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1. Introduction
Recently, polymer composites have evolved from simple polymeric materials into

advanced engineering systems capable of delivering multiple functionalities simultane-
ously [1,2]. This evolution has given rise to the concept of multifunctionality in poly-
mer composite materials. They refer to the integration of diverse properties within a
single system, making them suitable for a wide range of applications [3]. Multifunc-
tionality is primarily enabled by the incorporation of functional fillers, such as carbon
nanotubes [4], metal oxides [5], and various ceramic materials [6]. While many types of
polymer matrices are available, elastomeric matrices are particularly favored. Among them,
polyurethane [7], silicone rubber [8], and polydimethylsiloxane (PDMS) [9] are especially
popular in energy-harvesting and -sensing applications. This choice is due to their inherent
flexibility, stretchability, light weight, and ease of processing [10]. These characteristics
facilitate the development of smart polymeric materials suitable for various applications.
These applications are wearable sensors, soft robotics, energy-harvesting systems, vibration
dampers, and advanced sensing platforms [11,12]. However, realizing true multifunc-
tionality in polymer composites requires a careful balance of several critical properties.
These include mechanical stiffness, uniform filler dispersion, and strong interfacial bonding
between the filler and polymer matrix. Furthermore, maintaining mechanical integrity
is essential, as it directly impacts the durability and intrinsic flexibility of the composite
material [13].

However, achieving an optimal balance among these properties remains a significant
challenge. To address this, filler functionalization is often employed to improve both
filler dispersion and interfacial interactions between the filler and the rubber matrix [14].
Multifunctional polymer composites thus represent a transformative class of materials, like
soft, adaptive, and intelligent, that are key enablers for next-generation technologies [15].
These advanced composites are specifically engineered for emerging applications such as
human–machine interfaces, healthcare monitoring devices, and energy-harvesting systems.
In light of these developments, this Special Issue aims to explore the multifunctionality of
polymer composites in depth. It will highlight strategies for tailoring material properties
to meet specific performance requirements. Therefore, they provide valuable insights and
pathways for the practical implementation of these composites. Finally, the ability to control
and optimize a wide range of mechanical, electrical, and structural properties enables
the development of application-specific solutions. The following sections will review
relevant literature and discuss how multifunctional polymer composites are being utilized
across various domains. Finally, portable electronics, energy-harvesting technologies,
and advanced sensing platforms are some important and targeted applications for this
Special Issue.
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2. Overview of Published Articles
Kumar et al. [16] report using silicone rubber-based composites and their multi-

functionality as energy-harvesting systems. The authors use titanium carbide (TiC) and
molybdenum disulfide (MoS2) to reinforce the matrix and improve the electrical conduc-
tivity of the composites. The results show that the output voltages were 3.5 mV (6 phr
of TiC) and 6.7 mV (6 phr of MoS2). Similarly, Iyer et al. [17] designed and fabricated
composites based on poly (ethylene oxide), and their multifunctional prospects for sodium
ion batteries were demonstrated. Here, the authors develop a novel approach to design-
ing the batteries by making them capable of operating at room temperature with high
performance. The properties were fantastic, such as tensile strength of 32.1 MPa and an
ionic conductivity of 1.01 × 10−4 S cm−1. Moreover, the battery shows high electrochem-
ical stability and an energy density of 14.2 Wh kg−1. Therefore, this multifunctionality
of the composites demonstrates a promising potential for developing high-performance
batteries. Assadakorn et al. [18] use the Dunlop process to fabricate composites based
on high-surface-area silica and natural rubber latex. The results show that the four types
of silica particles were used, some with hydrophobicity and some with hydrophilicity.
The hardness was tested, and it was 45 for non-silica foam rubber and 48 for hydrophilic
fumed silica-based samples. Overall, the study concludes that the hydrophobic fumed
silica was better than the hydrophilic ones in both fumed and precipitated silica particles
in rubber composites. Another interesting review study by Malashin et al. [19] shows
multifunctionalities in polymer composites. This review provides a special focus on new
generation processing techniques like 3D and 4D printing. The review study further high-
lights that these emerging printing technologies are very promising in obtaining consistent
composite samples. Finally, the paper summarizes the key takeaways, challenges, and
future prospects of these techniques.

Sriani et al. [20] demonstrate ultrafiltration in whey protein separations. Here, the
authors modify the polysulfone-based flat membrane with hydroxyapatite (HA) during
fabrication using a wet-phase method. The results are interesting, as the permeability
flux increases to 38% after adding 0.3 wt% of HA. Therefore, a simple and economical
modification of the polysulfone membrane with HA resulted in improving permeability
without sacrificing the separation efficiency. Therefore, this work provides an efficient route
to obtain scalable membrane production for the high whey protein separation industry.
Another study by Bril’ et al. [21] discusses the use of polymer composites for multifunctional
applications like flexible electronics and electromagnetic compatibility. These composites
are fabricated by mixing silver nanowires with a PET polymer matrix. As multifunctional
applications, authors study the shielding efficiency for a 500–600 nm thick porous sample.
The results show that the samples were 40 dB, while as the thickness increased to 3.1–4.1 µm,
the efficiency increased to 85–90 dB. Finally, the results show that the samples were able
to show their application for portable electronics and electromagnetic compatibility. Inna
et al. [22] present an interesting study on possible staining and surface roughness of restored
dental applications. This in vitro study provides a breakthrough in teeth restoration by
micro-abrasion and resin infiltration (RIT). The study shows that RIT proves to be promising
for higher durability with lower roughness. Fatkullin et al. [23] studied the switching of the
polymer composites based on laser-induced graphene for multifunctional applications like
tunable electronics. Moreover, the fabricated composites show strong potential for their use
in energy storage, sensing, and bioelectronics. The new strategy proposed by the authors
concludes that the tailoring of the polymer composite’s electrochemical properties with
dynamic switching is possible. This aspect opens new pathways for flexible electronics
with tunable properties and performance.
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Repin et al. [24] study the multifunctionality of cellulose-based composite materials
for water extraction from atmospheric air. A strong and porous composite system was de-
veloped that acts like a carrier for the precipitation of hygroscopic agents. The hygroscopic
agents developed in this work were CaCl2 and 1-butyl-3-methylimidazolium chloride.
Here, the use of 1-butyl-3-methylimidazolium chloride was found most promising for
water absorption efficiency and recyclable potential. Plamadiala et al. [25] present a review
article summarizing enhanced performance of polylactic acid (PLA) filaments in FDM. The
polylactic acid was proffered because of its biodegradability and scalability due to easy
processing. Finally, this study highlights the multifunctional use of PLA, including the
potential challenges and processing conditions. Janmanee et al. [26] developed a biosensor
based on polymer composites for the detection of dopamine (DA). The study shows that
the DA imbalance is also associated with brain malfunction and results in diseases like
Parkinson’s. The developed biosensor shows high-sensitivity selectivity in detecting DA
content from 5 to 180 µM. Thus, the study supports that biosensing technology can be
used to detect DA early and can avoid neurological disorders. Finally, Kumar et al. [27]
provide a comprehensive review for studying physical activity monitoring through poly-
mer composite sensors. This review study helps in understanding the early trends on the
use of composite-based sensors for detecting physical activity from year 2020–2025. The
composites are based on carbon nanomaterials as a conducting material and silicone rubber
as the polymer matrix. The physical activities monitored in this work involve sensing
running, cycling, and swimming. The electrical properties reviewed in this work include
resistance, response time, and gauge factors of the strain sensor. Finally, the key challenges
and future prospects of this work are summarized and reported.

3. Summary and Future Outlook
Although significant advancements have been made in the development of polymer

composite materials, several critical challenges remain. These include difficulties in scala-
bility, ensuring performance reliability, and achieving mechanical integration for long-term
durability [28]. Addressing these issues requires focused research, particularly in the areas
of filler dispersion, filler–polymer interfacial interactions, and material durability [29]. For
instance, achieving uniform filler dispersion is essential for ensuring balanced and consis-
tent performance in polymer composites. Poor dispersion often leads to filler aggregation,
which reduces the effective interfacial area and hampers stress transfer during mechanical
deformation [30]. Additionally, engineering the filler–matrix interface can substantially
enhance stress distribution, charge transport, and overall durability. In contrast, weak
interfacial bonding can cause performance degradation under mechanical, electrical, or
thermal stress. Embedding multifunctional filler particles into high-performance functional
devices also requires careful consideration of interface design, packaging, and interconnect
architecture [31]. Fortunately, many of these challenges can be addressed through strategic
approaches. For example, functionalizing filler particles can greatly improve dispersion and
interfacial bonding, thereby unlocking the full performance potential of multifunctional
composites [32]. Another promising route involves using hybrid filler systems, which
can exhibit synergistic effects and deliver robust performance even at low filler loadings.
Furthermore, there is a growing interest in bio-based polymers and biodegradable fillers,
aimed at creating environmentally friendly multifunctional composites [33]. These sustain-
able materials are particularly well-suited for applications in transient electronics and green
manufacturing. Looking ahead, multifunctional polymer composites are expected to play a
pivotal role in numerous fields, including wearable electronics, soft robotics, biomedical
devices, energy-harvesting systems, and structural health monitoring [34]. Overall, the
future of composite-based sensors and devices appears highly promising, offering a sus-
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tainable, resilient, and versatile pathway toward green energy and next-generation sensing
technologies.
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5. Wawrzyńczak, A.; Chudzińska, J.; Feliczak-Guzik, A. Metal and metal oxides nanoparticles as nanofillers for biodegradable
polymers. ChemPhysChem 2024, 25, e202300823. [CrossRef] [PubMed]

6. Kumar, R.; Pandey, R.K.; Shukla, S.S.; Gidwani, B. Ceramic fillers, fibers, and acrylics. In Magnetic Polymer Composites and Their
Emerging Applications; CRC Press: Boca Raton, FL, USA, 2024; pp. 289–313.

7. Jiang, R.; Zheng, X.; Zhu, S.; Li, W.; Zhang, H.; Liu, Z.; Zhou, X. Recent advances in functional polyurethane chemistry: From
structural design to applications. Chem. Sel. 2023, 8, e202204132. [CrossRef]

8. Kumar, V.; Parvin, N.; Joo, S.W.; Mandal, T.K.; Park, S.S. Great carbon nano materials based composites for electronic skin:
Intelligent sensing, and self-powered nano generators. Nano Energy 2025, 137, 110805. [CrossRef]

9. Liu, J.; Yao, Y.; Li, X.; Zhang, Z. Fabrication of advanced polydimethylsiloxane-based functional materials: Bulk modifications
and surface functionalizations. Chem. Eng. J. 2021, 408, 127262. [CrossRef]

10. Qi, D.; Zhang, K.; Tian, G.; Jiang, B.; Huang, Y. Stretchable electronics based on PDMS substrates. Adv. Mater. 2021, 33, 2003155.
[CrossRef]

11. Zhu, M.; Biswas, S.; Dinulescu, S.I.; Kastor, N.; Hawkes, E.W.; Visell, Y. Soft, wearable robotics and haptics: Technologies, trends,
and emerging applications. Proc. IEEE 2022, 110, 246–272. [CrossRef]

12. Lee, J.H.; Cho, K.H.; Cho, K. Emerging trends in soft electronics: Integrating machine intelligence with soft acoustic/vibration
sensors. Adv. Mater. 2023, 35, 2209673. [CrossRef]

13. Zhao, Z.; Liu, K.; Liu, Y.; Guo, Y.; Liu, Y. Intrinsically flexible displays: Key materials and devices. Natl. Sci. Rev. 2022, 9, nwac090.
[CrossRef] [PubMed]

14. Chandrashekar, A.; Hegde, M.; Krishna, S.; Gopi, J.A.; Kotresh, T.M.; Prabhu, T.N. Non-covalent surface functionalization of
nanofillers towards the enhancement of thermal conductivity of polymer nanocomposites: A mini review. Eur. Polym. J. 2023, 198,
112379. [CrossRef]

15. Luan, C.; Movva, S.; Wang, K.; Yao, X.; Zhang, C.; Wang, B. Towards next-generation fiber-reinforced polymer composites: A
perspective on multifunctionality. Funct. Compos. Struct. 2019, 1, 042002. [CrossRef]

16. Kumar, V.; Alam, M.N.; Yewale, M.A.; Park, S.S. Multifunctional Aspects of Mechanical and Electromechanical Properties of
Composites Based on Silicone Rubber for Piezoelectric Energy Harvesting Systems. Polymers 2024, 16, 2058. [CrossRef]

17. Iyer, V.; Petersen, J.; Geier, S.; Wierach, P. Design and Characterization of Poly (ethylene oxide)-Based Multifunctional Composites
with Succinonitrile Fillers for Ambient-Temperature Structural Sodium-Ion Batteries. Polymers 2024, 16, 2806. [CrossRef]
[PubMed]

18. Assadakorn, D.; Liu, G.; Hao, K.; Bai, L.; Liu, F.; Xu, Y.; Guo, L.; Liu, H. Effects of BET Surface Area and Silica Hydrophobicity on
Natural Rubber Latex Foam Using the Dunlop Process. Polymers 2024, 16, 3076. [CrossRef]

19. Malashin, I.; Masich, I.; Tynchenko, V.; Gantimurov, A.; Nelyub, V.; Borodulin, A.; Martysyuk, D.; Galinovsky, A. Machine
Learning in 3D and 4D Printing of Polymer Composites: A Review. Polymers 2024, 16, 3125. [CrossRef]

20. Sriani, T.; Mahardika, M.; Arifvianto, B.; Yusof, F.; Whulanza, Y.; Prihandana, G.S.; Baskoro, A.S. Study of Polysulfone-
Impregnated Hydroxyapatite for Ultrafiltration in Whey Protein Separation. Polymers 2024, 16, 3079. [CrossRef]

https://doi.org/10.1016/j.rineng.2024.102125
https://doi.org/10.1002/adfm.202312036
https://doi.org/10.1080/09243046.2022.2076019
https://doi.org/10.1002/cphc.202300823
https://www.ncbi.nlm.nih.gov/pubmed/38353297
https://doi.org/10.1002/slct.202204132
https://doi.org/10.1016/j.nanoen.2025.110805
https://doi.org/10.1016/j.cej.2020.127262
https://doi.org/10.1002/adma.202003155
https://doi.org/10.1109/JPROC.2021.3140049
https://doi.org/10.1002/adma.202209673
https://doi.org/10.1093/nsr/nwac090
https://www.ncbi.nlm.nih.gov/pubmed/35711242
https://doi.org/10.1016/j.eurpolymj.2023.112379
https://doi.org/10.1088/2631-6331/ab47f9
https://doi.org/10.3390/polym16142058
https://doi.org/10.3390/polym16192806
https://www.ncbi.nlm.nih.gov/pubmed/39408515
https://doi.org/10.3390/polym16213076
https://doi.org/10.3390/polym16223125
https://doi.org/10.3390/polym16213079


Polymers 2025, 17, 1636 5 of 5

21. Bril’, I.Y.; Voronin, A.; Fadeev, Y.; Pavlikov, A.; Govorun, I.; Podshivalov, I.; Parshin, B.; Makeev, M.; Mikhalev, P.; Afanasova,
K.; et al. Laser-Induced Silver Nanowires/Polymer Composites for Flexible Electronics and Electromagnetic Compatibility
Application. Polymers 2024, 16, 3174. [CrossRef]

22. Inna, T.; Krajangta, N.; Rakmanee, T. The Staining Susceptibility and Surface Roughness of Teeth Restored by Microabrasion and
Resin Infiltration: An In Vitro Study. Polymers 2024, 16, 3523. [CrossRef]

23. Fatkullin, M.; Petrov, I.; Dogadina, E.; Kogolev, D.; Vorobiev, A.; Postnikov, P.; Chen, J.-J.; de Oliveira, R.F.; Kanoun, O.; Rodriguez,
R.D.; et al. Electrochemical Switching of Laser-Induced Graphene/Polymer Composites for Tunable Electronics. Polymers 2025,
17, 192. [CrossRef] [PubMed]

24. Repin, D.; Gablina, M.; Repina, N.; Cherednichenko, K.; Li, W.; Gushchina, Y.; Ivanov, E.; Melnikov, V.; Fakhrullin, R.; Vinokurov,
V. Cellulose-Based Composite Materials for Fresh Water Extraction from Atmospheric Air. Polymers 2025, 17, 328. [CrossRef]

25. Plamadiala, I.; Croitoru, C.; Pop, M.A.; Roata, I.C. Enhancing Polylactic Acid (PLA) Performance: A Review of Additives in Fused
Deposition Modelling (FDM) Filaments. Polymers 2025, 17, 191. [CrossRef]

26. Janmanee, R.; Sriwichai, S. Development of an Electrochemical Biosensor Based on Polypyrrole-3-carboxylic
Acid/Polypyrrole/Au Nanoparticle Composites for Detection of Dopamine. Polymers 2025, 17, 754. [CrossRef]

27. Kumar, V.; Alam, M.N.; Manik, G.; Park, S.S. Recent Advancements in Rubber Composites for Physical Activity Monitoring
Sensors: A Critical Review. Polymers 2025, 17, 1085. [CrossRef] [PubMed]

28. Oladele, I.O.; Omotosho, T.F.; Adediran, A.A. Polymer-based composites: An indispensable material for present and future
applications. Int. J. Polym. Sci. 2020, 2020, 8834518. [CrossRef]

29. Zhang, X.; Li, B.W.; Dong, L.; Liu, H.; Chen, W.; Shen, Y.; Nan, C.W. Superior energy storage performances of polymer
nanocomposites via modification of filler/polymer interfaces. Adv. Mater. Interfaces 2018, 5, 1800096. [CrossRef]

30. Šupová, M.; Martynková, G.S.; Barabaszová, K. Effect of nanofillers dispersion in polymer matrices: A review. Sci. Adv. Mater.
2011, 3, 1–25. [CrossRef]

31. Garner, L.; Sane, S.; Suh, D.; Byrne, T.; Dani, A.; Martin, T.; Mello, M.; Patel, M.; Williams, R. Finding Solutions to the Challenges
in Package Interconnect Reliability. Intel Technol. J. 2005, 9, 297. [CrossRef]

32. Maalihan, R.D.; Domalanta, M.R.B.; Corrales, A.C.C.; Caldona, E.B. Advances in interfacially engineered surface-functionalized
fillers for multifunctional polymer composite coatings. Polym. Compos. 2025, 46, 5857–5881. [CrossRef]

33. Garrison, T.F.; Murawski, A.; Quirino, R.L. Bio-based polymers with potential for biodegradability. Polymers 2016, 8, 262.
[CrossRef] [PubMed]

34. Biswas, S.; Lee, S.W.; Lee, Y.; Choi, H.J.; Chen, J.; Yang, X.; Du, Y.; Falcone, N.; Barros, N.R.D.; Lee, S.M.; et al. Emerging energy
harvesters in flexible bioelectronics: From wearable devices to biomedical innovations. Small Sci. 2024, 4, 2300148. [CrossRef]
[PubMed]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.3390/polym16223174
https://doi.org/10.3390/polym16243523
https://doi.org/10.3390/polym17020192
https://www.ncbi.nlm.nih.gov/pubmed/39861264
https://doi.org/10.3390/polym17030328
https://doi.org/10.3390/polym17020191
https://doi.org/10.3390/polym17060754
https://doi.org/10.3390/polym17081085
https://www.ncbi.nlm.nih.gov/pubmed/40284349
https://doi.org/10.1155/2020/8834518
https://doi.org/10.1002/admi.201800096
https://doi.org/10.1166/sam.2011.1136
https://doi.org/10.1535/itj.0904.04
https://doi.org/10.1002/pc.29358
https://doi.org/10.3390/polym8070262
https://www.ncbi.nlm.nih.gov/pubmed/30974537
https://doi.org/10.1002/smsc.202300148
https://www.ncbi.nlm.nih.gov/pubmed/40212689

	Introduction 
	Overview of Published Articles 
	Summary and Future Outlook 
	References

