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ABSTRACT

ARTICLE INFORMATION

This review focuses on the multi-scale polymer composites, their applications,
structural characteristics, and manufacturing processes. Using micro or nano-sized
particles as fibers, multi-scale composite reinforcements improve the thermal,
mechanical, and functional characteristics of polymers in ways that single-scale
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composites cannot. Several manufacturing procedures are evaluated to attain enough

dispersion and significant interfacial adhesion between the reinforcements and the
polymer matrix. These are essential for the electronics, automotive, and aerospace
sectors to have devices with improved functionality and adaptability. Along with the
sustainable design issues that multi-scale polymer composites encounter in order to
become high-performance materials, the examination examines interface engineering,

scalable production, and property optimization control.
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Peer review under responsibility of UGPH.
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1. Introduction

Multi-scale polymer composites are new and unique classes of
materials that increase mechanical, thermal, and functional
performance due to utilizing matrices and reinforcing particles/re-
enforcements on all size scales from nano (or molecular) to macro
[1-3], and combining the advantages of polymers with other fillers
in a variety of applications such as: fibers, graphene, and
nanoparticles [1, 4]. The application of polymer composites has
expanded into high-performance industries, primarily due to recent
advancements in the ability to quantify and characterize multi-
scale composites, which has resulted in a better ability to control
the structural, processing, and property relationships in polymer
composites [3, 5].

Multi-scale polymer composites are produced using various
manufacturing processes, including electrospinning, resin
infusion, hand lay-up, and hybrid manufacturing [6, 7]. In addition,
advanced methods include vacuum bagging, compression
molding, and 3 and 4D printings [7]. By manipulating the
composite design, the methods can improve interfacial adhesion
between polymer matrix and fillers, understand reinforcement, and
improve filler placement [8]. Significant advances in
manufacturing process can also contribute to maximizing
mechanical strength and durability, as well as substantively
address other issues with production such as voids, residual stress
and other parameters affecting the repeatability and reliability of
the end product [1, 7]. The hierarchical arrangements have a
considerable impact on the features of multi-length scale polymer
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composites [9]. While fibers provide additional structural support
at the micro-scale, fillers enhance the matrix at the nano-scale by
increasing conductive and load transfer ability [4, 10], providing a
synergistic reinforcement system that enables composites to
exhibit properties such as durability in environmental conditions,
impact resistance and unmatched structural strength, which are
pertinent features for advanced technology use when deployed as
composites [4, 11].

As noted in existing research [12], multi-scale polymer
composites have emerged as an influential part within many
sectors including biomedicine, electronics, automotive, and
aerospace. Their unique strength, flexibility, and corrosion
resistance have allowed us to leverage prefabricated sensors,
energy harvesting, light-weight frame work, and self-healing
materials [5, 13].

The incorporation of nanomaterials (i.e., graphene) expands
electrical and mechanical properties into smarter and flexible
structures [14, 15]. Sustainability issues, at a variety of scales, are
becoming ever more prominent in the production of polymer
composite materials [16].

More organizations are looking into reclaimed polymers, bio-
based resins, and natural fibers, which enhance functionality while
minimizing environmental impact. Modern, sustainable composite
materials are becoming even more widespread thanks to new
production methods, like additive manufacturing, which offers
increased material efficiency and design freedom [3, 17].

The aim of this study is to thoroughly explore the current
situation of polymer blends at different sizes, along with their
diverse applications, properties, and manufacture. Then it
identifies advances in the development of the material, new
functions, and ways of producing it while recognizing challenges
and potential research futures. Its purpose is to promote the
production of new polymer blends that meet the changing needs of
contemporary engineering and the never-ending sustainability
demands needed by combining information from different
disciplines.
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2. Fabrication techniques

The performance, structure, and electrical properties of multi-
scale polymer composites can be improved and enhanced by using
fillers of various dimensions, from very small to large [1, 18]. The
basic processes that are limited to the prepreg lay-up process, resin
infusion, and manual lay-up process, such as stacking and curing
fibers and resin together, are very feasible for improving composite
performance and reducing voids.

Other methods typically used are vacuum bagging, and curing
in an autoclave. The proper dispersion of nanomaterials, such as
carbon nanotubes, is essential to avoid excessive resin viscosity,
and filter effects when performed in a process such as resin transfer
moulding (RTM) or vacuum assisted resin transfer moulding
(VARTM) [19, 20].

Modified infusion methods have been developed to achieve
greater impregnation and dispersion of nanofillers, including film
infusion [20].

Advanced technologies like additive manufacturing and
surface coating are also emerging to optimize composite quality
and functionality across scales [21]. These fabrication approaches
balance processability, scalability, and material performance for
applications in automotive, aerospace, and other high-performance
fields [20, 21].

Depending on the intended reinforcement scale and ultimate
usage, fabrication techniques are frequently employed for multi-
scale polymer composites. Each has unique benefits and
difficulties. Fig. 1 and Table 1 list many of these techniques.

3. Characteristics of multi-scale polymer composites

Because of their hierarchical structure, which incorporates
reinforcements at several length scales, such as nano, micro, and
macro, multi-scale polymer composites have unique properties
(Fig. 2). Table 2 shows these traits.
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Fig 1. Schematic of some fabrication techniques of multi-scale polymer composites, a) Resin transfer molding (RTM) [22], b) Fused deposition modeling
(FDM) [23], ¢) Pulsed laser deposition (PLD) [24], d) Injection molding process [25].
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Table 1
Fabrication techniques of multi-scale polymer composites.
Fabrication technique Description Advantages Limitations Refs.
Traditional methods Injection molding High repeatability Limited to specific [22]
Extrusion process control geometries
Calendaring suitable for complex shapes less control at the
hot pressing nanoscale
Additive manufacturing (3D Layer-by-layer Precise control over complex Feedstock preparation  [21, 26-29]
printing) Fused Deposition Modeling (FDM) geometries difficulties
Powder Bed Fusion (PBF) ability to incorporate nanomaterials printing defects
and fibers limited scalability
Electrohydrodynamic Utilizes electric fields to evenly High precision and uniformity Slow process [30]
(EHD) processing deposit fluids containing low temperature processing sensitive to the
nanomaterials environment
nozzle clogging
Advanced laser-assisted Pulsed Laser Deposition (PLD) Precise control of film thickness Requires laser [31]
deposition Laser-Induced Forward Transfer Uniformity equipment
(LIFT) Adhesion process complexity
suitable for materials with several
components
Resin transfer molding Resin Transfer Molding (RTM) suitable for large parts Restricted to low- [1, 20]
Vacuum-Assisted Resin Transfer incorporate nano-reinforcements viscosity resins
Molding (VARTM) increase viscosity High tooling costs
improving mechanical propertie
Surface coating Techniques to apply functional Enhances surface properties May require multiple [21]
technologies coatings on polymer composites corrosion resistance steps or specialized
flame retardancy equipment
Magnetic pulse powder Dynamic compaction method for Improves molding quality Specialized [21]
compaction powder-based polymer composites reduces failure behavior equipment needed
Automatic fiber dispersion An advanced method to uniformly Achieves desired mechanical Process complexity [32]
distribute fibers within the polymer properties by uniform reinforcement
matrix distribution
Table 2
Characteristics of Multi-Scale Polymer Composites
Property Description Refs
Mechanical Multi-scale polymer composites improve mechanical strength and stiffness by combining macroscale fibers (carbon, [11,33-38]
properties glass) with nanoscale fillers (such as carbon nanotubes, graphene). When filler content and dispersion are optimized,
tensile strength and modulus increase. Micro and interfacial bonding significantly impact mechanical performance.
Tensile strength ~ Hybrid fillers significantly enhance tensile strength. For instance, carbon fiber-reinforced PA 6,6 composites can [33-35]
achieve tensile strengths of up to 252 MPa. Multi-scale reinforcements, such as MWCNT and B4C, improve tensile
strength depending on their concentration and the duration of mixing.
Impact Hybrid fillers enhance impact resistance, with carbon fiber reinforced composites achieving values up to 8.84 kJ/m?2. [34, 35]
resistance The type of filler and the fiber-matrix interface play crucial roles in determining impact resistance.
Thermal Many studies have shown that nanoparticle-reinforced fiber/polymer composites exhibit remarkable thermal properties. [39, 40]
properties This is due to the fibers' thermal stability and increased interactions between the nanofillers and the matrix, which
restrict the movement of polymer chains during thermal treatments and contribute to improved performance stability.
Thermal Due to matrix dominance, through-thickness conductivity remains modest (~1 W/mK), while in-plane thermal [34]
conductivity conductivity is significantly enhanced by carbon fibers and carbon nanotubes (up to ~10 W/mK). Compared to as-
synthesized CNTs, heat-treated CNTs exhibit superior thermal conductivity. In PA composites, SiC fillers can increase
conductivity from 0.25 to 3.83 W/mK.
Thermal Fillers significantly improve polymer composites' thermal stability, enabling greater operating temperatures and [35, 41, 42]
stability resistance to deterioration. Epoxy-Kevlar composites, for instance, perform well thermally at high temperatures (~693 K
contact temperature).
Electrical Due to their enhanced interfacial strength, the fillers form excellent continuous networks in multiscale composites, [36, 43]
properties achieving superior electrical characteristics. For example, Cortes et al. added silver nanowires to the carbon fiber/PEEK
composites matrix, increasing their transverse electrical conductivity by at least three times.
Conductivity Network formation, filler type, loading, and dispersion significantly impact electrical and thermal conductivities. CNTs [33, 44]
and CNFs create conductive networks that enhance these conductivities.
Dielectric Type and loading of the nanofiller affect dielectric characteristics; metal oxide fillers in biodegradable polymer matrices [45, 46]
properties impact dielectric behavior and the efficiency of electromagnetic interference shielding. Dielectric constant and loss are

dependent on filler dispersion and filler-matrix interactions.
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4. Applications of multi-scale polymer composites

Multi-scale polymer composites have distinctive qualities that
make them extremely adaptable materials with excellent structural
and functional qualities appropriate for cutting-edge engineering
applications, particularly in the high-performance industries of
electronics, automotive, aerospace, and others.

4.1. Automotive industry

Excellent stiffness, strength, and stability are provided by
carbon fiber-reinforced components. Nanofillers can be utilized to
customize the strength of these composites. [47, 48] In the
automobile industry, injection-molded and heavy steel
components are replaced with sophisticated multiscale composites.
Multi-scale composite automotive components are safer, lighter,
and more economical with gasoline. Carbon fiber cars are popular
because of their properties and aesthetics [49]. Imoisili et al. [50]
produced a natural fiber reinforced hybrid nanocomposite for the
automotive industry by combining multiwalled carbon nanotubes
(MWCNT) with treated plantain (Musa paradisiaca) fiber in a
single epoxy resin matrix. The hybrid composites' mechanical
qualities, such as their increased mechanical strength by around
50%. The outcome suggests mechanical and thermal
characteristics for possible industrial uses. AL-Oqla et al. [51]
conducted another study to determine whether date palm fibers can
be incorporated into natural fiber reinforced polymer composites
(NFC) for the automotive industry.

4.2. Electronics and electrical applications

Composite materials are increasingly being employed in
electrical applications such as coupling capacitors, circuit
breakers, bushings, and so on, thanks to the rapid expansion of the
electrical industry. Due to the wvastly different property
requirements, electrical and structural composites have very
different design characteristics [52]. Many electronic sensors have
been prototyped recently. Nanomaterials, polymers (including
conducting polymers and biopolymers), and their composites are
also widely employed in biosensor interfaces, further broadening
the functional scope of polymer-based materials [53]. Simon et al.
[54] used the FDM method to fabricate a variety of sensors
utilizing carbon black/PCL composite, such as capacitive and
piezoresistive sensors. When the electrical resistance changed, the
piezoresistive sensors could identify the change in mechanical
flex.

4.3. Medical devices

Among other applications, multi-scale polymer composites
have been utilized in medical implants, tissue engineering,
orthopedics, cosmetic orthodontics, drug delivery, and wound
dressing [55, 56]. The intended applications determine whether
NFRPCs are produced for medical use [56]. In one work, Mangat
et al. [57] employed a low-cost destock printer to create three-
dimensional structural composites with natural fiber insertion and
fused filament deposition for scaffold-based biomedical
applications. Rahman et al. [58] gave another example of a
biological use. To achieve a high extraction yield, several reaction
parameters were optimized in this study to extract nano- and
microcrystalline cellulose (CC) from jute fiber. Polylactic acid was
combined with CC (3-15%) to create the composite films.
Furthermore, the samples demonstrated non-toxic characteristics
and may be used as bone implant parent material.

4.4. Aerospace

A lightweight body and exceptional strength are necessary for
aircraft to use less fuel. Composites, weighing up to 20-50% less
than the original materials, make up around 50% of airplane
components. Carbon fiber is the main component of sophisticated
composite technologies because of its exceptional strength-to-
weight ratio. The high cost of carbon fiber remains an issue.
Furthermore, aramid fiber-reinforced composites are employed to
build wing components that safeguard the fuel-carrying engine
pylons, offering superior impact resistance and rigidity [49, 59].
Approximately 50% of the components in airplanes manufactured
by Boeing and Airbus consist of multi-scale composites. Boeing
has successfully replaced about 11,000 metal parts with 1,500
composite alternatives. These hybrid composites provide benefits
such as corrosion resistance, thermal stability, mechanical
strength, and damage tolerance [49, 60].

5. Conclusion

The overview of multi-scale polymer composites' features,
applications, and manufacturing processes highlights the
significant progress made in incorporating reinforcements of
various sizes, from nano to macro, to provide enhanced
multifunctional qualities. To address drawbacks such as poor out-
of-plane properties in conventional composites, these composites
combine standard fiber reinforcements with the unique electrical,
mechanical, and thermal capabilities of nanoscale fillers, like
carbon nanotubes. The resulting multi-scale composites are
suitable for high-performance electronics, aerospace, and
automotive sectors due to their improved electrical conductivity,
multifunctionality, and greater mechanical strength. Despite these
advancements, challenges remain in achieving cost-effective
production, scalable manufacturing, and uniform nanofiller
dispersion while maintaining multifunctional integration and
consistent quality.

Future studies on multi-scale polymer composites are expected
to enhance fabrication techniques to increase repeatability and
scalability, including cutting-edge 3D and 4D printing
technologies that provide precise control over composite design
and characteristics. Developing intelligent, self-healing, and
stimuli-responsive composites that can adapt to damage or
environmental changes is also becoming increasingly important,
boosting their application in advanced industries like energy
harvesting and wearable electronics. Furthermore, an essential area
for innovation is modifying interfacial chemistry to optimize stress
transmission and multifunctionality at the nano-micro interface.
Employing biocompatible and sustainable materials will also be
vital to meet legal and environmental standards. Considering all
factors, the next generation of polymer composites is expected to
be driven by the convergence of multi-scale design,
multifunctionality, and advanced production techniques, paving
the way for new industrial applications and enhancing
performance attributes

Author contributions

Farnaz Sadeghi: Investigation, Writing—Original Draft
Preparation and Writing—Review and Editing. Jalaladdin
Hosseinzadeh:  Visualization, = Writing—Original ~ Draft
Preparation and Writing—Review and Editing. Masoumeh
Tabebordbar: Investigation, =~ Writing—Original ~ Draft
Preparation and Writing—Original Draft Preparation.



F. Sadeghi et al./ Journal of Composites and Compounds 6(2024) 1-6

Funding

No funding was received for this study.

Conflict of interest

The authors declare no conflict of interest.

Data availability

No data is available.

REFERENCES

[1]R. Volponi, P. Spena, F. De Nicola, L. Guadagno, Multiscale composites:
Assessment of a feasible manufacturing process, International Journal of
Acrospace Engineering 2019(1) (2019) 6845310.

[2] V. Vijay Kumar, G. Balaganesan, J.K.Y. Lee, R.E. Neisiany, S.
Surendran, S. Ramakrishna, A review of recent advances in nanoengineered
polymer composites, Polymers 11(4) (2019) 644.

[3]1.0. Oladele, T.F. Omotosho, A.A. Adediran, Polymer-based composites:
an indispensable material for present and future applications, International
Journal of Polymer Science 2020(1) (2020) 8834518.

[4]J.M. Morales Ferrer, R.E. Sanchez Cruz, S. Caplan, W.M. Van Rees, J.W.
Boley, Multiscale heterogeneous polymer composites for high stiffness 4D
printed electrically controllable multifunctional structures, Advanced
Materials 36(8) (2024) 2307858.

[5] A. Mirabedini, A. Ang, M. Nikzad, B. Fox, K.T. Lau, N. Hameed,
Evolving strategies for producing multiscale graphene-enhanced fiber-
reinforced polymer composites for smart structural applications, Advanced
Science 7(11) (2020) 1903501.

[6] K. Satasinska, P. Cabulis, M. Kirpluks, A. Kovalovs, P. Kozikowski, M.
Barczewski, M. Celinski, K. Mizera, M. Gatecka, E. Skukis, The effect of
manufacture process on mechanical properties and burning behavior of
epoxy-based hybrid composites, Materials 15(1) (2022) 301.

[71 M.N. Olaya, M. Maiaru, A multi-scale approach for process modeling of
polymer matrix composites, AIAA SCITECH 2022 Forum, 2022, p. 0379.
[8] M. Azamian Jazi, A. Ramezani S.A, S.A. Haddadi, S. Ghaderi, F.
Azamian, In situ emulsion polymerization and characterization of PVAc
nanocomposites including colloidal silica nanoparticles for wood specimens
bonding, Journal of Applied Polymer Science 137(15) (2020) 48570.

[9] S.K. Bhudolia, S.C. Joshi, V. Dikshit, Multiscale polymer composites: a
review of the interlaminar fracture toughness improvement, (2017).

[10] J.J. Ku-Herrera, O.F. Pacheco-Salazar, C.R. Rios-Soberanis, G.
Dominguez-Rodriguez, F. Avilés, Self-Sensing of Damage Progression in
Unidirectional Multiscale Hierarchical Composites Subjected to Cyclic
Tensile Loading, Sensors, 2016.

[11] L. Bazli, M. Bazli, A review on the mechanical properties of synthetic
and natural fiber-reinforced polymer composites and their application in the
transportation industry, Journal of Composites and Compounds 3(9) (2021)
262-274.

[12] A. Noruzi, M. Mohammadimehr, F. Bargozini, Experimental free
vibration and tensile test results of a five-layer sandwich plate by comparing
various carbon nanostructure reinforcements with SMA, Heliyon 10(10)
(2024).

[13] Kriti, S. Kumari, A. Verma, Synthesis and Applications of Different
Polymer Composites, Hybrid Composite Materials: Experimental and
Theoretical Analysis, Springer2024, pp. 1-44.

[14] S. Suresh Babu, A.-H.I. Mourad, Multiscale Modelling of
Multifunctional Composites: A Review, 2021.

[15] A. Mirabedini, A. Ang, M. Nikzad, B. Fox, K.-T. Lau, N. Hameed,
Evolving Strategies for Producing Multiscale Graphene-Enhanced Fiber-
Reinforced Polymer Composites for Smart Structural Applications,
Advanced Science 7(11) (2020) 1903501.

[16] M. Azad Alam, M.H. Asoushe, P. Pourhakkak, L. Gritsch, A. Alipour,
S. Mohammadi, Preparation of bioactive polymer-based composite by
different techniques and application in tissue engineering: A review, Journal
of Composites and Compounds 3(8) (2021) 194-205.

[17] L. Bazli, M. Yusuf, A. Farahani, M. Kiamarzi, Z. Seyedhosseini, M.
Nezhadmansari, M. Aliasghari, M. Iranpoor, Application of composite
conducting polymers for improving the corrosion behavior of various
substrates: A Review, Journal of Composites and Compounds 2(5) (2020)
228-240.

[18] S.-H. Park, J. Hwang, G.-S. Park, J.-H. Ha, M. Zhang, D. Kim, D.-J.
Yun, S. Lee, S.H. Lee, Modeling the electrical resistivity of polymer
composites with segregated structures, Nature communications 10(1) (2019)
2537.

[19] VK. Dhimole, P. Serrao, C. Cho, Review and suggestion of failure
theories in voids scenario for VARTM processed composite materials,
Polymers 13(6) (2021) 969.

[20] M.C. McCrary-Dennis, O.I. Okoli, A review of multiscale composite
manufacturing and challenges, Journal of reinforced plastics and composites
31(24) (2012) 1687-1711.

[21] C. Wu, F. Xu, H. Wang, H. Liu, F. Yan, C. Ma, Manufacturing
technologies of polymer composites—a review, Polymers 15(3) (2023) 712.
[22] J. Seuffert, P. Rosenberg, L. Kirger, F. Henning, M.H. Kothmann, G.
Deinzer, Experimental and numerical investigations of pressure-controlled
resin transfer molding (PC-RTM), Advanced Manufacturing: Polymer &
Composites Science 6(3) (2020) 154-163.

[23] M. Rafiee, R.D. Farahani, D. Therriault, Multi-material 3D and 4D
printing: a survey, Advanced Science 7(12) (2020) 1902307.

[24] M. Cutroneo, V. Havranek, J. Flaks, P. Malinsky, L. Torrisi, L. Silipigni,
P. Slepicka, D. Fajstavr, A. Mackova, Pulsed laser deposition and laser-
induced backward transfer to modify polydimethylsiloxane, Coatings 11(12)
(2021) 1521.

[25] S. Hasanov, S. Alkunte, M. Rajeshirke, A. Gupta, O. Huseynov, L.
Fidan, F. Alifui-Segbaya, A. Rennie, Review on additive manufacturing of
multi-material parts: Progress and challenges, Journal of Manufacturing and
Materials Processing 6(1) (2021) 4.

[26] K. Markandan, C.Q. Lai, Fabrication, properties and applications of
polymer composites additively manufactured with filler alignment control:
A review, Composites Part B: Engineering 256 (2023) 110661.

[27] V. Monfared, H.R. Bakhsheshi-Rad, S. Ramakrishna, M. Razzaghi, F.
Berto, A brief review on additive manufacturing of polymeric composites
and nanocomposites, Micromachines 12(6) (2021) 704.

[28] M. Asim, M. Jawaid, N. Saba, M. Nasir, M.T.H. Sultan, Processing of
hybrid polymer composites—a review, Hybrid polymer composite materials
(2017) 1-22.

[29] VK. Balla, K.H. Kate, J. Satyavolu, P. Singh, J.G.D. Tadimeti, Additive
manufacturing of natural fiber reinforced polymer composites: Processing
and prospects, Composites Part B: Engineering 174 (2019) 106956.

[30] C. Cong, X. Li, W. Xiao, J. Li, M. Jin, S.H. Kim, P. Zhang,
Electrohydrodynamic printing for demanding devices: A review of
processing and applications, 11(1) (2022) 3305-3334.

[31] S.S. Babu, A.-H.I. Mourad, K.H. Harib, S. Vijayavenkataraman, Recent
developments in the application of machine-learning towards accelerated
predictive multiscale design and additive manufacturing, Virtual and
Physical Prototyping 18(1) (2023) e2141653.

[32] M.A. Rahman, M.M. Rahman, A. Ashraf, Automatic dispersion, defect,
curing, and thermal characteristics determination of polymer composites
using micro-scale infrared thermography and machine learning algorithm,
Scientific Reports 13(1) (2023) 2787.

[33] M. Tasyiirek, Experimental investigation, modeling and optimization
study on the mechanical properties of B4ACp/MWCNT/epoxy multi-scale
hybrid composite, Polymers and Polymer Composites 29(9) (2021) 1450-
1461.

[34] R. Beyaz, A. Ekinci, Z. Yurtbasi, M. Oksuz, M. Ates, I. Aydin, Thermal,
electrical and mechanical properties of carbon fiber/copper powder/carbon
black reinforced hybrid Polyamide 6, 6 composites, High Performance
Polymers 35(2) (2023) 103-114.

[35] M.O.H. Zunino, I.M. Pereira, R.R. Dias, A. Lavoratti, L.V.R. Beltrami,
M. Poletto, A.J. Zattera, Graphene nanoplatelets on multi-scale polymer
composites for potential ballistic shielding, Materials Research 26 (2022)
€20220062.

[36] C. Das, S. Tamrakar, A. Kiziltas, X. Xie, Incorporation of biochar to
improve mechanical, thermal and electrical properties of polymer
composites, Polymers 13(16) (2021) 2663.

[37] O. Zabihi, M. Ahmadi, Q. Li, S. Shafei, M.G. Huson, M. Naebe, Carbon
fibre surface modification using functionalized nanoclay: A hierarchical
interphase for fibre-reinforced polymer composites, Composites Science
and Technology 148 (2017) 49-58.

[38] G. Arora, M.K. Singh, H. Pathak, S. Zafar, Micro-scale analysis of HA-
PLLA bio-composites: effect of the interpenetration of voids on mechanical
properties, Materials Today Communications 28 (2021) 102568.

[39] D. Matykiewicz, M. Barczewski, D. Knapski, K. Skorczewska, Hybrid
effects of basalt fibers and basalt powder on thermomechanical properties of
epoxy composites, Composites Part B: Engineering 125 (2017) 157-164.
[40] D.H. Sung, M. Kim, Y.-B. Park, Prediction of thermal conductivities of
carbon-containing fiber-reinforced and multiscale hybrid composites,
Composites Part B: Engineering 133 (2018) 232-239.

[41] C. Das, S. Tamrakar, A. Kiziltas, X. Xie, Incorporation of Biochar to
Improve Mechanical, Thermal and Electrical Properties of Polymer
Composites, Polymers, 2021.

[42] G. Arora, H. Pathak, Numerical study on the thermal behavior of
polymer nano-composites, Journal of Physics: Conference Series 1240(1)
(2019) 012050.

[43] L.Q. Cortes, S. Racagel, A. Lonjon, E. Dantras, C. Lacabanne,
Electrically conductive carbon fiber / PEKK / silver nanowires
multifunctional composites, Composites Science and Technology 137
(2016) 159-166.

[44] S.-B. Lee, O. Choi, W. Lee, J.-W. Yi, B.-S. Kim, J.-H. Byun, M.-K.
Yoon, H. Fong, E.T. Thostenson, T.-W. Chou, Processing and
characterization of multi-scale hybrid composites reinforced with nanoscale
carbon reinforcements and carbon fibers, Composites Part A: Applied
Science and Manufacturing 42(4) (2011) 337-344.


https://doi.org/10.1155/2019/6845310
https://doi.org/10.1155/2019/6845310
https://doi.org/10.1155/2019/6845310
https://doi.org/10.1155/2019/6845310
https://doi.org/10.3390/polym11040644
https://doi.org/10.3390/polym11040644
https://doi.org/10.3390/polym11040644
https://doi.org/10.1155/2020/8834518
https://doi.org/10.1155/2020/8834518
https://doi.org/10.1155/2020/8834518
https://doi.org/10.1002/adma.202307858
https://doi.org/10.1002/adma.202307858
https://doi.org/10.1002/adma.202307858
https://doi.org/10.1002/adma.202307858
https://doi.org/10.1002/advs.201903501
https://doi.org/10.1002/advs.201903501
https://doi.org/10.1002/advs.201903501
https://doi.org/10.1002/advs.201903501
https://doi.org/10.3390/ma15010301
https://doi.org/10.3390/ma15010301
https://doi.org/10.3390/ma15010301
https://doi.org/10.3390/ma15010301
https://doi.org/10.2514/6.2022-0379
https://doi.org/10.2514/6.2022-0379
https://doi.org/10.1002/app.48570
https://doi.org/10.1002/app.48570
https://doi.org/10.1002/app.48570
https://doi.org/10.1002/app.48570
https://doi.org/10.3390/fib5040038
https://doi.org/10.3390/fib5040038
https://doi.org/10.3390/s16030400
https://doi.org/10.3390/s16030400
https://doi.org/10.3390/s16030400
https://doi.org/10.3390/s16030400
https://doi.org/10.52547/jcc.3.4.6
https://doi.org/10.52547/jcc.3.4.6
https://doi.org/10.52547/jcc.3.4.6
https://doi.org/10.52547/jcc.3.4.6
https://doi.org/10.1016/j.heliyon.2024.e24692
https://doi.org/10.1016/j.heliyon.2024.e24692
https://doi.org/10.1016/j.heliyon.2024.e24692
https://doi.org/10.1016/j.heliyon.2024.e24692
https://doi.org/10.1007/978-981-97-2104-7_1
https://doi.org/10.1007/978-981-97-2104-7_1
https://doi.org/10.1007/978-981-97-2104-7_1
https://doi.org/10.1115/IMECE2021-73276
https://doi.org/10.1115/IMECE2021-73276
https://doi.org/10.1002/advs.201903501
https://doi.org/10.1002/advs.201903501
https://doi.org/10.1002/advs.201903501
https://doi.org/10.1002/advs.201903501
https://doi.org/10.52547/jcc.3.3.7
https://doi.org/10.52547/jcc.3.3.7
https://doi.org/10.52547/jcc.3.3.7
https://doi.org/10.52547/jcc.3.3.7
https://doi.org/10.29252/jcc.2.4.7
https://doi.org/10.29252/jcc.2.4.7
https://doi.org/10.29252/jcc.2.4.7
https://doi.org/10.29252/jcc.2.4.7
https://doi.org/10.29252/jcc.2.4.7
https://doi.org/10.1038/s41467-019-10514-4
https://doi.org/10.1038/s41467-019-10514-4
https://doi.org/10.1038/s41467-019-10514-4
https://doi.org/10.1038/s41467-019-10514-4
https://doi.org/10.3390/polym13060969
https://doi.org/10.3390/polym13060969
https://doi.org/10.3390/polym13060969
https://doi.org/10.1177/0731684412456612
https://doi.org/10.1177/0731684412456612
https://doi.org/10.1177/0731684412456612
https://doi.org/10.3390/polym15030712.
https://doi.org/10.3390/polym15030712.
https://doi.org/10.1080/20550340.2020.1805689
https://doi.org/10.1080/20550340.2020.1805689
https://doi.org/10.1080/20550340.2020.1805689
https://doi.org/10.1080/20550340.2020.1805689
https://doi.org/10.1002/advs.201902307
https://doi.org/10.1002/advs.201902307
https://doi.org/10.3390/coatings11121521
https://doi.org/10.3390/coatings11121521
https://doi.org/10.3390/coatings11121521
https://doi.org/10.3390/coatings11121521
https://doi.org/10.3390/jmmp6010004
https://doi.org/10.3390/jmmp6010004
https://doi.org/10.3390/jmmp6010004
https://doi.org/10.3390/jmmp6010004
https://doi.org/10.1016/j.compositesb.2023.110661
https://doi.org/10.1016/j.compositesb.2023.110661
https://doi.org/10.1016/j.compositesb.2023.110661
https://doi.org/10.3390/mi12060704
https://doi.org/10.3390/mi12060704
https://doi.org/10.3390/mi12060704
https://doi.org/10.1016/B978-0-08-100789-1.00001-0
https://doi.org/10.1016/B978-0-08-100789-1.00001-0
https://doi.org/10.1016/B978-0-08-100789-1.00001-0
https://doi.org/10.1016/j.compositesb.2019.106956
https://doi.org/10.1016/j.compositesb.2019.106956
https://doi.org/10.1016/j.compositesb.2019.106956
https://doi.org/10.1515/ntrev-2022-0498
https://doi.org/10.1515/ntrev-2022-0498
https://doi.org/10.1515/ntrev-2022-0498
https://doi.org/10.1080/17452759.2022.2141653
https://doi.org/10.1080/17452759.2022.2141653
https://doi.org/10.1080/17452759.2022.2141653
https://doi.org/10.1080/17452759.2022.2141653
https://doi.org/10.1038/s41598-023-29270-z
https://doi.org/10.1038/s41598-023-29270-z
https://doi.org/10.1038/s41598-023-29270-z
https://doi.org/10.1038/s41598-023-29270-z
https://doi.org/10.1177/0967391120971189
https://doi.org/10.1177/0967391120971189
https://doi.org/10.1177/0967391120971189
https://doi.org/10.1177/0967391120971189
https://doi.org/10.1177/09540083221114752
https://doi.org/10.1177/09540083221114752
https://doi.org/10.1177/09540083221114752
https://doi.org/10.1177/09540083221114752
https://doi.org/10.1590/1980-5373-MR-2022-0062
https://doi.org/10.1590/1980-5373-MR-2022-0062
https://doi.org/10.1590/1980-5373-MR-2022-0062
https://doi.org/10.1590/1980-5373-MR-2022-0062
https://doi.org/10.3390/polym13162663
https://doi.org/10.3390/polym13162663
https://doi.org/10.3390/polym13162663
https://doi.org/10.1016/j.compscitech.2017.05.013
https://doi.org/10.1016/j.compscitech.2017.05.013
https://doi.org/10.1016/j.compscitech.2017.05.013
https://doi.org/10.1016/j.compscitech.2017.05.013
https://doi.org/10.1016/j.mtcomm.2021.102568
https://doi.org/10.1016/j.mtcomm.2021.102568
https://doi.org/10.1016/j.mtcomm.2021.102568
https://doi.org/10.1016/j.compositesb.2017.05.060
https://doi.org/10.1016/j.compositesb.2017.05.060
https://doi.org/10.1016/j.compositesb.2017.05.060
https://doi.org/10.1016/j.compositesb.2017.09.032
https://doi.org/10.1016/j.compositesb.2017.09.032
https://doi.org/10.1016/j.compositesb.2017.09.032
https://doi.org/10.3390/polym13162663
https://doi.org/10.3390/polym13162663
https://doi.org/10.3390/polym13162663
https://doi.org/10.1088/1742-6596/1240/1/012050
https://doi.org/10.1088/1742-6596/1240/1/012050
https://doi.org/10.1088/1742-6596/1240/1/012050
https://doi.org/10.1016/j.compscitech.2016.10.029
https://doi.org/10.1016/j.compscitech.2016.10.029
https://doi.org/10.1016/j.compscitech.2016.10.029
https://doi.org/10.1016/j.compscitech.2016.10.029
https://doi.org/10.1016/j.compositesa.2010.10.016
https://doi.org/10.1016/j.compositesa.2010.10.016
https://doi.org/10.1016/j.compositesa.2010.10.016
https://doi.org/10.1016/j.compositesa.2010.10.016
https://doi.org/10.1016/j.compositesa.2010.10.016

6 F. Sadeghi et al./ Journal of Composites and Compounds 6(2024) 1-6

[45]J. Tan, G. Zhu, F. Yang, S. Zhang, Q. Wu, L. Xu, Y. Li, L. Tan, X. Meng,
J. Yu, Multi-scale-filler reinforcement strategy enabled stretchable silicone
elastomer with synergistically enhanced thermal conductivity and
mechanical strength, Composites Part A: Applied Science and
Manufacturing 175 (2023) 107784.

[46] M. Sato, A. Kumada, K. Hidaka, T. Yasuoka, Y. Hoshina, M. Shiiki,
Multi-scale modeling of dielectric polarization in polymer/ferroelectric
composites, IEEE Transactions on Dielectrics and Electrical Insulation
30(2) (2022) 674-680.

[47] K. Czech, R. Oliwa, D. Krajewski, K. Bulanda, M. Oleksy, G. Budzik,
A. Mazurkow, Hybrid polymer composites used in the arms industry: A
review, Materials 14(11) (2021) 3047.

[48] Y. Liu, D.-D. Zhang, G.-Y. Cui, R.-Y. Luo, D.-L. Zhao, Enhanced
mechanical properties of multiscale carbon fiber/epoxy unidirectional
composites with different dimensional carbon nanofillers, Nanomaterials
10(9) (2020).

[49] G. Mittal, K.Y. Rhee, V. Miskovi¢-Stankovi¢, D. Hui, Reinforcements
in multi-scale polymer composites: Processing, properties, and applications,
Composites Part B: Engineering 138 (2018) 122-139.

[50] P.E. Imoisili, K. Ukoba, T.-C. Jen, Physical, mechanical and thermal
properties of high frequency microwave treated plantain (Musa Paradisiaca)
fibre/MWCNT hybrid epoxy nanocomposites, Journal of Materials
Research and Technology 9(3) (2020) 4933-4939.

[511 EM. Al-Oqla, S.M. Sapuan, Natural fiber reinforced polymer
composites in industrial applications: feasibility of date palm fibers for
sustainable automotive industry, Journal of Cleaner Production 66 (2014)
347-354.

[52] S. Bhalerao, N. Ambhore, M. Kadam, Polymer matrix composite in
high voltage applications: a review, Biointerface Res. Appl. Chem 12(6)
(2022) 8343-8352.

[53] M. Nikandish, H. Alsayegh, M. Karbalaee, N.S. Yadollahi Nooshabadi,
M.B. Abazari, Fabrication of Composite-Based Biosensors for Rapid
Disease Detection, Journal of Composites and Compounds 6(19) (2024).
[54] S.J. Leigh, R.J. Bradley, C.P. Purssell, D.R. Billson, D.A. Hutchins, A
simple, low-cost conductive composite material for 3D printing of electronic
sensors, PloS one 7(11) (2012) e49365.

[55] J.D.P. de Amorim, C.J.G. da Silva Junior, A.D.L.M. de Medeiros, H.A.
do Nascimento, M. Sarubbo, T.P.M. de Medeiros, A.F.d.S. Costa, L.A.
Sarubbo, Bacterial cellulose as a versatile biomaterial for wound dressing
application, Molecules 27(17) (2022) 5580.

[56] F. Namvar, M. Jawaid, PM. Tanir, R. Mohamad, S. Azizi, A.
Khodavandi, H.S. Rahman, M.D. Nayeri, Potential use of plant fibres and
their composites for biomedical applications, BioResources 9(3) (2014).
[57] A.S. Mangat, S. Singh, M. Gupta, R. Sharma, Experimental
investigations on natural fiber embedded additive manufacturing-based
biodegradable structures for biomedical applications, Rapid Prototyping
Journal 24(7) (2018) 1221-1234.

[58] M.M. Rahman, S. Afrin, P. Haque, M.M. Islam, M.S. Islam, M.A.
Gafur, Preparation and Characterization of Jute Cellulose Crystals-
Reinforced Poly (L-lactic acid) Biocomposite for Biomedical Applications,
International Journal of Chemical Engineering 2014(1) (2014) 842147.
[59] L. Wu, W. Wang, Q. Jiang, C. Xiang, C.-W. Lou, Mechanical
characterization and impact damage assessment of hybrid three-dimensional
five-directional composites, Polymers 11(9) (2019) 1395.

[60] Y. Cheng, Y. An, Y. Liu, Q. Wei, W. Han, X. Zhang, P. Zhou, C. Wei, N.
Hu, ZrB2-based “brick-and-mortar” composites achieving the synergy of
superior damage tolerance and ablation resistance, ACS Applied Materials
& Interfaces 12(29) (2020) 33246-33255.


https://doi.org/10.1016/j.compositesa.2023.107784
https://doi.org/10.1016/j.compositesa.2023.107784
https://doi.org/10.1016/j.compositesa.2023.107784
https://doi.org/10.1016/j.compositesa.2023.107784
https://doi.org/10.1016/j.compositesa.2023.107784
https://doi.org/10.1109/TDEI.2022.3222746
https://doi.org/10.1109/TDEI.2022.3222746
https://doi.org/10.1109/TDEI.2022.3222746
https://doi.org/10.1109/TDEI.2022.3222746
https://doi.org/10.3390/ma14113047
https://doi.org/10.3390/ma14113047
https://doi.org/10.3390/ma14113047
https://doi.org/10.3390/nano10091670
https://doi.org/10.3390/nano10091670
https://doi.org/10.3390/nano10091670
https://doi.org/10.3390/nano10091670
https://doi.org/10.1016/j.compositesb.2017.11.028
https://doi.org/10.1016/j.compositesb.2017.11.028
https://doi.org/10.1016/j.compositesb.2017.11.028
https://doi.org/10.1016/j.jmrt.2020.03.012
https://doi.org/10.1016/j.jmrt.2020.03.012
https://doi.org/10.1016/j.jmrt.2020.03.012
https://doi.org/10.1016/j.jmrt.2020.03.012
https://doi.org/10.1016/j.jclepro.2013.10.050
https://doi.org/10.1016/j.jclepro.2013.10.050
https://doi.org/10.1016/j.jclepro.2013.10.050
https://doi.org/10.1016/j.jclepro.2013.10.050
https://doi.org/10.33263/BRIAC126.83438352
https://doi.org/10.33263/BRIAC126.83438352
https://doi.org/10.33263/BRIAC126.83438352
https://doi.org/10.61186/jcc.6.2.1
https://doi.org/10.61186/jcc.6.2.1
https://doi.org/10.61186/jcc.6.2.1
https://doi.org/10.61186/jcc.6.2.1
https://doi.org/10.1371/journal.pone.0049365
https://doi.org/10.1371/journal.pone.0049365
https://doi.org/10.1371/journal.pone.0049365
https://doi.org/10.3390/molecules27175580
https://doi.org/10.3390/molecules27175580
https://doi.org/10.3390/molecules27175580
https://doi.org/10.3390/molecules27175580
https://doi.org/10.1108/RPJ-08-2017-0162
https://doi.org/10.1108/RPJ-08-2017-0162
https://doi.org/10.1108/RPJ-08-2017-0162
https://doi.org/10.1108/RPJ-08-2017-0162
https://doi.org/10.1155/2014/842147
https://doi.org/10.1155/2014/842147
https://doi.org/10.1155/2014/842147
https://doi.org/10.1155/2014/842147
https://doi.org/10.3390/polym11091395
https://doi.org/10.3390/polym11091395
https://doi.org/10.3390/polym11091395
https://doi.org/10.1021/acsami.0c08206
https://doi.org/10.1021/acsami.0c08206
https://doi.org/10.1021/acsami.0c08206
https://doi.org/10.1021/acsami.0c08206

	1. Introduction
	2. Fabrication techniques
	3. Characteristics of multi-scale polymer composites
	4. Applications of multi-scale polymer composites
	4.1. Automotive industry
	4.2. Electronics and electrical applications
	4.3. Medical devices
	4.4. Aerospace

	5. Conclusion
	REFERENCES

