix for current collectors such as
PDMS@Au/AgNW [33,374], while LM polymer composites embedded in polyacrylamide-hemicellulose matrices serve as flexible zinc
ion battery anodes with performance being maintained under mechanical stress and extended cycling [33]. LM particle containing
PDMS based hydrogels are also being investigated for use in flexible supercapacitors, providing electrochemical performance along
with mechanical flexibility [33,375].

4.7.3. Durability, Challenges, and future directions

PDMS@NPs composites are mechanically flexible and retain electrical and dielectric performance after repeated pressing, bending,
and stretching cycles [33,362,371,372]. These features support their use in wearable and flexible devices. Nonetheless, long term
stability remains an issue, particularly in wearable electrochromic energy storage devices and thermoelectric devices, where
delamination, filler dissociation, and one dimensional metallic nanowire oxidation can destabilize performance, and liquid electrolytes
can evaporate or leak upon bending [374]. By using core shell materials such as Au/Ag nanowires and self-healing polymer matrices
have been reported to recover structural integrity, enhance durability, and extend device lifetimes [12,362,374]. Thermoelectric
devices made from sponge and textiles indicate that properly designed composites can withstand hundreds of bending or flex cycles
and thousands of compression cycles to support wearable systems with good robustness [360].

Moreover, low cost, scalable fabrication is an ongoing issue. Metallic nanowire weak adhesion, filler agglomeration, and surface
buckling may compromise uniformity [356,376]. Inkjet and screen printing are scalable methods to produce flexible films but usually
are limited to single function devices and are based on high cost, specially nanofluids [374,375,377]. Electrostatic spray deposition,
additive manufacturing, and hierarchical assembly are alternative methods for multifunctional composites with modulated micro-
structure, but further optimization is needed [361,374].

Environmental and biocompatibility considerations are critical for wearable and implantable applications. PDMS provides inherent
biocompatibility, while organic and hybrid thermoelectric materials offer low toxicity and lightweight alternatives [12,360]. New
directions include integration of smart sensing, self reporting, and ionic thermoelectric capability in PDMS composites [12,360,362],
under computational design and machine learning for electrical, thermal, and mechanical property optimization [361]. Additional
progress toward nanofluid design, surfactant engineering, and hierarchical filler structures should enhance performance and reliability
further [377]. Combined, these developments will overcome current constraints to render PDMS@NPs composites as a strong platform
for next generation flexible electronics, energy harvesters, and wearable bioelectronics.

As summarized in Table 12, representative PDMS@NPs composites demonstrate how the NPs filler characteristics (type, size,
concentration, and alignment) govern the electrical and dielectric behavior of the resulting PDMS composites, offering insights into
their tunability for specific application requirements.

5. Tunable structure-property relationships in PDMS@NPs composites

The previous sections have shown how NPs can be incorporated into PDMS to enhance specific physicochemical properties.
However, when these materials are designed for practical applications, improvements in each property are rarely isolated. Changes in
filler morphology, loading or interfacial interactions that enhance one functionality often influence others, sometimes in an unfa-
vorable way. In this section, these interdependencies are discussed to deepen the understanding of durable structure-property re-
lationships in PDMS@NPs composites, focusing on comparative trends, intrinsic trade-offs, and strategies commonly employed to
balance multifunctional requirements. Table 13 summarizes representative examples that illustrate how the enhancement of a target
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property in PDMS@NPs composites is often accompanied by secondary effects on other functionalities.

As shown in Table 13, a single design parameter rarely affects only one material property and usually influences multiple properties
simultaneously. Once fillers begin forming pathways, anchoring the network, or restructuring the surface, the composite response
shifts across transport, mechanics, optics, and wettability in ways that are difficult to separate.

5.1. Mechanical nanoreinforcement

Single-walled carbon nanotubes (SWCNTs) can be effective mechanical reinforcements in PDMS, even at ultra-low loadings,
increasing elastic modulus, hardness, and contact stiffness while also reducing spatial variability in surface mechanics. In the reported
study, silane-functionalized SWCNTs form Si—O-Si linkages with the PDMS network, improve dispersion and interfacial adhesion and
reduce point-to-point variance [388]. The same 1D networks that carry stress can also support electromechanical function. SWCNT
films transferred onto PDMS can be tuned to behave either as strain insensitive stretchable electrodes (AR/Rg ~0.05-0.07 up to 40%
strain) or as highly sensitive strain gauges (gauge factor ~ 20 at 100% strain), depending on the prestretching/transfer protocol [389].
In this work, the trade-off is the optical property, as SWCNT networks become more continuous, light scattering/absorption increases
and transparency decreases, as visible both in the thin-film conductor study [389] and in nanoindentation driven reinforcement,
making optical transparency the most consistent penalty when mechanical and electrical gains are pursued simultaneously [388].

5.2. Thermal conductivity

A recurring trend across PDMS@NPs systems is that increasing filler concentration raises thermal conductivity but also increases
Young’s modulus, resulting in higher rigidity and reduced elongation capacity [219]. NPs, especially those with elongated geometries
(e.g., dendritic structures), can facilitate heat conduction by enabling phonon transport along the major direction and improving the
probability of forming connected pathways. By contrast, spherical particles do not provide preferential transport directions and
typically exhibit minimal interparticle contact area, which limits phonon transfer between fillers. These same characteristics, however,
may result in losses in mechanical performance, particularly as loading and connectivity increase. By creating more continuous
pathways, alignment can also increase the dielectric permittivity while maintaining low dielectric loss when insulating fillers such as
Al;03 and BN are used [242]. h-BN and related 2D morphologies are therefore attractive for thermal management in PDMS, but
improvements in heat dissipation are typically accompanied by reduced deformability as stiffness increases with network formation.
An interesting case of interfacial synergy is vinyl-grafted h-BN, where the grafted vinyl groups participate in PDMS hydrosilylation, so
the filler can simultaneously densify the network (anchoring sites that raise tensile and compressive strength) while enhancing heat
dissipation and delaying thermal decomposition [167]. The trade-off remains consistent, as BN loading rises, elongation at break and
tensile compliance decline. Similar alignment strategies in mixed ceramic systems (e.g., AlO3 combined with BN to control dielectric
properties while enhancing thermal conduction) confirm the principle that directed pathways amplify heat flow but progressively tax
flexibility as the volumetric fraction and connectivity increase [242]. If the aim is to increase both thermal and electrical conductivity,
conductive fillers can further improve thermal transport by enabling electron transport through percolated pathways, in addition to
phonon-mediated contributions [218]. Specific filler attributes can also be exploited to access additional functions. For example, Co-
based NPs can induce magnetic losses, enabling composites that, in addition to improved thermal performance, also serve as EMI
shields [244].

5.3. Wettability

SiO4 NPs can deliver synergistic surface effects in PDMS by combining low surface energy with hierarchical roughness, promoting a
Cassie-Baxter wetting state and durable water repellency. At the same time, rigid inclusions can increase hardness and modulus and
reinforce tensile strength when dispersion and coupling to the silicone matrix are adequate. For instance, in the work performed by
Cordoba et al. [167], the incorporation of 8 and 10 wt% SiO; have increased the Vickers hardness, elastic modulus, and tensile strength
while maintaining surface hydrophobicity virtually unchanged. The NPs act as rigid reinforcements that transfer mechanical stresses
and reduce plastic deformation, while the in-situ sol-gel approach supports dispersion quality and helps to preserve surface properties.
In multifunctional coatings, the same architecture has also been reported to support self-cleaning, corrosion resistance, antifouling,
and antibacterial performance [387]. A regular trade-off is the optical property. For instance, in the study by Lu et al., wettability
increased significantly for larger diameters of particles at low concentrations, but optical transmittance dropped dramatically at higher
loadings due to light scattering [386]. Overall, SiO, PDMS coatings can combine wettability control, chemical stability, and me-
chanical reinforcement, balanced against a transmittance penalty that is strongly size- and structure-dependent.

5.4. Optical performance

In PDMS@NPs composites, improving optical performance often introduces trade-offs with thermal and mechanical properties.
High-index or plasmonic NPs enhance refractive-index modulation and optical absorption but can increase photon and phonon
scattering, thereby reducing transparency and modifying heat transport pathways [293]. Metallic NPs can further promote photo-
thermal conversion via plasmonic heating, yet local temperature rises under prolonged illumination, and can induce localized heating,
which raises practical constraints for mechanical integrity and long-term stability [284]. Increasing filler loading also constrains
polymer chain mobility, raising stiffness at the expense of elasticity. Consistent with this, ZrO, is reported to be a high-index route but
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Table 12

Representative PDMS@NPs composites for electrical and dielectric properties control, summarizing NPs filler characteristics (type, size, concentration, and alignment), their effects on PDMS properties,

targeted applications, associated challenges and prospects and other relevant data.

Filler characteristics Electrical and dielectric Effects on PDMS properties Applications Challenges and prospects Other data Ref.
properties

Ag NWs (Aligned network  Sheet resistance ~ 18 Q-sq_'; GF  Improves strength, elasticity; Stretchable strain sensors,  Oxidation, delamination Durable: 14% AR after 1000 cycles [374,376]
Embedded thin film 2-14 resists oxidation when EESD electrodes under bending @70% strain
between PDMS embedded
layers)

GnP (Random planar High conductivity; sheet R =~ Enhances elasticity, Wearable/stretchable Sharp resistance increase Stable up to 550 cycles [371]
Coated/encapsulated 1100 Q-sq ! at 25% strain sensitivity, fast recovery sensors and conductors past ~17.5% strain
with PDMS)

CNTs (variable conc. Thermoelectric $%6 ~ 2.85-250 Adds strength, Flexible electronics, Variability from defects/ Serpentine interconnects via [360,361,372,374]
Random/partial uW-m~1.K~2 reported conformability; durable on thermoelectric/strain geometry photoresist patterning
alignment skin devices

Direct dispersion or
patterned deposition)

Ag, Cu, Al, Zn, Sn
(~30-50 nm; 20 wt
%; Random
dispersion)

CuNWSs (AR~100-1000;
<4.1 vol%; Random
network)

LMNPs (22.1 vol%;
Random network)

Au, Ag, alloys (conc. n/s;
confined film)

AuNPs/AgNPs (conc. n/s)

BiMgFeCeOg multiferroic
particles (size n/s; wt
% varied; random
distribution)

Gold NPs (Au NPs),
Spherical, 10 nm
diameter. Loadings
typically 0.1 wt% to
0.3 wt%

Ni-PDMS (Ni?* complex)
(conc. n/s; No
alignment;
Metal-ligand
coordination)

Ag/PDMS (20 wt%) showed Isc
5.1 pA, Voc 33.6 V

> 3 x thermal k at 4.1 vol% (vs
PDMS)

6 ~ 35.15 S:m " '; thermal k
+1133% (foam)
High connectivity (no ¢ given)

Rapid photothermal heating (>
100 °C under LED)

Highest electrical output of 17 V
and 38 nA; 3.8 Vand 10 nA
(wrist exercise); 4.9 V and 19.3
nA (clapping motion); sound
detection (qualitative)

Conductivity up to 1.0 x 10 ~°
S.cm™!. Dielectric constant (&)
between 1.6 and 2.6. Resistivity
drops by > 3 orders under 90%
strain

Insulating matrix; self-healing
electrical damage

Increases permittivity (5.3 —
16.9 @1 kHz)

Improves heat spreading and
thermal management

Flexible dual network; strong
EMI shielding (~40.8 dB)
PDMS confinement — smaller
NPs, narrow size dispersity
Enables in situ NP formation;
photothermal effects

Electrical output of the
piezoelectric is enhanced by
the oriented polarization of
the particles

Increased radiation
resistance. Drastic stiffness
reduction (Young's modulus
in kPa range). Optical shift to
violet via LSPR

Intrinsic self-healing of
electrical breakdown (EB)

TENGs, energy harvesting
Sensors

TIMs, flexible electronics
substrates

EMI shielding, stretchable
electrodes

LSPR / SERS optical
sensors

Photothermal
microfluidic pumps,
sensors

Biomechanical energy
harvesting, sound
detection;

Capacitive/resistive
pressure sensors. Optical
waveguides. Selective
thermal ablation of
tumours

Self-healing insulation &
packaging

Agglomeration at high
loadings (>20 wt%)

Surface oxide, interfacial
thermal resistance

Leakage (fluidity) needs
binders/encapsulation
High T dewetting, complex
patterning

Solvent control and NP
surface modification
needed

Complex fabrication,
Undefined particle size;
difficult to eliminate stress-
induced magnetic
anisotropy

Thermal aggregation alters
plasmonic peaks.
Shrinkage saturation in
lithography. Microbubbles
(10-80 pm)

Slow healing (~5 days);
limited studies

Probe sonication -+ RT curing;
Power ~72 pW @10Hz

Direct mixing + curing @85 °C;
Linear k-loading relation

PVA assisted anchoring (salt
template; Lightweight porous foam
Thermal dewetting under PDMS;
Particle size | with PDMS thickness
Deposition in uncured PDMS;
optimal solvents: 2-butanone (Au),
IPA (Ag). Cure~80 °C,30 min
Particles were blended into the
polymer to form a flexible PDMS
composite film; capacitor charging
over several cycles has shown long-
term stable and durable electrical
output

Fabricated via sugar-template
leaching. Porosity levels of 65-79%

Healing based on Ni%* coordination;
can repair holes/cracks and
electrical trees

[356,361]

[378]

[33,373]

[379]

[380]

[326]

[381-383]
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Table 13
Synergistic and trade-off effects observed in PDMS@NPs composites.
NP and morphology Target property Secondary property Functional role and structural Main applications Ref
enhancement effects (trade-offs) features
Al,03 (800 nm, 1 Thermal 1Dielectric Alignment/organization increases Thermal management for [242]
spherical) conductivity permittivity; dielectric permittivity; low miniaturized electronic equipment
(0D) + BN (5um, | Optical dielectric loss due to ceramic
flaky) transparency fillers
(2D)
Au Spherical 1 Optical | Wettability Au NPs exhibit surface plasmon Optics; electronics; biomedicine; [284]
(0D) absorption resonance (SPR), which enhances material science
the optical absorption of the PDMS
matrix
Au-nanostars 1 Thermal | Optical Au nanostar (5-6 sharp branches), Antibacterial and anti-biofilm [384]
(0D) conductivity transparency and which lead to the absorption of surfaces for medical devices
mechanical NIR light, enables rapid
robustness temperature increase, and
prevents biofilm formation.
(Ba,Ca) (Ti,Zr)O3 + Cu 1 Thermal 1Current density; Alignment enables the transfer of Low-power wearables; self- [218]
nanorods conductivity | Optical both thermal phonons and electric ~ powered sensors
(1D) transparency current
BiMgFeCeOg 1 Electrical and 1 Flexibility Electrical output enhanced by Biomechanical energy harvesting; [326]
multiferroic dielectric oriented polarization of particles sound detection
particles
(0D)
CNT (1D) / Co (0D) 1 Thermal 1EMI shielding Co magnetic properties and Humanized and precision [244]
(Fiber decorated) conductivity combined architecture support electronic device
heat transport and EM attenuation
CNTs 1 Photoacoustic 1 Optical image Optimized CNTs-PDMS (~1.52%) Dual mode microscopy; in vivo [210]
(1D) image balances low ultrasound loss with ~ imaging
high light sensitivity
CNTs with 1 Photoacoustic 1 Mechanical and CNT absorption and thermoelastic =~ Ultrasound biomedical devices; [336,344]
Fe-Hpdca self- electrical expansion enhances optoacoustic acoustic flow; wireless energy
healing PDMS conversion; Fe-Hpdca crosslinked harvesting
(1D) network yields high strength/
tensile properties
Cu (10-25 pm 1 Thermal | Optical Increasing particle volume TIM [219,317]
spheroidal; conductivity transparency; fraction strengthens thermal
<45 pm 1Mechanical pathways but also stiffens PDMS
dendritic) + Ni properties
(3-7 pm; <45 pm)
(0D) + BN
(150 nm)
Graphene / Nanoplates 1 Electrical tEnhances rigidity 1 The high aspect ratio, combined Shielding against Electromagnetic [368,385]
(GNPs) (Platelet/ conductivity; Young’s modulus; 1 with high intrinsic conductivity, Interference; 3D electrochemical
Sheet, 2D) tdielectric ultra-high thermal facilitates the formation of biosensors and energy storage
constant conductivity conductive pathways devices; flexible & recyclable
conductive composites with self-
healing capacity.
GOQDs/Si-GOQDs 1 Water Barrier 1 Fluorescence Compact/dense Si-GOQD layer Food packaging; biomedical
(0D) Properties reduces accessible diffusion sites devices; bioimaging;
for water optoelectronics
h-BN 1 Thermal | Flexibility Vinyl groups on h-BN undergo Protective coatings for cement- [154]
(2D) conductivity hydrosilylation with PDMS, based substrates (e.g., mortar and
thereby increasing crosslink concrete) in harsh environments
density. Acts as an anchoring site,
improving tensile and
compressive strength. Delays
thermal decomposition and
improves heat dissipation.
MWCNTSs (1D) + Fe304 1 Flexibility (via 1 Hydrophobic PDMS ratio 13:1 optimizes Sound and motion sensors; e-skin; [323]
(0D) PDMS ratio capability; 1 acoustic flexibility; micro-nano bulges sweat/rain resistant
optimization) detection enable superhydrophobic and self-
cleaning; microcracks improve
sensitivity, linearity and
stretchability
MWCNTSs (tubular; 1 Electrical 1 Elastic modulus; | Percolative conductive network; Strain sensors [211]

~9.5nm x
~1.5um)
(1D)

conductivity and
sensitivity

Extensibility; |
Sensitivity at high
loadings; 1 Local
aggregation;

elongational flow (CBER) refines/
reconstructs network and
mitigates aggregation.
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Table 13 (continued)

NP and morphology Target property Secondary property Functional role and structural Main applications Ref
enhancement effects (trade-offs) features
PPy (2D) / AgNPs films 1 Acoustic 1 Electrical PPy provides a uniform and large Flexible sensors; wearable [337]
(0D) detection of conductivity area to immobilize Ag NPs, electronics; human-machine
vocal vibrations enhancing electrical conduction interfaces; speech recovery
SiO, 1 Wettability | Optical Larger NP favors Cassie-Baxter; Self-cleaning; glass/ functional [386]
(0D) transmittance high roughness scatters light films
(worse transmittance)
SiO, 1 Wettability 1 Mechanical (Vickers  Rigid NPs act as reinforcements Robust insulating coatings [167]
(0D) hardness, elastic within PDMS
modulus, and tensile
strength)
SiO, 1 Wettability 1 Mechanical; Low surface energy and adhesion Self-cleaning; corrosion resistance; [387]
(0D) 1 Chemical stability; and reinforced structure improve anti-fouling; antibacterial
~ Optical strength and chemical stability
Transparency
SWCNT 1 Mechanical | Optical Functionalized SWCNT improves Wearable electronics and flexible [388]
(1D) stiffness and transparency elastic modulus, hardness and Sensors; biomedical devices;
hardness contact stiffness of PDMS; electromechanical systems
enhances localized stiffness and
reduces variance in mechanical
properties
SWCNT 1 Thermal | Optical SWCNT films (~40 nm thick) Stretchable and transparent [389]
(1D) conductivity transparency provide high electrical electronics; strain sensors; stable
conductivity and mechanical stretchable electrodes
flexibility
ZnO nanotubes 1 Electrical | Flexibility Enhance triboelectric effect and High output nanogenerator for [142]
(1D) conductivity modify PDMS permittivity; energy harvesting from
contribute to charge generation mechanical motions
during friction and deformation
Zr0, 1 Refractive | Transparency High n (~2.2) increases PDMS High-index optical elastomers; [293]
(0D) index (if agglomerated) refractive index (1.39 — 1.65) lenses; coatings, light-guiding

with transparency loss if agglomeration occurs, whereas spherical Au increases optical absorption via SPR while reducing wettability
[284,293]. Embedding Au-nanostars in PDMS illustrates how optical absorption can be translated into thermal functionality for
medical surfaces, i. e., the reported morphology enables near-infrared absorption, rapid temperature increase, and antibiofilm per-
formance [384]. At the same time, increasing nanostar loading to maximize the photothermal effect typically reduces optical trans-
mittance and may compromise mechanical robustness.

5.5. Photoacoustic performance

In PDMS@NPs composites, enhancement of photoacoustic performance is closely linked to secondary effects on optical, thermal,
mechanical, and electrical properties. Photoacoustic efficiency relies on strong optical absorption and efficient thermoelastic
expansion; therefore, carbon based and plasmonic nanofillers such as CNTs or Au NPs are commonly used to increase the optoacoustic
conversion efficiency [324,336]. Optical absorption and acoustic output are frequently improved by increasing nanofiller loading.
However, it also introduces trade-offs, such as decreased optical transparency, increased viscosity, and limited control over film
thickness, which can limit light penetration and degrade signal uniformity [324,338,340]. Thermal effects introduce additional trade-
offs, i.e., efficient photothermal conversion enhances acoustic pressure generation, but the local temperature that rises under high laser
fluence can induce nonlinear thermal behavior, attenuate the Griineisen coefficient of PDMS, and reduce long-term acoustic stability
during repeated operation [324,336,341,342]. Approaches to mitigate these trade-offs include optimizing nanofiller morphology and
concentration, as well as incorporating multifunctional polymer networks. For instance, Xu et al. [343] have optimized the
PDMS@CNT composite in order to enhance the sensitivity to the optical signals without compromising the sensitivity of the ultrasound
detection. The incorporation of self-healing PDMS matrices further exemplifies how photoacoustic enhancement can be improved
without sacrificing mechanical and electrical properties. While CNTs improve optical absorption and acoustic pressure generation,
dynamic metal-ligand coordination networks preserve mechanical integrity and allow the material to recover after damage, as long as
the nanofiller concentrations remain below a critical level [336,344]. Overall, these examples highlight that maximizing photoacoustic
performance in PDMS@NPs composites requires balancing absorption, thermal stability, and mechanical reliability through careful
control of nanofiller morphology and loading.

5.6. Electrical conductivity
Several examples in Table 13 show that electrical conductivity in PDMS@NPs composites is closely linked to the network for-
mation. It therefore tends to couple strongly with stiffness, extensibility, and often optical transparency. For instance, ZnO nanotubes

increase electrical output in triboelectric systems by improving the triboelectric effect and changing PDMS permittivity. This
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contributes to charge generation during friction and deformation. However, the reported trade-off involves reduced flexibility [142].
Similarly, aligned (Ba,Ca)(Ti,Zr)Os—Cu nanorods systems promote both phonon and electron transport. This results in better thermal
conduction and current density, while reducing optical transparency [218]. CNT-Co fillers show an additional functional relationship,
as related magnetic losses enable EMI shielding while the composite structure supports thermal transport. However, excessive filler
loading and connectivity can compromise the mechanical compliance [244]. In CNT-filled PDMS, electrical conductivity typically
increases sharply once the percolation threshold is reached. This is accompanied by high piezoresistive sensitivity due to the formation
of continuous conductive networks. At moderate loadings, good nanotube dispersion helps network formation and increases physical
entanglement between nanotubes (MWCNTSs) and PDMS chains. This leads to higher elastic modulus and mechanical strength.
However, at high concentrations, severe local aggregation changes network topology, reduces extensibility, and compromises elec-
trical sensitivity. This change is attributed to the competing rupture and reconnection mechanisms of the conductive network under
strain [211]. The multiferroic compound BiMgFeCeOg uses elongational flow processing as an important strategy to effectively address
the trade-off between conductivity and extensibility. This method supports a uniform dispersion and helps to create strong conductive
networks with multiple parallel pathways. As a result, it allows for efficient biomechanical energy harvesting in a device made with
10 wt% BMFCO and PDMS (PENG10). This device can maintain a high electrical output of 17 V while still being fully rollable and
mechanically flexible. In this way, the composite can maintain high conductivity and sensitivity, a wide detection range, and limit
aggregation at high loadings, while maintaining superior mechanical performance and cyclic stability [211]. Therefore, elongational
flow processing is considered a critical design variable in several studies.

5.7. General considerations

Overall, these examples indicate that multifunctionality in PDMS@NPs composites is constrained by coupled transport and
interfacial mechanisms and cannot be achieved by increasing filler loading alone. Across PDMS@NPs systems, increasing NP con-
centration is associated with concurrent increases in mechanical rigidity and thermal conductivity, so a balance becomes necessary
when high elongation and high mechanical properties are both required [219]. In this context, hybrid filler strategies (combined
particles rather than a single filler type) are often proposed to improve thermal transport while attenuating mechanical losses
[208,361].

Beyond composition, Table 13 also highlights three practical levers that repeatedly shape whether synergies can be retained or
trade-offs become dominant. First, interfacial coupling can alter the efficiency of load transfer, phonon transport, or charge transfer;
for example, silane-functionalized SWCNTs improve adhesion and mechanical uniformity [388], and vinyl-functionalized h-BN par-
ticipates in PDMS hydrosilylation, increasing crosslink density while enhancing heat dissipation [154]. Second, shape and connectivity
govern pathway formation, i.e., percolated 1D carbon networks permit electromechanical functioning but diminish optical trans-
parency [389], while 2D ceramic fillers promote thermal transfer but penalize deformability [154]. Third, alignment serves as a
multifaceted technique, facilitating concurrent enhancements in heat transport and dielectric permittivity within ceramic systems
[242] and promoting integrated phonon/electron transport in aligned hybrids [218]. Finally, the optical parameters impose stringent
limitations on numerous applications. Adding metallic fillers to enhance thermal performance (e.g., Au morphologies) often com-
promises high optical transparency, making optical transparency a frequently critical design criterion [284].

6. Conclusions and outlook

The continuous evolution of PDMS@NPs composites through nanoscale engineering has transformed silicone elastomers from
passive encapsulants into adaptive, multifunctional materials that combine flexibility, optical transparency, and responsive func-
tionality. Recent advances further demonstrate that this transformation is not only chemistry-driven but also critically governed by
NPs morphology and interfacial architecture. The macroscopic performance of these composite systems arises mainly from the
interplay between PDMS chemistry, NPs identity, particle geometry (0D, 1D, and 2D aspect ratios), and incorporation strategy, which
collectively govern dispersion homogeneity, interfacial adhesion, and structure property relationships.

The direct mixing process to incorporate NPs into PDMS remains the simplest and most scalable method for composite fabrication,
yet agglomeration and limited interface strength restrict property uniformity. In contrast, in situ synthesis within cured or uncured
PDMS matrices provides stronger chemical anchoring and morphological control, offering enhanced mechanical and functional sta-
bility but often at the cost of process complexity and limited to scale up. Recent studies further highlight that filler aspect ratio and
alignment during processing can partially mitigate these limitations by enabling percolated networks at lower loadings. Developing
advanced fabrication methods that couple interfacial engineering with scalable processing will be essential to the successful transition
of PDMS@NPs composites from laboratory prototypes to large scale applications. A key outcome of this review is that interfacial
chemistry is the fundamental control variable correlating NPs morphology, processing, and macroscopic performance in PDMS@NPs
composites. The inherent chemical mismatch between apolar PDMS and polar or electronically active NPs demands careful interphase
engineering involving covalent anchoring, dynamic or coordinative bonding, and non-covalent interactions. The interphase character
dominates stress transfer, phonon transport, surface energy, optical and plasmonic coupling, photoacoustic conversion, and electrical
percolation, often imposing trade-offs between robustness and adaptability. Additionally, in this review, we have focused on eluci-
dating the structure property relationships in PDMS@NPs composites and the interaction mechanisms between NPs and polymer
chains that enable the tunable enhancement of several properties, as outlined below.

(1) Mechanical behavior
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The incorporation of NPs improves significantly the mechanical integrity of PDMS, helping to overcome its inherent softness and
limited fracture strength. The surface modification by SiOg, AlyO3, or carbon-based fillers promote stronger polymer filler coupling
through covalent or hydrogen bonded interfaces, improving both stress transfer efficiency and fatigue life. Several studies have shown
that high-aspect-ratio 1D and 2D fillers tend to achieve reinforcement more efficiently than spherical fillers by forming load-bearing
networks at lower volume fractions. Recent strategies using dynamic bonds and polydentate ligands further introduce reprocessability
and autonomous self-healing under mild conditions. However, the complex relationship between filler content, crosslink density, and
viscoelastic relaxation highlights the need for predictive models to optimize toughness without sacrificing elasticity.

(2) Thermal conductivity

The intrinsic low thermal conductivity of PDMS (0.12 to 0.35 W/m K) can be increased by over an order of magnitude through the
introduction of high conductivity fillers such as Al;03, BN, graphene, or hybrid carbon ceramic networks. Furthermore, the incor-
poration of 3D fillers also results in superior thermal conductivity when compared to one- and two-dimensional fillers. Additionally,
making continuous phonon pathways via 3D porous or aligned architectures minimizes interfacial thermal resistance and enables
efficient heat dissipation. The interface of NPs also has a great influence, with its functionalization allowing for a decrease in the
thermal contact resistance as well as facilitating the formation of percolation networks. The high thermal performance of the
PDMS@NPs composites presents great potentials in a wide variety of fields including thermal management and storage in electronic
and biomedical devices. However, excessive filler loading, or rigid percolation networks often compromise transparency and
stretchability. Advanced surface functionalization and gradient architectures are therefore critical to balance phonon transport with
mechanical compliance.

(3) Wettability and surface energy

Nanostructuring the PDMS surface with oxide NPs, (SiO3, TiO2, or mixed SiO»-TiO2), enables the wettability to be tuned from
superhydrophilic to superhydrophobic. These materials effectively manipulate surface properties, with controlled roughness and
energy modification producing contact angles exceeding 160° while maintaining high transparency (~97%). Recent durability-
focused studies have shown that long-term wettability retention depends strongly on NP anchoring and resistance to UV-induced
or mechanical degradation. It was reported, a maximum contact angle above 150° even after numerous abrasion cycles and stabil-
ity across a wide pH range. These features enable applications such as self-cleaning, anti-fogging, and drag reduction. However, high
NP loadings or high temperature treatments are often used, and as a result it can deteriorate both flexibility and optical transparency.
Emerging approaches based on low energy plasma activation, layer by layer assembly, or fluorine free coatings show promise for more
sustainable and durable wettability control.

(4) Optical functionality

Optical functionality can be optimized through NPs incorporation while maintaining PDMS flexibility and transparency. The
incorporation of high index (ZrO,, TiO>) or plasmonic (Au, Ag) NPs allows a precise adjust of refractive index values and develop new
capabilities for luminescence, color manipulation and refractive index detection. Several studies have shown that NPs geometry and
size distribution critically govern scattering, plasmonic coupling, and long-term optical stability. The key design challenge lies in
suppressing Mie scattering that arises when the particle dimensions approach the wavelength of incident light. Precise dispersion and
refractive index matching between filler and matrix remain crucial to preserve >90% transmittance. Standardized film thickness,
wavelength range, and haze is still needed to compare optical data reliably. Multifunctional composites integrating mechanical
elasticity with optical responsiveness can offer a pathway toward stretchable lenses, adaptive coatings, and flexible waveguides.
Overall, the optical performance and durability of PDMS@NPs composites are governed not by the presence of NP alone but by the
deliberate control of their geometry, dispersion, surface chemistry, and loading, which together determine the balance between
transparency, field enhancement, and long-term stability under environmental and photochemical stresses.

(5) Acoustic and photoacoustic functionality

PDMS composites have revealed a huge potential for efficient light to sound conversion through the incorporation of optically
absorbing NPs. The most effective fillers include Au NPs, CNT, and graphene nanoflakes, achieving photoacoustic pressures bigger
than 40 MPa and bandwidths up to 85MHz and as a result enhances interfacial heat transfer. Several studies indicate that NP
morphology and interfacial thickness directly regulate heat-to-pressure conversion efficiency and signal bandwidth. Beyond opto-
acoustic efficiency, the integration of self-healing PDMS matrices enables robust and flexible ultrasound devices. CNT filled self-
healing PDMS has been shown to maintain stable acoustic output after repeated mechanical damage when CNT concentrations
remain below 6.7 wt%, due to preserved dynamic metal-ligand coordination bonds. Higher CNT loadings reduce available binding
sites and weaken the self-healing response. Despite challenges such as NPs aggregation and dispersion uniformity, PDMS@NPs
composites have shown potential in applications such as biomedical imaging, therapeutic ultrasound, acoustic flow control, throm-
bolysis, wearable sensors, and energy harvesting. The NPs composition optimization, dispersion methods, and scalable fabrication
techniques will further enhance their performance and will lead to the successful translation of the next generation of optoacoustic
devices.
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(6) Electrical and dielectric performance

The addition of conductive and semiconductive fillers has transformed PDMS from a simple insulating elastomer into a genuinely
functional material for flexible and stretchable electronics. Networks built from CNTs, graphene, silver nanowires, or mixed metal
oxide structures allow charge to move efficiently while the elastomer still stretches far beyond its original shape. At the same time,
dielectric fillers such as BaTiOs, TiO5, and AIN increase permittivity and lower dielectric losses, making PDMS suitable for high output
triboelectric and piezoelectric generators. The dielectric response of PDMS composites depends on their structure and processing.
Increases in permittivity with low dielectric losses are typically linked to interfacial polarisation, while processing conditions and filler
morphology can introduce non-linear responses that are useful for sensing and energy applications but remain difficult to reproduce
without standardised protocols. Recent studies have shown that filler aspect ratio governs percolation thresholds, dielectric nonlin-
earity, and electromechanical coupling. Current work is moving toward the development of PDMS@NPs composites with integrated
smart sensing, self-reporting and ionic thermoelectric functions, optimized by computational and machine learning approaches. In
addition, progress in surfactant engineering and hierarchical fillers will enhance PDMS@NPs composite performance, positioning
them as a robust materials platform for the next generation of soft electronic and energy harvesting technologies.

Although PDMS@NP composites have advanced substantially in recent years, several challenges still limit their practical use.
Interfacial stability under repeated mechanical or thermal stress remains insufficiently understood and achieving uniform NP
dispersion on an industrial scale continues to be difficult due to viscosity and mixing issues. The need to balance stiffness, transparency,
and conductivity often forces arrangements that restrict multifunctional optimization. In addition, most processing methods still
depend on solvents and non-recyclable matrices, causing environmental concerns. PDMS@NP composites also lack common char-
acterization protocols, which makes it difficult to compare results between laboratories and to build reliable structure property
databases.

Moving forward, progress will depend on environmentally friendly, solvent free fabrication methods and on recyclable PDMS
matrices that reduce environmental impact. Combining multiscale modeling with knowledge-based design could help link molecular
structure, interfacial chemistry, and overall performance. Experimental techniques, such as spectroscopy, microscopy, and scattering
under mechanical or thermal load, should be more widely used to reveal how interfaces evolve in real time. Establishing standardized
testing frameworks will also be vital for significant comparison of mechanical, thermal, electrical, and optical data. Taken together,
these directions point to a future where PDMS@NPs composites become reliable, reconfigurable, and sustainable materials linking to
polymer chemistry, nanoscience, and soft matter mechanics. Their continued progress is likely to redesign flexible electronics, soft
robotics, biomedical systems, and adaptive photonic technologies, approaching silicone-based materials well beyond their traditional
limits.
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