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Preface

Polymer composites are composed of a polymer matrix, reinforcing fillers, and other additives.

Here, the polymer matrix used can be thermoplastic, thermoset, or elastomer. An elastomeric matrix

is frequently used due to its ability to stretch, be lightweight, and be flexible. Functional fillers, such

as carbon nanotubes, graphene, and carbon black, are added to impart reinforcement and enhance

their properties. These improved properties are mechanical, electrical, and thermal properties. Unlike

traditional composites, these multifunctional composites exhibit robust sensing capability, self-healing,

energy storage, or environmental responsiveness. The design of these multifunctional composites

needs an interdisciplinary approach in order to achieve robust performance.

Keeping these ideas in mind, the present Reprint provides an in-depth study of multifunctional

aspects in polymer composites. It further offers the integration of various functionalities into a

single lightweight and durable system, making these polymer composite materials promising for

next-generation technologies. Finally, each chapter in the Reprint will cover the innovations, novel

results, and the discussion of these multifunctional polymer composites. We are confident that readers

of this Reprint will gain meaningful insights into multifunctional composites.

Md Najib Alam and Vineet Kumar

Guest Editors
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Editorial

Multifunctional Polymer Composite Materials

Vineet Kumar and Md Najib Alam *

School of Mechanical Engineering, Yeungnam University, 280, Daehak-ro, Gyeongsan 38541, Republic of Korea;
vineetfri@gmail.com
* Correspondence: mdnajib.alam3@gmail.com

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.

Polymers 2025, 17, 1636 https://doi.org/10.3390/polym17121636
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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.

Acknowledgments: The authors thank all the contributors and reviewers for their valuable contribu-
tions and support from section editors of this Special Issue.

Conflicts of Interest: The authors declare no conflicts of interest.
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Development of an Electrochemical Biosensor Based on
Polypyrrole-3-carboxylic Acid/Polypyrrole/Au Nanoparticle
Composites for Detection of Dopamine
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Abstract: Dopamine (DA) is a neurotransmitter that works in the brain. It plays several
important roles in executive functions, including motor control, memory, mood, motiva-
tion, and reward. DA imbalances are associated with diseases in the nervous system such
as Parkinson’s disease, schizophrenia, Alzheimer’s disease, and attention deficit hyper-
activity disorder (ADHD). Therefore, the development of a biosensor for the detection
of precise amounts of DA is of great interest. In this research, polypyrrole-3-carboxylic
acid/polypyrrole/gold nanoparticle (PP3C/PPy/AuNPs) composites were developed for
the electrochemical detection of DA. Firstly, a PP3C/PPy/AuNPs composite thin film was
synthesized by electropolymerization on a fluorine-doped tin oxide (FTO)-coated glass
substrate. Subsequently, cyclic voltammetry (CV), scanning electron microscopy (SEM),
and differential pulse voltammetry (DPV) were used for the characterization and study of
the efficiency of the obtained conducting polymer–gold nanoparticle composite thin film
for the detection of DA. The proposed electrochemical sensor showed good sensitivity and
selectivity for the detection of DA with a wide detection linear range from 5 to 180 μM
(R2 = 0.9913). The limit of detection (LOD) and limit of quantitation (LOQ) values were
9.72 nM and 0.032 μM, respectively. Therefore, it can be concluded that the electrochemi-
cally fabricated PP3C/PPy/AuNPs composite thin film can be applied as an electrochemical
biosensor for the detection of dopamine for the early diagnosis of various neurological
disorders in the future.

Keywords: polypyrrole; gold nanoparticle; dopamine; electrochemical; biosensor

1. Introduction

Dopamine (DA) is an important neurotransmitter in biological systems [1,2]. DA
significantly influences various cognitive and physiological processes, including mood
regulation [3], motivation [4], endocrine regulation [5], and movement [6]. The nor-
mal DA concentration in the nervous and peripheral systems can range from 0.01 to
1000 μM [7–10]. DA dysfunction causes several neurodegenerative diseases and psychiatric
disorders, such as Parkinson’s disease, Huntington’s disease, Alzheimer’s disease, and
depression [4,5,10,11]. Consequently, it is essential to accurately and sensitively deter-
mine DA levels in biological fluids for both research and clinical applications. Various
analytical methods have been utilized for monitoring DA levels including calorimetric
methods [12], chromatographic methods [13], spectrophotometric methods [14], and im-
munoassay [15]. These methods have unique advantages but are greatly limited due to
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their operational complexity, high costs, time-consuming processes, and tedious sample
pre-treatments [16–18]. Hence, to address this issue, the development of an electrochemical
biosensor for DA determination has been extensively considered.

Currently, electrochemical biosensors using several techniques, including cyclic
voltammetry (CV) [19], amperometry [20], differential pulse voltammetry (DPV) [21],
or square-wave voltammetry [22], have been actively explored for DA level detection
due to their simple operation, cost-effectiveness, rapid response, and high sensitivity and
selectivity [23–25]. However, in biological matrices, the high concentration of ascorbic
acid (AA) and uric acid (UA) is a huge problem in DA detection. The overlapping oxida-
tion peaks of DA, AA, and UA pose challenges to the accurate detection of DA [22,26,27].
Consequently, most researchers are focused on the enhancement of the sensitivity and
selectivity of electrochemical biosensors for DA detection in biological samples containing
various interferences.

To date, the surface modification of working electrodes with nanomaterials and
nanocomposites, including conducting polymers (CPs), noble metal nanomaterials, metal
oxide nanomaterials, and carbon-based materials, has been focused on enhancing their
selectivity and sensitivity [24,26,28,29]. Among the various materials, CPs have been ex-
tensively used in electrochemical biosensors due to their excellent electrical properties,
biocompatibility, and environmental stability [30–32]. Polypyrrole (PPy) and its derivatives
are among the most widely used CPs for electrochemical biosensor fabrications due to their
good environmental stability in air and aqueous media, facile synthesis via both chemi-
cal and electrochemical methods, and higher electronic conductivity compared to many
other CPs [25,33–36]. Moreover, to improve the performance of PPy-based electrochemical
biosensors, the synthesis of composite materials by combining PPy with nanomaterials,
such as metal oxides, carbon nanotubes (CNTs), graphene, or metal nanoparticles (NPs),
has attracted much interest [1,37–42].

Recently, composite nanomaterials based on CPs and NPs of various metals, including
Ag, Pt, Pd, and Au, have been increasingly utilized in the fabrication of electrochemical
sensors to improve their analytical performance [11,43–47]. Gold nanoparticles (AuNPs)
are one of the metal nanoparticles that serve as an advantageous material for PPy-based
electrochemical biosensors due to their great conductivity, good electrocatalytic activity, and
enhanced electron transfer with a large surface area [25,29]. Therefore, an electrochemical
dopamine biosensor was developed using PPy-decorated AuNPs as a composite to enhance
the CPs’ properties in this study.

In this present study, we have attempted to integrate the advantages of nanomate-
rials based on CPs and NPs, utilizing a composite material composed of polypyrrole-3-
carboxylic acid, polypyrrole, and gold nanoparticles (PP3C/PPy/AuNPs) to prepare an
electrochemical biosensor for detecting DA with high sensitivity and selectivity. From this
interesting perspective, the presented composite of this PP3C/PPy/AuNPs for electrochem-
ical dopamine biosensors has never been reported. First, the PP3C/PPy/AuNPs composite
was synthesized by electropolymerization under optimal conditions. The fabrication of
the proposed electrochemical DA biosensor based on PP3C/PPy/AuNPs composites is
presented in Scheme 1. The fabricated PP3C/PPy/AuNPs composite thin film exhibited
excellent electrochemical performance for label-free DA detection using the DPV technique.
The developed electrochemical biosensor based on PP3C/PPy/AuNPs demonstrated high
selectivity for detecting DA with no interference effects from AA and UA. The proposed
PP3C/PPy/AuNPs thin film showed excellent efficiency for application as an electrochemi-
cal biosensor for DA detection in real sample analysis, which has the potential to be applied
in the future of human health diagnoses.
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Scheme 1. Schematic diagram of the fabrication of PP3C/PPy/AuNPs composites for use as electro-
chemical DA biosensors.

2. Materials and Methods

2.1. Chemicals and Materials

Dopamine (DA), gold solution colloidal (18–20 nm), pyrrole (Py), pyrrole-3-carboxylic
acid (P3C), ascorbic acid (AA), uric acid (UA), and phosphate-buffered saline (PBS) were ac-
quired from Sigma-Aldrich (Darmstadt, Germany). Potassium chloride (KCl) and sulfuric
acid (H2SO4) were purchased from RCI Labscan (Bangkok, Thailand). Potassium hexa-
cyanoferrate (K3Fe(CN)6) was purchased from Fisher Scientific (Mumbai, India). Potassium
hexacyanoferrate (II) trihydrate (K4Fe(CN)6) was acquired from Loba Chemie™ (Mumbai,
India). Deionized water (DI) was applied for all aqueous solutions. All chemicals were of
analytical grade and used as received.

2.2. Electropolymerization of PP3C/PPy/AuNPs

The PP3C/PPy/AuNPs composite thin film was fabricated by electropolymerization
with the following procedure: Firstly, 10 mM of P3C/Py monomer solution was prepared by
dissolving 0.120% w/v P3C and 0.065% w/v Py in 0.5 M H2SO4. Then, 40 μL of 0.0065wt%
colloidal solution of gold was added to 10 mM of P3C/Py precursor solution and sonicated
for 5 min. The electropolymerization of PP3C/PPy/AuNPs was performed using CV
using a standard three-electrode electrochemical cell setup. A fluorine-doped tin oxide
(FTO)-coated glass substrate (Sigma-Aldrich, Darmstadt, Germany) was used as a working
electrode (area of 0.25 cm2). The counter electrode was Pt wire, and the reference electrode
was Ag/AgCl (3 M KCl). The potential was scanned from −1.0 to 1.0 V for 5 cycles. The
scan rate was set at 20 mV/s. The individual PP3C and PPy were both produced under
the same electrochemical polymerization conditions of the PP3C/PPy/AuNPs composite
thin film.

2.3. Structural Characterizations of PP3C/PPy/AuNPs

The electrochemical characteristics of the fabricated PP3C/PPy/AuNPs in
10.0 mM of freshly prepared K3Fe(CN)6/K4Fe(CN)6 (1:1, containing PBS solution, pH
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7.4) ([Fe(CN)6]3−/4−) were monitored using CV between −0.5 to 1.0 V under different
scan rates (5–100 mV/s) on a potentiostat Autolab204 (Metrohm Autolab B.V., Utrecht,
The Netherlands) with a three-electrode system. The electrochemical cell consisted of the
Ag/AgCl reference electrode in 3 M KCl, Pt counter electrode, and FTO working electrode.
The NOVA 2.1 software was employed to simulate all the electrochemical data reported in
this research. Morphological studies were examined using scanning electron microscopy
(SEM, Thermo Fisher Scientific, Apreo S, Waltham, MA, USA). The functional groups of
the composite were identified by attenuated total reflectance–Fourier transform infrared
spectroscopy (ATR-FTIR, Bruker Tensor 27, Billerica, MA, USA). X-ray photoelectron spec-
troscopy (XPS, AXIS ultra DLD spectrometer, Manchester, UK) was used to characterize the
chemical constituents of the prepared composite. All specimens intended for XPS analysis
were prepared on an ITO glass substrate.

2.4. Determination of DA

The electrochemical detection of DA based on the obtained PP3C/PPy/AuNPs-
modified FTO electrode was monitored using the CV and DPV techniques. The CV
measurement for 20 μM DA in PBS solution was recorded at 20 mV/s with a poten-
tial between −1.0 and 1.0 V. In addition, DPV measurements were performed to study the
sensitivity performance. The potential ranged between −0.2 to 1.0 V with a scan rate of 20
mV/s, while the DA concentration was varied from 5 to 180 μM. The DPV responses were
investigated at 20 μM of DA containing 200 μM AA and 200 μM UA as common interfer-
ences in the evaluation of selectivity. For stability determination, the biosensor electrodes
were tested at two-day intervals for 10 days. Three similar independent electrodes were
employed for the detection of 100 μM DA to evaluate reproducibility.

3. Results and Discussion

3.1. Fabrication of PP3C/PPy/AuNPs

The electrochemical property of the PP3C/PPy/AuNPs composite thin film was inves-
tigated using the CV technique. Figure 1 shows the CV curves of the PP3C/PPy/AuNPs
composite thin film. The current in the oxidation onset began at about 0.6 V, and the
current during the cathodic scan slightly decreased at about 0.3 V, which is attributed
to the beginning of the formation of the copolymer film and the dedoping process of
the copolymer films on the FTO electrode, respectively [37]. The peak current appeared
at about −0.3 V, corresponding to the presence of gold nanoparticles on the modified
working electrode. The CV responses of the PP3C/PPy/AuNPs composite thin film and
the PPy electrode are presented in Figure S1. It was found that only the CV response of
the PP3C/PPy/AuNPs electrode exhibited notable current peaks at −0.3 V, which were
associated with the presence of AuNPs in the PP3C/PPy/AuNPs composite thin film.
Moreover, it was found that the oxidation/reduction currents of the PP3C/PPy/AuNPs
composite thin film increased with the number of cycles, as shown in the insets of Figure 1.
This indicates an increase in the thickness of PP3C/PPy/AuNPs [48]. Furthermore, the
detailed structural morphologies and chemical compositions of the PP3C/PPy/AuNPs
composite thin film were investigated using SEM, ATR-FTIR, and XPS techniques.
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Figure 1. CV responses of the fabricated PP3C/PPy/AuNPs composite thin film.

3.2. Characterization of PP3C/PPy/AuNPs Composite Thin Film

The SEM was applied to characterize the surface morphological features of the PP3C
PPy and PP3C/PPy/AuNPs, as illustrated in Figure 2. The morphology of the PP3C
was a spherical morphology with nanoscale structures in random clusters, as seen in
Figure 2a. Figure 2b shows the granular morphology of PPy, which is densely packed, with
granules smaller than those in PP3C. As for the PP3C/PPy/AuNPs composite, the SEM
image in Figure 2c reveals a cauliflower-like morphology of PP3C/PPy/AuNPs, and the
granules are larger than those in PP3C and PPy. It suggests a higher reaction area and larger
amounts of catalytic sites for electrochemical reactions [1,34,49]. The SEM-EDX spectrum
illustrated in Figure S2 clearly demonstrates the presence of AuNPs within the fabricated
PP3C/PPy/AuNPs.

The functional groups of the prepared PP3C, PPy, and PP3C/PPy/AuNPs were
identified by ATR-FTIR spectroscopy. The ATR-FTIR spectra of PP3C, PPy, and
PP3C/PPy/AuNPs in the range of 500–3500 cm−1 are presented in Figure 3. In the
ATR-FTIR spectra of the PP3C, a very broad band peak at around 2400–3400 cm−1 is
ascribed to the stretching vibration of O–H and –C=O of the carboxylic acid from P3C.
The C–O of the carboxylic acid group showed a peak at 1289 cm−1 [50]. The bipolaron
band of aromatic rings for PP3C appeared at 1104 cm−1 [34]. The C–H out-of-plane and
the C–C out-of-plane ring deformation in the PP3C structure showed peaks at 808 cm−1

and 602 cm−1, respectively [48]. In the ATR-FTIR spectra of PPy, the peak observed at
3123 cm−1 is due to the C–H stretching of the pyrrole ring [51]. Peaks appeared at 1558
1188 cm−1 and 1044 cm−1, indicating the stretching vibrations of C=C and C–N bonds and
the C–H in-plane vibration, respectively. The N–H in-plane vibrations are presented at
923 cm−1. The bending vibrations of C–H out of plane are represented by the peak at 795
cm−1 [51,52]. The peak at 596 cm−1 indicates ring deformation [53]. The ATR-FTIR spec-
trum of the PP3C/PPy/AuNPs composite represents all characteristic peaks of both PP3C
and PPy. Moreover, a red shift for PP3C/PPy/AuNPs (1561 cm−1) indicates the doping of
AuNPs through the PP3C/PPy/AuNPs composite [48]. The results demonstrate that the
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PP3C/PPy/AuNPs composite could be successfully synthesized through electrochemical
polymerization.

 

Figure 2. Surface morphology of (a) PP3C, (b) PPy, and (c) PP3C/PPy/AuNPs by SEM analysis.
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Figure 3. ATR-FTIR spectra of PP3C, PPy, and PP3C/PPy/AuNPs.

The illustrative XPS data of PP3C, PPy, and PP3C/PPy/AuNPs are displayed in
Figure 4. The C1s, N1s, and O1s peaks appeared at a binding energy of about 285, 402 and
533 eV, respectively, as shown in the survey spectra (Figure 4a). The peak is observed
within the energy range of 440–460 eV, indicating the presence of the In spectrum asso-
ciated with the ITO glass substrate. The C1s, N1s, and O1s spectra of PPy, PP3C, and
PP3C/PPy/AuNPs are presented in Figure 4b, c, and d, respectively. For PPy, the C1s
spectra showed binding energy at 284.9 (green line), 285.9 (blue line), 286.9 (red line),
288.3 (black line), and 289.3 eV (purple line), corresponding to C–C, C–N, C–O, C=O, and
π = π* [54,55]. The C1s spectra of PP3C showed binding energy at 284.9 (green line), 285.9
(blue line), 286.9 (red line), 288.1 (purple line), and 289.4 eV (black line). The C1s regions of
the XPS spectrum of PP3C/PPy/AuNPs are similarly found at 284.9 (green line), 286.1 (blue
line), 286.9 (red line), 287.8 (black line), and 289.2 eV (purple line), respectively. The decon-
voluted N1s spectra of PPy can be divided into four component peaks at 400.4 (green line),
401.3 (blue line), 402.2 (red line), and 403.1 eV (black line), corresponding to –NH–, –N+–,
NH+–, and –NH2

+, respectively [7,56]. The N1s spectra of PP3C and PP3C/PPy/AuNPs
exhibited the identical –NH–, –N+–, and =NH+– at 400.2 (blue line), 401.3 (red line), and
402.3 eV (black line), respectively. The O1s spectra of PP3C showed four peaks at 530.6
(green line), 532.2 (blue line), 533.4 (red line), and 534.6 eV (black line), respectively. The
peak at 530.6 is due to O–C, 532.2 eV can be associated with the carbonyl (O=C) group,
and the 533.6–534.6 eV is due to the carboxyl group (–COOH). All the peaks that appeared
in the O1s region of PP3C were also present in the PP3C/PPy/AuNPs composite. The
XPS results indicate that the presented PP3C/PPy/AuNPs composite could be successfully
formed in this study.
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Figure 4. Cont.
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Figure 4. (a) Survey scan of PPy, PP3C, and PP3C/PPy/AuNPs and XPS spectra of (b) PPy, (c) PP3C,
and (d) PP3C/PPy/AuNPs.

Furthermore, the electrochemical property of the PP3C/PPy/AuNPs-modified elec-
trode in [Fe(CN)6]3−/4− solution was studied. The CV responses of the PP3C/PPy/AuNPs
at various scan rates from 5 to 100 mV/s are presented in Figure 5a, and the redox peak
current increased with the increase in the scan rate. Figure 5b shows a good linear relation-
ship in the plot of the oxidation and reduction peak current with the square root of scan
rates, which indicated the diffusion-controlled redox process. It could be concluded that
the PP3C/PPy/AuNPs composite thin film had sufficient electrochemical reactivity for
device development [57].

Figure 5. Cont.
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Figure 5. (a) CVs and (b) plot of peak current of PP3C/PPy/AuNPs at various scan rates.

3.3. Electrochemical Detection of DA at PP3C/PPy/AuNPs

The electrochemical biosensor based on the obtained PP3C/PPy/AuNPs-modified
electrode was compared to the bare FTO electrode for the detection of DA using the CV
technique. Figure 6 presents the current responses of the PP3C/PPy/AuNPs composite
thin film-modified electrode and the bare FTO electrode to 20 μM DA in PBS solution.
The CV response of the bare FTO electrode shows no significant current peaks during the
electrochemical processes. On the other hand, the proposed electrochemical DA biosensor
demonstrated a high current response. These results are attributed to the interactions
between the redox species of dopamine and the electrode. [4]. Figure 7 represents the
schematic of the electrochemical process for detecting DA based on the PP3C/PPy/AuNPs
composite thin film-modified electrode. When an electrode potential is applied, dopamine
is easily oxidized to dopamine-O-quinone (DAQ), leading to the two electrons and protons
being transferred between the electrode and dopamine. The changes in currents due to
the dopamine electrons released during the oxidation of DA are measured [29,58]. The
dopamine oxidation is permanent due to the irreversibility of this reaction under an applied
potential; electrons flowing from dopamine to the electrode cannot diffuse out from the
electrode surface [59].

Figure 6. CV of FTO and PP3C/PPy/AuNPs in the presence of 20 μM dopamine.
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Figure 7. The electrochemical mechanism of PP3C/PPy/AuNPs for the detection of DA.

3.4. Performance of Electrochemical DA Biosensor

The electrochemical DA biosensor based on PP3C/PPy/AuNPs was used to detect
various concentrations of DA from 5 to 180 μM using the DPV technique. The DPV study
demonstrated its precise detection capability with a wide linear range for the DA detection
of PP3C/PPy/AuNPs. The DPV responses for various DA concentrations ranging from
5 to 180 μM are illustrated in Figure 8. The oxidation current responses of dopamine
were observed at approximately 0.4 V, which gradually increased with increasing DA
concentration, as indicated in Figure 8a. A corresponding linear relationship of the current
response is shown in Figure 8b. It is expressed in the linear regression equations of I (mA)
= 0.0005CDA + 0.0033, with correlation coefficients (r2) of 0.9913. The limit of detection
(LOD) value was 9.72 nM, and the limit of quantitation (LOQ) value was 0.032 μM, based
on the observed linear equation (S/N = 3). The DPV response of PP3C/PPy/AuNPs
obtained in PBS solution is presented in Figure S3 of the Supplementary Information. The
sensitivity of the electrochemical DA biosensor based on PP3C/PPy/AuNPs was found to
be 2 μA μM−1 cm−2. The DA detection performance of the developed PP3C/PPy/AuNPs-
modified electrode was compared with other recent reports as presented in Table 1. The
proposed electrochemical biosensor based on PP3C/PPy/AuNPs exhibits comparable
or better analytical performance compared to previously reported studies. The primary
strength of this study is its broad linear range compared to the method based on the
DPV technique. However, the detection limits achieved in this study are less favorable
compared to the findings of other research endeavors. Additionally, the fabrication of
the biosensor in this study was efficient, involving only a few steps and requiring a short
time, which was a significant advantage. Therefore, it could be concluded that the fabri-
cated PP3C/PPy/AuNPs electrochemical biosensor has the potential for detecting DA in
real samples.
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Figure 8. (a) DPV responses and (b) the calibration curve of PP3C/PPy/AuNPs for 5–180 μM DA.

Table 1. Comparison of the PP3C/PPy/AuNPs performance with other electrochemical DA biosen-
sors.

Modified Electrode Method
Linear Range

(μM)
LOD (μM) Sensitivity Ref.

PPy–MCM-48 SWV 2–250 0.70 0.0058 (μA
μM−1) [19]

PPy/rGO/NiO/GCE CV 10–1000 0.195 25.89 (A mM−1

cm−2)
[6]

OONfPPy/PGE DPV 1–1000 0.00695 - [60]
ZnO-CuxO-PPy/GCE DPV 0.1–130 0.04 0.28 (μA μM−1) [61]

PP3C/EOPGE AdSDPV 0.01–7.5 0.0025 17.23 (μA μM−1) [5]

PP3C/PPy/AuNPs DPV 5–180 0.00972 2 (μA μM−1

cm−2)
Present work

Abbreviations: polypyrrole–mesoporous silica molecular (PPy–MCM-48); square-wave voltammetry (SWV);
cyclic voltammetry (CV); glassy carbon electrode (GCE); nickel oxide (NiO); polypyrrole (PPy); reduced graphene
oxide (rGO), overoxidized nanofiber polypyrrole (OONfPPy); pencil graphite electrode (PGE); differential pulse
voltammetry (DPV); zinc oxide (ZnO); copper oxide (CuxO); adsorptive stripping differential pulse voltamme-
try (AdSDPV); overoxidized pencil graphite electrode (EOPGE); poly(pyrrole-3-carboxylic acid) (PP3C); gold
nanoparticles (AuNPs).
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3.5. Determination of Selectivity, Stability, and Reproducibility

The modified PP3C/PPy/AuNPs electrode for detecting DA was evaluated for selec-
tivity, stability, and reproducibility, which are crucial for its practical applications. The DPV
technique was used to evaluate the selectivity of the PP3C/PPy/AuNPs electrochemical
biosensor for detecting DA with the addition of AA and UA as interferences. To simulate
the coexistence of dopamine bio-molecules, a mixture of 200 μM AA and 200 UA μM
was added with 20 μM of DA. The DPV responses of PP3C/PPy/AuNPs to the combi-
nation of 20 μM DA with 200 μM AA and UA interferences are shown in Figure 9. The
DPV responses demonstrated that the developed sensor exhibits remarkable selectivity
for DA detection with negligible current responses observed with the addition of other
bio-molecule interferences.

Figure 9. DPV responses of PP3C/PPy/AuNPs for the detection of 20 μM DA, 200 μM AA, and UA,
as well as 20 μM DA, with the addition of 200 μM AA and UA interference.

The stability and reproducibility of the prepared PP3C/PPy/AuNPs electrochemical
biosensor were monitored by the DPV technique. To minimize the impact of temper-
ature and humidity on the biosensor’s performance, which can affect binding kinetics,
material properties, and electrochemical signals, the biosensor electrodes were stored in
a dry environment at room temperature prior to use. The DPV responses, monitored at
two-day intervals for 10 days, were analyzed to assess the durability of the biosensor
electrodes. As seen in Figure 10, the DPV results indicate that the PP3C/PPy/AuNPs
preserved 91.30% of its initial response, highlighting the considerable stability of the pre-
pared PP3C/PPy/AuNPs. Furthermore, the fabrication reproducibility of the prepared
PP3C/PPy/AuNPs electrochemical biosensor was investigated. The three electrodes were
applied to detect a concentration of 100 μM DA. It was determined that the electrochemical
biosensor had a relative standard deviation (RSD) of 4.21%. This result indicates a high
level of reproducibility in the fabrication of the PP3C/PPy/AuNPs composite. Thus, it
could be concluded that the proposed electrochemical biosensor shows excellent selectivity,
high stability, and reproducibility for the detection of DA.
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Figure 10. Stability histograms of PP3C/PPy/AuNPs for 100 μM DA.

4. Conclusions

The PP3C/PPy/AuNPs composite thin film was successfully fabricated by electropoly-
merization. The presented PP3C/PPy/AuNPs composite thin film exhibited a good elec-
troactivity property in neutral PBS solution (pH 7.4), suggesting potential application
for use as an electrochemical DA biosensor. The fabricated PP3C/PPy/AuNPs-modified
electrode proved to be sensitive and selective in DA detection through DPV measurements.
The fabricated PP3C/PPy/AuNPs exhibited a wide linear detection range, good sensitivity,
and high selectivity. The modified electrochemical DA biosensor showed improved effi-
ciency in detecting DA, achieving an LOD of 9.72 nM and a sensitivity of 2 μA μM−1 cm−2.
The obtained results revealed that the electrochemically fabricated PP3C/PPy/AuNPs
composite thin film can be applied as a label-free electrochemical biosensor for detecting
DA in real samples for the early diagnosis of various neurological disorders in the future.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym17060754/s1, Figure S1. CV responses of the fabricated PPy
and PP3C/PPy/AuNPs composite thin films. Figure S2. The EDX spectrum of PP3C/PPy/AuNPs
composite thin film. Figure S3. DPVs of PP3C/PPy/AuNPs obtained in PBS buffer and the presence
of 5 μM DA.
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Abstract: The fibrous hybrid material was synthesized by suspension radical styrene poly-
merization on the surface of cellulose microfibers. The resulting material was used to
prepare a thermally stable and mechanically strong porous composite matrix that was
employed as a carrier for further precipitation of the hygroscopic agents: CaCl2 and 1-butyl-
3-methylimidazolium chloride. The obtained composite materials were used to capture
atmospheric water at different relative humidity levels and extract fresh water. A composite
material containing an ionic liquid (1-butyl-3-methylimidazolium chloride) as a hygro-
scopic agent demonstrated the best water absorption efficiency and reusability potential.

Keywords: atmospheric water harvesting; BMIMCl; hybrid material; ionic liquid; microfib-
rillated cellulose; MFC; polystyrene; PS

1. Introduction

Continuous supply of fresh water is a critical requirement for the sustainable develop-
ment of modern civilization. Fresh water accounts for only 2.5% of the total 1.4 × 1018 tons
of water on the planet, while the majority of this water is frozen in glaciers, ice caps, and
permafrost [1]. The natural sources of fresh water are presented by lakes, rivers, and soil
waters. Nevertheless, due to their uneven geographical distribution and the ever-growing
demand on fresh water, the elaboration of alternative methods of fresh-water extraction
has become an issue during the last decades. The purification/recycling of wastewater is a
widely applied alternative approach to retrieve fresh water. Unfortunately, a number of the
technological solutions related to water purification (mechanical, chemical, biological, and
physicochemical methods) require large capital investment and high material and energy
consumption, and often do not meet high environmental standards [2].

Extraction of fresh water from atmospheric water vapor is a promising way to supply
fresh water since it does not strongly depend on the geography of the region. Devices for
the collection of water from air by sorption are generally categorized into two systems:
passive and active [3–5]. Passive systems rely on natural energy sources and do not require
an additional power supply. In these systems, the cycle lasts 24 h: moisture is absorbed at
night, and during the day, solar heat drives desorption, followed by distillation. Active
systems, in contrast, can perform multiple absorption and desorption cycles within a single
day, thereby increasing water production. However, this increased efficiency comes at
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the cost of higher energy consumption due to the use of electricity [6]. During recent
decades, atmospheric water harvesting (AWH) materials, including hygroscopic inorganic
compounds, functional hydrogels, ionic liquids (ILs), and metal–organic frameworks
(MOFs) have attracted increasing attention [1,7,8]. Despite their excellent water absorbency,
each of the above classes of AWH materials has application limitations and none can be
considered ideal.

Thus, for example, hygroscopic salts have a strong dipole–dipole force that results in
a great water adsorption capacity (5–6 g·g−1) [9]. G.E. William et al. applied CaCl2, which
has the capacity to absorb up to 97% of its weight in moisture, as a desiccant by employing
a solution of salt [10]. Hygroscopic salts absorb moisture through hydration; however,
they are prone to agglomeration and the formation of inactive layers on the surface of
particles [11]. This can reduce permeability to moisture and, consequently, decrease the
amount of water absorbed. Another issue is the liquefication of hygroscopic salts upon
moisture absorption leading to equipment corrosion and environmental concerns [11,12].
Despite zeolites and silica gel being first-generation water sorption materials, they are
characterized by high regeneration temperatures (above 100 ◦C) and low moisture ab-
sorption rates. Unlike zeolites, silica gel and hygroscopic salts of monovalent/divalent
metals, MOFs can capture more water from the ambient air with a relative humidity of
only 20% and do not require high temperatures for moisture desorption. A number of
effective MOF-based AWH systems have been proposed recently [13–16]. However, their
high cost, poor resistance to water and toxicity, which can present a danger to human
health, are the bottlenecks restricting their AWH application [17,18]. Polymer hydrogels
possess an excellent water absorption and can take any shape, but they have low capacity,
poor physical strength, and may be subject to chemical leaching [19]. ILs are viscous fluids
composed of anions and cations. They possess high hygroscopicity due to their ionic
nature. The ions in the liquid create a strong electrostatic field that attracts polar water
molecules. Besides electrostatic interaction, many ILs are capable of forming hydrogen
bonds with water molecules, thus, enhancing water sorption [20]. However, ILs have
several disadvantages, including strict requirements for their storage and transportation
conditions (e.g., precise temperature and humidity control) to prevent decomposition or
alteration of their properties [21]. Rather high cost of ILs can also considerably impede
their practical application [20]. The leakage of IL is the last but not the least issue of this
class of AWH materials.

Various approaches have been elaborated on to overcome these limitations of AWH
materials [22]. For example, the employment of various supports/carriers of AWH materi-
als can considerably enhance the atmospheric water absorption and exclude their leakage.
For instance, a hydrogel layer was deposited onto an MOF/solar absorber layer to suppress
convective heat loss [23]. In another research study, impregnation of the porous supports
by hydroscopic salts or ILs helped to avoid their leakage [20]. Moreover, deposition of
rather dense IL on the support with a high specific surface significantly enhanced the
moisture absorption of this AWH material. Integration of hydroscopic CaCl2 into an
alginate-derived matrix enhanced AWH performance and provided cyclic stability of the
obtained composite [24]. However, the current ecological concerns place strict demands on
the environmental impact of moisture absorbents and supports for AWH materials, which
has pushed researchers to use various eco-friendly/biodegradable materials [25].

Cellulose is a biopolymer that has been gaining interest worldwide for its biodegrad-
ability, non-toxicity, water affinity and large surface area [26]. Cellulose is one of the most
abundant biopolymers, which is the reason for its low price. Owing to the high inter-
and intramolecular hydrogen bonds and van der Waals forces, this biopolymer possesses
high hydrophilicity and mechanical stability, which makes it an ideal component for AWH
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materials [25]. For instance, cellulose and its derivatives (in particular nanocellulose) have
been frequently employed to prepare various hydrogels for agricultural uses (collection
and sustained release of water), collection of oil spills, and drug delivery [25,27–29]. To
enhance water absorption, nanocellulose-based hydrogels were modified with hydroscopic
salts [30,31]. Indeed, cellulose is not the only biopolymer that can be used to create hydro-
scopic materials and carriers for AWH materials. Chitosan (made by treating the chitin
shells of shrimp and other crustaceans with alkaline substances) can also be employed
to synthesize water-absorbing hydrogels. For instance, chitosan-based hydrogels demon-
strated effective water adsorption and considerable enhancement of structural durability
upon repeated use [32]. Molybdenum carbide/carbon-based chitosan hydrogel (MoCC-
CH) was recently designed for effectively absorbing atmospheric water and also efficiently
accelerating water evaporation by tuning the biopolymer content in the hydrogel [33].
However, despite the high water sorption capacity of biopolymer-based hydrogels, their
synthesis often involves expensive raw materials (e.g., nanocellulose), complex procedures,
and large-scale challenges [34].

However, the wide application of nanocellulose is currently limited by its sophisticated
and expensive production [35]. In this regard, employment of cheaper cellulose microfibrils
can be a possible solution to apply biopolymer-based materials in industry. To the best
of our knowledge, there are no reports on the application of the cellulose microfibrils
as AWH material or as possible porous supports for commercial hydroscopic agents.
Unlike nanocellulose, distinguished by shorter and more rigid structures, the fibrillar
form exhibits an enhanced ability to form three-dimensional networks due to the efficient
interactions between fibrils [36]. This makes it more suitable for the development of
reinforcing composites and biomaterials while maintaining lightness and porosity.

This work aims to describe the synthesis of the composite materials based on a
porous hybrid microfibrillated cellulose/polystyrene (MFC/PS) matrix and moisture-
absorbing agents: CaCl2 and 1-butyl-3-methylimidazolium chloride. Variation in biopoly-
mer/polymer mass ratio allowed us to achieve optimal mechanical characteristics and
shape the stability and hydrophilicity of the porous matrix. The obtained composites have
been applied as new AWH materials for the first time. MFC/PS blends exhibited passive
water vapor absorption from the atmosphere requiring minimal energy input. The MFC/PS-
based composites represent a simple and cost-efficient alternative to nanocellulose-based
AWH materials, while maintaining high water absorption and reliable performance across
a wide range of humidity conditions.

2. Materials and Methods

2.1. Materials

Styrene (ρ= 0.906 g/cm3 at 20 ◦C, purity≥ 99.0%, stabilized with 4-tert-butylpyrocatechol),
ammonium persulfate ((NH4)2S2O8, purity ≥ 97%), acetone ((CH3)2O, purity ≥ 99.5%), 1-
butyl-3-methylimidazolium chloride (BMIMCl, purity ≥ 95%) and calcium chloride (CaCl2,
CC, purity ≥ 97%) were purchased from Sigma-Aldrich (St. Louis, MO, USA). Softwood pulp
in the form of bleached sulfate pulp was supplied by Arkhangelsk PPM (Arkhangelsk, Russia).

Microfibrillar cellulose (MFC) was obtained from bleached paper pulp according to
the procedure described previously [37]. Pulp water suspension (3 wt.%) of the paper
pulp was treated with a supermasscolloider MKCA 6-5 grinder (Masuko, Sangyo Co.,
Ltd., Kawaguchi, Japan) in 7 working cycles. The resulting suspension in water was used
without modification for the emulsion polymerization of styrene.
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2.2. Synthesis of Hybrid Fibrils

The deposition of polystyrene (PS) onto cellulose fibrils was provided in accordance
with a procedure described previously [37,38]. Styrene was added to 3 wt.% MFC water
suspension; the mass ratio of MFC:styrene was 70:30. The obtained solution was heated up
to 60 ◦C and ammonium persulfate (0.5 wt.% with respect to styrene) was added to it at
constant stirring. The synthesis lasted 240 min, the obtained white product was filtered,
washed and freeze dried. The corresponding synthesis scheme is presented in Figure 1.

Figure 1. The scheme of synthesis of MFC/PS hybrid fibrils and composite porous matrix. The
obtained MFC/PS hybrid fibrils during the first stage were compacted in a piston-cylinder with the
addition of a small amount of acetone.

2.3. Preparation of Composite Materials

The porous composite matrices were prepared from 10 g of well-ground hybrid fibrils.
MFC/PS was soaked with 15 mL of acetone (118 wt.% in relation to MFC), loaded in a
piston-cylinder (diameter of 100 mm) and pressed up to 0.35 bar for 1 min using a universal
testing machine TRM-O in manual mode (see Figure 1). No blowing agent was used. The
retrieved samples were dried at 55 ◦C until a constant mass was reached.

Two composite materials were produced by impregnating a porous matrix with AWH
materials presented by BMIMCl and CC. A piece of porous matrix (10 g) was placed in a
3M CC solution containing 10 g of CC for 24 h until the solution was completely absorbed.
Subsequently, the resulting composite was dried at 60 ◦C until a constant weight was
attained. The composite sample containing BMIMCl was obtained by deposition of 10 g
of molten BMIMCl onto the composite matrix for 5 min. Then, the obtained composite
sample was dried for 1 h in a forced air-drying cabinet (Binder, Camarillo, CA, USA) at a
humidity level of 25%. For convenience, the samples of MFC/PS matrix modified with CC
and BMIMCl will be denoted as MFC/PS/CC and MFC/PS/BMIMCl, correspondingly.

2.4. Methods
2.4.1. Electron Microscopy

The morphology of the hybrid fibrous material as well as the porous matrix and
composite materials were investigated using scanning electron microscopy (SEM) using a
JIB 4501 multi-beam microscope (JEOL Ltd., Tokyo, Japan). The samples were fixed on the
SEM stubs using double-sided carbon tape. The surface of the samples was coated with
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20 nm Au layer using a Q150R ES Plus ion sputtering system (Quorum Technologies Ltd.,
Laughton, UK) to avoid undesired surface charging of the samples and the appearance of
corresponding artifacts in SEM micrographs. SEM micrographs were obtained in the SE
mode at an accelerating voltage of 5 kV in the magnification range of ×40–×1500.

2.4.2. Fourier-Transform Infrared Spectroscopy (FTIR)

The FTIR measurements of the composite samples were performed using a Nicolet
iS 10 FTIR spectrometer with germanium ATR crystal (Thermo Fisher Scientific, Waltham,
MA, USA). All spectra were acquired in absorption mode in the 4000–600 cm−1 range.
The spectral resolution was 8 cm−1, the acquisition time was 14 s. The OMNIC Thermo
Scientific software (version 7.3) was employed to record and process the acquired data.

2.4.3. The Porosity Study

The density, porosity, and water absorption coefficient values were evaluated for the
pristine porous composite matrix and the matrices were modified with AWH agents using
the liquid displacement method [37]. Distilled water was used as the displacement liquid.
The sample was immersed in water for 5 min until it was saturated at a temperature of
26 ◦C and a humidity of 25%. The pore volume and porosity were measured three times,
and the average value of the obtained indicators was taken as the test result.

The total pore volume (Vp) and porosity (μ) were calculated using Formulas (1) and (2):

Vp = (Mwet − Mdry)/ρ(H2O), (1)

μ = (Vp/V) × 100%, (2)

where Mwet is the mass of the wet sample (g), Mdry is the mass of the sample before
immersion (g), V is the volume of the sample before immersion (cm3), and ρ(H2O) is the
density of distilled water (g/cm3) at the study temperature.

The water absorption coefficient (E) was calculated using Formula (3):

E = (Mwet,24 − Mdry)/Mdry, (3)

where Mwet,24 the mass of the wet sample after 24 h of composite soaking in distilled
water (g).

2.4.4. Study of Mechanical Characteristics

The tensile mechanical strengths of the pristine porous matrix and the obtained
composite materials were studied using a TPM-O testing machine (Tochline, Moscow,
Russia) at a speed of 50 mm/min, a temperature of 26 ◦C, and a humidity of 25%. The
samples of 175 mm in length and 5 mm in thickness were prepared and tested.

The shape stability of the porous matrix is of utmost importance during multiple
sorption/desorption cycles. To investigate it, the dimensions and weights of the three
samples of dry pristine porous matrix (diameter = 100 mm, height = 100 mm, mass = 38.5 g)
were noted. Then, the matrix samples were soaked in water for 24 h at 33 ◦C and dried
in forced air-drying cabinet (Binder, USA) at a humidity level of 25% at three different
temperatures: 27 ◦C, 55 ◦C, and 100 ◦C. The load of 16 kg was applied for 1 h to each
sample to test porous matrix stability after the soaking/desorption cycle. When the load
was removed, the corresponding parameters (dimensions and weight) of each sample were
noted again.
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2.4.5. Thermogravimetric Analysis (TGA)

The thermal stabilities of the pristine MFC/PS porous matrix and the matrices im-
pregnated with BMIMCl and CC were studied using TGA using a STA 449 F5 Jupiter
simultaneous thermal analyzer (NETZSCH Instruments, Selb, Germany). The obtained
data were compared with the corresponding TGA data acquired for the starting materials
(MFC and PS). The experiment was carried out in a nitrogen atmosphere with a heating
rate of 10 ◦C/min in 32–600 ◦C temperature range.

2.4.6. Study of Water Absorption/Desorption

The study of moisture sorption from the air was performed for the pristine composite
porous matrix and matrices impregnated with AWH agents under a transparent cover over
a container with water (250 mL) at room temperature. Figure 2 presents the scheme of
the experiment. The mass ratio of the CC/BMIMCl:porous matrix was 50:50. All tested
samples had a cylindrical shape (diameter = 100 mm) and mass of 20 g; however, the height
of matrices impregnated with AWH agents was 26 mm, while the height of the pristine
porous composite matrix was 52 mm. The experiment was conducted under conditions
of low (ϕ = 28%) and high (ϕ = 63%) ambient humidity. The weight of sorbed water was
registered every 10 min during the first 150 min of the experiment and in its end after 24 h.

Figure 2. The scheme of water absorption experiment. The sample of pristine (or modified) MFC/PS
matrix was placed under a transparent cover over a container of water at constant humidity (ϕ = 28%,
63%) and temperature. The weight of the sample was measured every 10 min.

The water desorption rates of the pristine composite porous matrix and matrix modi-
fied with AWH agents were determined in a forced air-drying cabinet (Binder, USA) at a
humidity level of 8% and temperature of 55 ◦C. The experiment was terminated when the
samples reached a constant mass.

3. Results and Discussion

3.1. Structure Investigation

The morphology and structure of the obtained hybrid fibrils, pristine composite
porous matrix and the matrices impregnated with CC and BMIMCl were assayed using
SEM (Figure 3). According to Figure 3a,b, PS was deposited as a uniform layer on the
surface of cellulose fibrils. These results are in a good agreement with our previous
observations [37].

Investigation of composite cross-sections revealed the different types of porous matrix
impregnation by CC and BMIMCl (Figure 3c–e). CC forms a glaze-like layer on the porous
matrix surface without anchoring within its pores. In contrast, BMIMCl exhibits uniform
distribution throughout matrix voids, which accounts for the absence of agent-loss tendency
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during the multi-cycle operation. Such a distribution pattern of BMIMCl contributes to the
material’s stability and retention of sorption properties over a repeated cycles of use.

Figure 3. SEM micrographs of bare MFC (a), MFC/PS hybrid fibrils (b), MFC/PS pristine porous
composite matrix (c), MFC/PS/CC (d), MFC/PS/BMIMCl (e).

In accordance with our previous findings, no chemical interaction was observed
between the deposited PS and cellulose microfibrils [37] (see Figure 4 and Table 1). The
bands at 3025 cm−1, 2917 cm−1, 1492 cm−1, 1452 cm−1, and 697 cm−1 were attributed to
PS [39], while bands in 3600–3200 cm−1 and 1400–900 cm−1 wavenumber ranges were
attributed to glucose OH groups and glucose ring oscillations, correspondingly [37]. The
impregnation of the MFC/PS matrix with CC did not bring any dramatic changes to
the FTIR spectrum except from rising intensities of the bands at 3600–3300 cm−1 and
at 1630 cm−1 referring to -OH stretching vibrations and H-O-H bending vibrations of
crystal water in CC [40]. The new bands at 1573 cm−1 and 1166 cm−1 were observed
in the MFC/PS/BMIMCl FTIR spectrum. According to the literature data, the observed
bands were attributed to the imidazolidinium framework vibrations and C-N stretching
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vibrations, respectively [41]. As shown in Figure 4, no change in MFC and PS bands has
been observed in FTIR spectra of MFC/PS/CC and MFC/PS/BMIMCl which supports
assumption about the absence of any chemical interaction.

Figure 4. FTIR spectra of MFC/PS, MFC/PS/CC, and MFC/PS/BMIMCl. The wavenumbers of PS
and BMIMCl characteristic bands are underwritten.

Table 1. The description of IR characteristic bands of cellulose, PS, CC and BMIMCl.

Wavenumber, cm−1 Description Ref.

MFC
1400–900 Glucose ring oscillations

[37]3700–3200 Glucose OH stretching oscillations

PS

697 C-H out-of-plane bending oscillations
[39]

756
1700–1400 Aromatic ring oscillations
3100–2800 Aromatic C-H/CH2 stretching oscillations

CC 1635 H-O-H bending oscillations (of crystal water) [40]

BMIMCl
1166 C-N stretching oscillations

[41]1573 Imidazolidinium framework oscillations

As previously demonstrated, PS amount significantly affects the density (ρ), pore
volume (Vp), porosity (μ), and water absorption coefficient (E) of the porous matrix [37].
Matrix impregnation with AWH materials can significantly change these characteristics.
As shown in Table 2, the initial matrix is characterized by high porosity and low density.
Nevertheless, one should note that these parameters can be considerably influenced by
molding conditions. The presence of 70 wt.% hydrophilic MFC in the matrix increased
the water absorption coefficient, which provides rapid diffusion of water into the volume
of the material. Meanwhile, despite rather low PS content, the composite matrix has
excellent shape stability after prolonged exposure to water, similar to the samples described
earlier [37]. Such a high shape stability allows the development of new systems for moisture
capture from air on the basis of the hybrid materials.
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Modification of the matrix by AWH materials significantly affected the porosity and
density values of the obtained composites. As shown in SEM images, CC glazes the pores
of the matrix, resulting in a threefold decrease in total pore volume and porosity compared
to the pristine MFC/PS. In contrast, BMIMCl addition led to porosity and pore volume
increase. This phenomenon can be explained by the ability of BMIMCl to interact with
cellulose fibrils, making matrix pore space more malleable and capacious. The density
value of MFC/PS/BMIMCl composite is greater than the same values of the MFC/PS
matrix and MFC/PS/CC by 8.8 and 1.8 times, respectively, which also demonstrates the
better permeation of BMIMCl inside the porous matrix.

Table 2. The data on density (ρ), porosity (μ), total pore volume (Vp), and water absorption coefficient
(E) of pristine MFC/PS matrix and matrices impregnated with CC and BMIMCl.

Sample ρ, g/cm3 Vp, cm3 μ, % E

MFC/PS 0.05 60.0 ± 1.3 29.4 ± 0.6 2.80
MFC/PS/CC 0.25 20.0 ± 2.3 9.8 ± 1.1 2.60

MFC/PS/BMIMCl 0.44 93.5 ± 4.2 45.8 ± 2.1 3.80

3.2. Thermal Stability Studies

The TGA data were used to quantify the composition of the obtained composite porous
matrix as performed before [37]. According to the obtained data, the content of MFC in the
obtained matrix does not exceed 70 wt.%, which is in good agreement with the calculated
value (see Figure 5).

 

Figure 5. TGA and dTGA curves of (A,C) MFC, PS, MFC/PS, (B,D) MFC/PS, MFC/PS/CC, and
MFC/PS/BMIMCl. The corresponding dTGA peaks are underwritten.

The thermal stability of the obtained composite porous matrix is of great importance
since the desorption procedure can include temperature rising to 90 ◦C. According to
Figure 5A,C, the thermal decomposition of the matrix occurs as a result of successive
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processes of dehydration of bound moisture at 80–110 ◦C, followed by destruction of the
cellulose component at 250–350 ◦C and PS decomposition at 350–450 ◦C. Interestingly, the
both dTGA peaks of the components of the MFC/PS porous matrix are shifted towards
higher temperatures compared to the data obtained for the bare materials (by 17.4 ◦C for
MFC and by 20.9 ◦C for PS). The same phenomenon has been observed earlier [38] and
can be explained by the different kinetics of the material thermal decomposition, which
depends on its amount in the sample.

The TGA and corresponding dTGA curves of the MFC/PS matrix and matrices impreg-
nated with AWH agents are presented in Figure 5B,C. In disagreement with the literature
data [42], MFC/PS/CC loses water contained in CC in 50–200 ◦C. The decomposition of PS
in MFC/PS/CC undergoes the same temperature as in the pristine matrix, whereas the
decomposition of MFC is not pronounced. The dTGA curve of MFC/PS/BMIMCl con-
tains three peaks referring to water evaporation (202.5 ◦C), cellulose thermal degradation
(292.5 ◦C), and PS thermal degradation (420.0 ◦C). The cellulose decomposition at lower
temperatures can be explained by the partial disruption of the cellulose crystalline regions
by BMIMCl [43]. It was thus demonstrated that both impregnated matrices exhibited
adequate thermal stability up to 200 ◦C, which is the most significant temperature range
for potential future implementation.

3.3. Study of MFC/PS Matrix Mechanical Strength and Cyclic Stability

The results of the mechanical strength properties investigation of the pristine compos-
ite matrix and modified matrix are presented in Table 3 and Figure 6.

Table 3. Tensile strength (σmax), tearing strength (σp), maximum tensile load (Pmax), and breaking
load (Pp) of pristine MFC/PS matrix and matrices impregnated with CC and BMIMCl.

Sample σmax, MPa σp, MPa Pmax, N Pp, N

MFC/PS 2.4 ± 0.4 1.7 ± 0.6 82.0 ± 1.7 55.2 ± 12.5
MFC/PS/CC 2.6 ± 0.2 1.8 ± 0.4 83.6 ± 1.4 53.5 ± 2.9

MFC/PS/BMIMCl 2.0 ± 0.1 1.5 ± 0.7 79.1 ± 1.1 39.8 ± 5.4

Figure 6. Compressive strength performance of pristine and modified MFC/PS matrices: (a) tensile
strength, (b) tensile load.

Despite the fact that PS content in the pristine composite porous matrix is 30 wt.%, the
mechanical properties of the matrix significantly differ from those of pure PS. For instance,
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the tensile strength (σmax) of pure PS is 10 times higher than the corresponding value of
the obtained composite porous matrix, which is first of all linked with its high porosity.

According to Table 3, incorporation of CC in the porous composite matrix led to a
slight enhancement of the strength characteristics of composite material compared to the
pristine matrix. It can be explained by CC deposition on the surface of the matrix and its
vitrification. Unlike CC, impregnation of the porous matrix by BMIMCl resulted in the
tensile strength decline. This phenomenon can be attributed to the chemical interaction
between BMIMCl and cellulose hydroxyl groups, explaining the better distribution of
BMIMCl over the matrix volume. Meanwhile, the chemical binding of BMIMCl with
hydroxyl groups can lead to cellulose fibrils softening [44] and, hence, partial disintegration
of MFC in a composite matrix.

The integrity of the composite porous matrix is of paramount importance with regard
to the stability of the final composite, particularly during its cyclic operation. It was found
that the dimensions of the pristine matrix did not change after the load of 16 kg was applied
to the matrix sample, after it was subjected to the cycle of water soaking/desorption.

According to Figure 7a, the maximum rate of water absorption is reached within
the initial 30 min when the pristine porous composite matrix was immersed in water
for 24 h. Then, the absorption rate gradually decreased, reaching a plateau after 3 h of
observation. Furthermore, the composite matrix displayed outstanding shape stability
even when subjected to prolonged exposure to water, thereby facilitating the potential use
of this material in AWH systems for extended operational periods.

Figure 7. (a) Sorption of MFC/PS porous matrix immersed in water; (b) desorption at different tem-
peratures; (c) demonstration of MFC/PS porous matrix shape stability after 10 sorption/desorption
cycles under load of 16 kg.

It is well known that various types of AWH agents require different regeneration
temperatures that could reach rather high values. For instance, MOF-303 employed in [35]
for vapor harvesting was regenerated at 55–60 ◦C. Thus, the stability of the MFC/PS matrix
at different regenerating temperatures is of great practical importance. In this regard, the
desorption of the MFC/PS matrix was carried out at 27 ◦C, 55 ◦C, and 100 ◦C.

As follows from Figure 7b, the MFC/PS matrix ability to desorb accumulated moisture
strongly depends on the temperature. Thus, desorption occurs more rapidly at 100 ◦C,
achieving complete desorption within 3 h, whereas desorption at 55 ◦C takes 6 h. The rate
of moisture desorption at room temperature was extremely low (4–5 g/h). The initial mass
of the MFC/PS matrix was restored only after 48 h. It should be noted that none of the
applied temperature regimes had no effect on the composite matrix stability.
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3.4. Moisture Absorption and Desorption Under the Influence of AWH Agents

The summary of moisture absorption tests under low and high humidity levels carried
out for the pristine MFC/PS matrix, MFC/PS/BMIMCl, and MFC/PS/CC is presented in
Table 4.

Table 4. Moisture sorption by composites at different air humidities.

Absorption
Conditions

Weight of Absorbed Moisture per Sample Weight, %

Time MFC/PS MFC/PS/BMIMCl MFC/PS/CC

T = 25 ◦C
ϕ = 28%

150 min 1.6 ± 0.3 3.4 ± 0.1 1.4 ± 0.2
24 h 3.9 ± 0.5 12.1 ± 0.2 4.6 ± 0.4

T = 25 ◦C
ϕ = 63%

150 min 1.9 ± 0.2 5.3 ± 0.3 11.0 ± 0.3
24 h 5.9 ± 0.4 16.7 ± 0.5 16.9 ± 0.5

Desorption
Conditions

Sample Weight Reduction per Absorbed Water Weight, %

Time MFC/PS MFC/PS/BMIMCl MFC/PS/CC

T = 55 ◦C
ϕ = 8%

150 min 99.2 ± 0.1 74.7 ± 2.3 152.6 ± 3.8
24 h 99.8 ± 0.3 94.8 ± 2.4 184.8 ± 4.3

The MFC/PS matrix exhibited a modest absorption capacity under both low and high
humidities, whereas the incorporation of CC and BMIMCl led to a substantial increase in
atmospheric water capture.

In conditions of low humidity, the rate of moisture absorption of MFC/PS/BMIMCl is
higher than that of MFC/PS/CC (Figure 8a). Interestingly, the weight of the adsorbed moisture
by MFC/PS/CC is close to the same value of the pristine MFC/PS matrix even after 24 h.

In conditions of high humidity (Figure 8b), the sample with CC exhibited rapid
moisture uptake within 150 min, while MFC/PS/BMIMCl absorbed only half of that water
weight. During the next hours of observation, CC leakage was detected. However, after
24 h of the experiment, the absorbed water weights by both composites were found to be
comparable (see Table 3).

The observed differences in the absorption curves of MFC/PS/BMIMCl and MFC/
PS/CC can be explained by the various ways the AWH component is distributed within
the porous matrix structure. CC (Figure 3d) demonstrates a tendency to glaze the surface
of cellulose fibers without anchoring within the pores of the MFC/PS matrix. Since CC
is situated closer to the surface of the composite, the rate of water vapor absorption is
significantly greater than that of MFC/PS/BMIMCl. However, the water retained by CC
does not penetrate inside the porous matrix, inducing salt liquefaction and subsequent
leakage. Conversely, water vapor absorption by MFC/PS/BMIMCl is slower due to more
uniform distribution of BMIMCl in the matrix volume (Figure 3e) owing to interaction with
cellulose hydroxyl groups. Therefore, water absorbed by the MFC/PS/BMIMCl sample is
homogeneously distributed throughout the composite volume and, thus, is better retained.

As shown in Table 4 and Figure 8c, the desorption behavior of the MFC/PS matrix
and two composites within the first 150 min of the experiment was completely different.
Thus, for instance, the sample containing CC lost 153% of its weight per absorbed water
weight. Such an unusual mass reduction in the MFC/PS/CC sample can be explained by
the loss/leakage of the part of the AWH agent during absorption, which is in agreement
with the visual observations. MFC/PS/BMIMCl released only 75% of the captured water,
which is less than the value of the pristine MFC/PS matrix. It should be underlined that
even after 24 h of drying at 55 ◦C and a humidity of 8%, MFC/PS/BMIMCl still kept 5% of
the captured water. In fact, the reason for this phenomenon is that BMIMCl forms both a
strong electrostatic interaction and a hydrogen bonding with the adsorbed water molecules.
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The MFC/PS/BMIMCl sample demonstrated outstanding moisture absorption ability
compared to the pristine MFC/PS matrix. Unlike CC, no leakage of AWH agent was
observed during the moisture absorption/desorption cycle.

Figure 8. Moisture absorption from the air by pristine MFC/PS, MFC/PS/BMIMCl, and MFC/PS/CC
at (a) low (28%) and (b) high (63%) humidity and 25 ◦C; (c) desorption curves of pristine MFC/PS,
MFC/PS/BMIMCl, MFC/PS/CC at 55 ◦C and humidity of 8%.

A significant challenge of the modern AWH systems is posed by the fact that the
desorption stage necessitates a considerable amount of energy input, given that the entire
sorbent solution must be heated [26]. The heating of sorbents is typically accomplished
through the use of electricity. However, some researchers have suggested the use of
solar energy, taking into account its abundance and net zero carbon emissions [35,45]. It
should be noted that obtained MFC/PS/BMIMCl composite can effectively desorb 95%
of accumulated water at a relatively low temperature (55 ◦C), which can be reached using
solar radiation. The possibility of the use of an alternative energy source as well as a
high content of biodegradable cellulose in the obtained composite material makes it an
attractive candidate for the modern AWH technologies complying with strict requirements
for sustainable development of the economy.

The combination of the hydrophilic (MFC) and hydrophobic (PS) nature of the compo-
nents of the obtained composite porous matrix improves both the water absorption and
release functions. The non-polar PS chains repel the polar water molecules, while the polar
MFC chains attract the water molecules [46]. The composite matrix, based on MFC and
PS, overcomes the key limitations of existing AWH technologies, offering a sustainable,
efficient, and cost-effective method for capturing atmospheric water, thus contributing to
the fight against water scarcity.

4. Conclusions

The elaboration and wide application of environmentally friendly polymeric materials
can reduce widespread ‘plasticization’ and pave the way for the development of ‘green
technologies’ in this area of industrial production. Hybrid composite based on microfib-
rillar cellulose and polystyrene is an effective carrier for moisture capture systems from
atmospheric air thanks to its high mechanical strength, porosity, and hydrophilicity. The
moisture capture process is provided by using conventional hygroscopic materials (calcium
chloride and ionic liquids) as the active components. The distribution of ionic liquid in
the porous matrix structure significantly affects the porosity and mechanical properties of
the composite material due to the better permeability of BMIMCl and partial dissolution
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of cellulose fibrils. The water absorbed by the sample with BMIMCl is homogeneously
distributed throughout the volume of the composite, ensuring better retention in the pores.
The composite material undergoes intensive desorption of water within less than 6 h at
temperatures above 55 ◦C, allowing multiple cyclic uses for water absorption at night and
extraction under sunlight during the day without additional energy inputs.

One of the key factors determining the performance characteristics of atmospheric
water harvesting (AWH) technology is the absorption efficiency of composite material, as
well as its ability to release accumulated moisture from the porous matrix. A promising ap-
proach to addressing these challenges involves doping a cellulose matrix with polystyrene
and conductive materials, such as carbon felt, carbon nanotubes, melanin, or polyaniline.
These materials are characterized by dark surfaces, which, theoretically, could enable the
described material to enhance desorption efficiency by harnessing solar radiation.

The described composite matrix can be applied in portable water harvesting devices:

• Lightweight and energy-efficient systems for remote areas with limited access to
water infrastructure, utilizing the composite’s passive absorption and solar-driven
desorption properties;

• Building-Integrated Systems: Incorporating the composite into roofing or facade
materials to harvest atmospheric water for domestic or irrigation use, particularly in
arid or semi-arid regions;

• Emergency and Disaster Relief: Deployable units for clean water collection in disaster-
stricken or drought-affected areas, where conventional water sources are unavailable;

• Agricultural use: Installation in greenhouses or open fields to collect water vapor for
irrigation, reducing dependency on traditional water sources;

• Advanced Industrial Systems: Application in cooling systems or industrial processes
requiring efficient humidity control, with potential for energy savings and water recovery.

Despite outstanding performance of the atmospheric water absorption by the obtained
composites, the issues related to calcium chloride retention must be addressed. One of
the possible resolutions is a doping of the composite matrix with additional sorbent or
moisture-retaining substance (e.g., polyacrylamide).
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Abstract: Laser reduction of graphene oxide (GO) is a promising approach for achieving
flexible, robust, and electrically conductive graphene/polymer composites. Resulting
composite materials show significant technological potential for energy storage, sensing,
and bioelectronics. However, in the case of insulating polymers, the properties of electrodes
show severely limited performance. To overcome these challenges, we report on a post-
processing redox treatment that allows the tuning of the electrochemical properties of
laser-induced rGO/polymer composite electrodes. We show that the polymer substrate
plays a crucial role in the electrochemical modulation of the composites’ properties, such as
the electrode impedance, charge transfer resistance, and areal capacitance. The mechanism
behind the reversible control of electrochemical properties of the rGO/polymer composites
is the cleavage of polymer chains in the vicinity of rGO flakes during redox cycling, which
exposes rGO active sites to interact with the electrolyte. Sequential redox cycling improves
composite performance, allowing the development of devices such as electrolyte-gated
transistors, which are widely used in chemical sensing applications. Our strategy enables
the engineering of the electrochemical properties of rGO/polymer composites by post-
treatment with dynamic switching, opening up new possibilities for flexible electronics
and electrochemical applications having tunable properties.

Keywords: laser processing; graphene polymer composites; electrochemistry; liquid-gated
transistor; tunable properties

1. Introduction

Graphene and its derivatives have attracted significant attention from researchers
during the last two decades [1,2]. Among these derivatives, graphene oxide (GO) is
particularly promising in transferring graphene technologies from the lab to real-world
applications, primarily due to the possibility of tailoring its physicochemical properties and
hydrophilic nature. This hydrophilicity makes GO compatible with different solution-based
deposition technologies, such as inkjet printing, spray coating, and screen printing, which
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are ideal for large-area and batch fabrication [3]. GO can be processed using different routes:
chemical, thermal, and photoreduction, which result in reduced graphene oxide (rGO) with
partially recovered graphene-like properties [4]. Photoreduction by laser processing offers
the benefit of creating well-defined and ad hoc patterning that allows the production of
free-form rGO structures with tunable properties.

The unique properties of rGO [5,6], such as tunable electrical conductivity, wettability,
and chemical stability, make it attractive as a filler in polymer composites for a wide range
of applications, including energy storage, electrocatalysis, bioelectronics, and sensors [7–12].
In these applications, the electrochemical properties of rGO play a crucial role. While most
research works considering GO and rGO electrochemistry are focused on the applications,
several works have also looked at the fundamental electrochemical behavior of GO and
rGO [13,14]. However, rGO-based composites have received less attention regardless of
their practical relevance, especially for composites obtained by laser processing.

In this work, we investigate the electrochemical properties of laser-induced rGO/
polymer composites using polyethylene terephthalate and polyvinylidene fluoride as
substrates for GO deposition [15]. We report an unexpected electrochemical behavior
observed under potentials exceeding the water electrolysis voltage window. This behav-
ior results in a substrate-predefined “switching” of electrochemical properties such as
electrical impedance, charge transfer resistance (Rct), and areal capacitance after a few
“activation” electrochemical treatment cycles associated with changes in polymer structure.
This switching capability, arising from the electrolyte interaction with freshly exposed
rGO, provides a new degree of freedom for tailoring the electrochemical properties of
rGO/polymer composites beyond what is achievable by sole laser processing since laser
processing, in particular for composite formation has only a small window of parameters
to achieve the composite while preserving the structural integrity of both components.
In other words, the ability to control properties is limited by the composite formation
mechanism [15]. Moreover, after the “activation” cycles, the rGO/polymer composite
properties can be reversibly changed upon consecutive electrochemical treatment. This
electrochemical treatment allows the development of an electrolyte-gated transistor that
otherwise did not work when using non-treated electrodes. The mechanism behind this
switching behavior is related to electrochemical polymer erosion, which exposes rGO to
the interaction with the electrolyte.

2. Materials and Methods

2.1. Materials

Graphene oxide water dispersion with a concentration of 4 mg mL−1 (monolayer
content >95%, measured in 0.05 wt%; particle size: D90 5–7 μm, D50 2–4 μm, D10
1–2 μm; Graphenea, San Sebastián, Spain); phosphate-buffered saline (PBS) with pH of 6.86
(Uralkhiminvest, Ufa, Russia); PET sheets with a thickness of 0.65 mm were purchased in
local store; PVDF was prepared using fused deposition modeling 3D printing.

2.2. Laser-Induced Composite Fabrication

Both rGO/PET and rGO/PVDF were fabricated following the same protocol. First,
GO was drop-casted on a polymer substrate at 90 μL cm−2 and left for drying on a heating
plate under 40 ◦C in air. The dry films with a 30 μm GO thickness (Figure S1) were laser
processed using a pulsed diode laser with a wavelength of 436 nm operating at 1.6 kHz
frequency (pulse energy ~0.17 J, pulse width ~260 μs). After laser processing, the composite
structures were sonicated in distilled water for 5 min to remove GO residues and poorly
integrated rGO.
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2.3. Electrochemical Treatment and Characterization

All the electrochemical experiments were conducted in the three-electrode cell with
Pt wire, Ag/AgCl (saturated KCl), and rGO/polymer composite as the counter, reference,
and working electrodes. PBS (pH 6.86) was used as an electrolyte throughout all the
experiments. Data were recorded using Corrtest CS2350M (Corrtest, Wuhan, China)
bipotentiostat-bigalvanostat with the impedance measuring module. Electrochemical
impedance spectroscopy (EIS) measurements were carried out with a sinusoidal waveform
with a 0 V DC component and a 50 mV AC amplitude. This higher-than-typical amplitude
(10–20 mV) was necessary to ensure a sufficient signal-to-noise ratio, as the electrodes,
especially after electrochemical treatment, showed resistances of several tens of kOhm).
The EIS measurements were performed within the 100 kHz–0.25 Hz frequency range. Rct

was determined as an intercept of a semicircle range with the Z’ axis in the Nyquist plot.
Cyclic voltammograms (CVs) were measured with a scan rate of 100 mV s−1. Potential
windows are specified in the manuscript text. Areal capacitance was calculated from the
CVs using the following equation:

C =

∫
idV

2·ΔE·A·W (1)

where
∫

idV is the integral over CV, ΔE is a potential window, A is the geometrical area of
the electrode, and W is a scan rate.

2.4. Electrolyte-Gated Transistor (EGT) Demonstration

The EGT performance was demonstrated by employing a Zurich MLFI Lock-in Am-
plifier (Zurich Instruments, Zurich, Switzerland). The EGT channel dimensions were
approximately 2 × 2 mm2. Drain and source contacts were made with copper tape and
conductive silver paste and encapsulated with polydimethylsiloxane (PDMS). The applied
drain-source voltage (VDS) was −0.5 V, and the gate-source voltage (VG) sweep rate was
25 mV s−1. Transfer characteristics were recorded in the VG range spanning from −0.6 to
+0.6 V. Gate voltage equals +0.5 V was used for sensing KCl with different concentrations.
This value provides the maximum sensitivity and evades the electrolysis and reduction
processes. Pt wire was used as a gate electrode.

EGT operation was performed following the steps: First, a 20 μL deionized (DI) water
drop was deposited on the EGT channel, and the ID current was recorded for 1 min. The
liquid was then removed with absorbing paper, and a 20 μL drop of 50 mM KCl was added
in the same way. The procedure was repeated for 100 mM and 200 mM KCl solutions.

2.5. Scanning Electron Microscopy

The scanning electron microscopy (SEM) was performed using the Tescan Mira 3LMU
(Tescan, Brno, Czech Republic) and COXEM EM-30+ (COXEM, Daejeon, Republic of Korea).
All the SEM images shown in the manuscript were acquired by detecting the secondary
electrons. The top-view SEM images were acquired with 103× magnification, while cross-
section images for rGO/PET and rGO/PVDF were acquired with 200× and 190× magnifi-
cation, respectively.

2.6. X-Ray Photoelectron Spectroscopy

The X-ray photoelectron spectroscopy (XPS) was performed using a Thermo Fisher
Scientific XPS NEXSA (Thermo Fisher Scientific, Waltham, MA, USA) spectrometer with a
monochromatic Al K Alpha X-ray source at 1486.6 eV. The survey study was carried out
employing a pass energy of 200 eV and an energy resolution of 1 eV. For the high-resolution
spectra, the pass energy was 50 eV, and the energy resolution was 0.1 eV with a spot
diameter of 400 μm.
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2.7. Raman Spectroscopy

Raman spectra were recorded using a confocal Raman microscope (NTEGRA Spectra,
NT-MDT, Zelenograd, Russia) with 532 nm (for rGO/PVDF) and 633 nm (for rGO/PET)
diode excitation lasers. The Mitutoyo objective with 20× magnification was used to focus a
laser beam on the sample surface and record spectra with 1 s exposure time and 10 times
accumulation.

2.8. Fourier-Transform Infrared Spectroscopy

FTIR was measured on the IRAffinity-1S (Shimadzu, Kyoto, Japan) spectrometer in
the total internal reflection mode.

3. Results

3.1. Electrode Fabrication and Characterization

rGO/PET composite electrodes were fabricated by laser processing drop-casted GO
films on a PET substrate (Figure 1a). The fabrication protocol and the mechanism behind
the composite formation are presented in detail elsewhere [9,15]. Briefly, GO acts as a
photothermal transducer during laser irradiation, partially converting light into thermal
energy. This energy reduces GO into rGO and partially becomes transferred to the polymer
substrate underneath, reducing its viscosity and resulting in rGO intermixing with the
liquified polymer due to the Benard–Marangoni convection. This process generates a
conductive carbon network encapsulated by the polymer surface.

 

Figure 1. (a) Schematic illustration of the electrode fabrication procedure. (b) SEM top-view image
of rGO/PET composite electrode. (c) Cross-sectional SEM image of rGO/PET composite electrode.
(d) C1s high-resolution XPS spectrum from rGO/PET composite electrode. (e,f) CV and Nyquist
plots, respectively, measured using the rGO/PET composite electrode. Inset represents the zoom into
the high-frequency region where semicircle charge transfer resistance is observed.

SEM imaging reveals two different regions after laser processing, in agreement with
our previous work [9]: (i) a rough, porous region with low static charging attributed to
conductive rGO and (ii) a brighter region with strong static charging attributed to PET
islands (Figure 1b). This surface structure has been confirmed by optical microscopy, which
also shows the encapsulated black carbon material visible through the transparent PET
layer (Figure S2). Cross-sectional SEM imaging also reveals an rGO/PET composite film
with a thickness of ca. 80 μm lying on the PET substrate, with some PET islands visible as
bright spots within the composite layer (Figure 1c).
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The survey XPS spectrum of the rGO/PET electrode (Figure S3) shows the characteris-
tic C1s and O1s bands, with a small amount of sulfur—a residual byproduct from the GO
synthesis. High-resolution C1s spectra (Figure 1d) were deconvoluted into peaks related to
sp2 carbon (283.2 eV), sp3 carbon (283.9 eV), C-O (285.7 eV), C=O (288.0 eV), and -COOR
(290.3 eV). Below, we discuss the relative content of these elements and functional groups.

The electrochemical properties of the electrodes have been characterized by cyclic
voltammetry and electrochemical impedance spectroscopy. CV (Figure 1e) exhibits nearly
pure capacitive behavior with a small reduction peak at approximately −1 V (vs. Ag/AgCl),
likely due to the reduction of aldehyde moieties [13] and signs of water electrolysis. Areal
capacitance (CA) has been set as the figure of merit to compare the induced changes. The
as-prepared electrode exhibited a CA of 1.15 ± 0.74 mF cm−2, slightly lower than the state of
the art for rGO [16], possibly due to the partial coverage of rGO active sites by dielectric PET
islands. The Rct and impedance at 0.25 Hz (|Z|0.25) extracted from the Nyquist plot have
been used as figures of merit for EIS. Rct calculated from the Nyquist plot (Figure 1f) was
several kΩ, followed by a linear region characteristic of diffusion through a semi-infinite
diffusion layer, resulting in high impedance values at low frequencies (Figure 1f).

3.2. Unexpected Findings on the Electrochemical Behavior of rGO/PET Electrodes

To explore the electrochemical properties of the rGO/PET electrodes, we carried out
reduction and oxidation cycles on the sample using a three-electrode cell. We applied high
constant voltages of different polarities (−4 V for reduction and +3 V for oxidation) for
200 s each (Figure 2a) and measured CVs and the impedance after each treatment step.
We performed eight full treatment cycles, each including one reduction and one oxidation
step. The first two cycles, referred to as “activation” cycles, exhibited distinctive behavior
in CVs, current versus time curves (i–t), and Nyquist plots (Figure 2b). Subsequent cycles
are denoted as “switching” due to the changes observed in |Z| at 0.25 Hz, Rct, and areal
capacitance (Figure 2c–e). The values obtained from these experiments are summarized in
Table S1.

3.2.1. Activation Cycles

During the first redox cycles, we observed a significant drop in both |Z|0.25 and Rct

from kΩ (initially in the range of several kΩ to dozens of kΩ) to several hundred Ω upon
applying both positive and negative potentials (Figure 2b). At the second redox cycle,
both |Z|0.25 and Rct start to increase slightly. Interestingly, the sample areal capacitance
depends on the polarity of the applied potential, rising by a factor of ~6 within the first
two reduction cycles and further decreasing by one order of magnitude after the oxidation
step. Importantly, these changes occurred only if the reduction step was performed first.
Otherwise, starting with the oxidation step resulted in electrode degradation, as shown by
the CV in Figure S4, limiting the possibility of obtaining meaningful data.

First red: CVs from the initial samples exhibit mostly capacitive behavior, with a weak
reduction peak found at ca. −1 V, a signature of the electrochemical reduction of residual
carbonyl and carboxyl groups remaining after laser modification. Applying the reduction
potential (−4 V) results in a typical hydrogen evolution reaction i–t curve, with the current
decaying over time (Figure S5, 1st red). After the first reduction step, the electrodes still
exhibit pure capacitive behavior, but with no evident peaks in the CVs and with an increase
in capacitance contribution (Figure S6, 1st red; Figure 2e).
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Figure 2. (a) Schematic illustration of the experimental setup representing the electrochemical cell and
a short description of a sequential electrochemical treatment. (b) Nyquist plots from rGO/PET sam-
ples after the first two redox cycles, indicating the observed changes in impedance. (c–e) rGO/PET
sample figures of merit were obtained from CVs and impedance plots through all eight investigated
redox cycles: impedance value at 0.25 Hz, charge transfer resistance, and areal capacitance, respec-
tively. The values at the “0” point represent the values for the initial samples, which are also marked
with blue squares. The error bars show the STD of the three electrodes.

First ox: The oxidation step with +3 V shows signs of a concomitant oxygen evolution
reaction, as indicated by the slight current increase during the first 50 s followed by a decay
up to 200 s (Figure S5, 1st ox). The CV recorded after the first oxidation step shows a further
increase in the capacitive contribution and the appearance of symmetrical oxidation and
reduction peaks at ±0.5 V.

Second red: The i–t curve during the second reduction exhibited behavior similar
to that of the 1st red, which is related to the water-splitting process. Even though the
underlying processes are similar, they occur differently since the 2nd red i–t curve shows a
steep current decay, contrary to the 1st red, associated with an enhanced diffusion of water
molecules toward the electroactive rGO network. However, CV recorded after the second
reduction reveals the same oxidation and reduction peak profile at the same voltages as
observed after the first oxidation step.

Second ox: The second oxidation process differs from previous modifications and
shows two distinguishable current peaks in the i–t curves during the first 100 s, indicative
of electrochemical reactions. These reactions shift the equilibrium cathodic potential toward
zero, as evidenced by the intercept of the backward and forward scan curves in the CV
at ~−0.8 V, as well as dynamic changes in CVs from cycle to cycle (Figure S7). To ensure
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that CV measurements did not significantly affect the changes introduced by the oxidation
treatment, we narrowed down the potential range after oxidation from ±1.5 V to ±0.5 V.
This range was selected because most available literature, including ours, indicate no redox
processes within this range [17]. The CV measuring range for reduction cycles was not
changed since keeping the same range did not affect the figures of merit. After narrowing
the potential range, we observed a strong reduction peak on the i–t curve during the fourth
reduction step, signaling a strong ongoing electrochemical reduction, most likely coming
from processes in rGO (Figure S5). This peak confirms the necessity of narrowing the CV
potential window after oxidative treatment.

We performed a set of in-depth characterization to understand the structural changes
during the “activation” period. Since we did not observe reaction signatures in the
i–t curves, we suspected morphological changes, such as electrochemical roughening,
could explain the electrode behavior. SEM images show that electrochemical treatment
significantly decreases the number of PET fragments, as indicated by the contrast between
treated and untreated regions of the sample, while the initial sample had PET islands homo-
geneously distributed all over the surface (Figure S8). This result is a sign of electrochemical
destruction of the PET. We calculated the ratio between sp2 and sp3 hybridized carbon
atoms from XPS C1s spectra and compared it to the untreated sample with a sp2/sp3 ratio
of 0.88 ± 0.71.

XPS spectra from the sample after the first reduction step show the typical rGO peaks.
The C1s high-resolution region (Figure S9) was deconvoluted into bands corresponding
to sp2 and sp3 hybridized carbon (283.4 and 284.3 eV, respectively), C-O (285.7 eV), C=O
(288.3 eV), -COOR (290 eV), and the π-π* satellite (292 eV). The calculated sp2/sp3 ratio is
1.67 ± 0. 77, almost double that of the initial sample (Figure 1d). This increase correlated
with an increase in the C/O ratio from 4.42 ± 0.77 (initial) to 5.09 ± 0.31 (1st red). The
survey spectrum also revealed the presence of sodium in the sample, likely originating
from sodium cations appearing on the surface of PET due to cleavage of ester bond
and formation of -COONa groups (PBS electrolyte contains NaCl). The following first
oxidation step shows ion trapping from the electrolyte, evidenced by the appearance of
phosphorus (0.66 ± 0.08 atomic %) and chlorine (1.00 ± 0.02 atomic %) in the survey
spectra. Additionally, the sodium content increased slightly due to entrapment of sodium
phosphate and chloride. The most remarkable result from this oxidation step is that the
sp2/sp3 carbon ratio remained unchanged, while the C/O ratio drastically decreased to
3.38 ± 0.07. This is surprising because an increase in oxygen content is typically related to
the change in carbon hybridization from sp2 to sp3.

The second reduction and oxidation cycles did not change the sample elemental com-
position but induced changes in their states. The second reduction significantly increases
the sp2/sp3 ratio to 5.85 ± 0.71 (by a factor of 3.3) while only slightly affecting the C/O ratio
(increased from 3.38 ± 0.07 to 3.54 ± 0.20). This demonstrates that the chemical reactions
occurred within the electrode’s structure. Other elements’ content from the electrolyte (Cl−,
PO4−, Na+) changed according to the polarity of the applied potential, as summarized in
Table S2. The second oxidation decreased the sp2/sp3 ratio to 1.45 ± 0.02, while the C/O
(3.57 ± 0.05) remained unchanged.

These results are surprising because changes in the sp2/sp3 atomic ratio in these
systems are usually explained by the formation or cleavage of chemical bonds (reflected
by a decrease or increase in sp2/sp3, respectively) between carbon and oxygen-containing
groups. This demonstrates that the underlying mechanism differs from the typical reduc-
tion and oxidation of GO reported in the literature.
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3.2.2. Switching Cycles

Further electrochemical treatment cycles result in reversible “switching” of the elec-
trochemical properties. Applying the reduction potential led to |Z|0.25 values of ~3 kΩ.
In contrast, oxidation potentials caused a constant increase in |Z|0.25 up to the 5th cycle,
after which the impedance stabilized around 20 kΩ for all following oxidation treatments
(Figure 2c). A similar trend is observed for Rct, with the reduced state stabilizing around
1 kΩ and the oxidized state stabilizing at the 5th cycle with values close to 10 kΩ (Figure 2d).
For the areal capacitance, the oxidized state values were 0.5 mF cm−2. In contrast, the
reduced state exhibited a one-order-of-magnitude increase (Figure 2e).

Analysis of the impedance curves revealed that, after the first two activation cycles,
applying the reduction potential leads to the appearance of a second semicircle in the 3rd
red Nyquist plot (Figure S10a) with a maximum (~15◦) in the phase angle plot located
around 1 kHz. The phase angle at frequencies below 1 Hz does not exceed 15◦ (Figure S10b).
The second semicircle (representing an imperfect double-layer capacitor) at the mentioned
position with a low phase angle value could be a signature of rGO, as previously observed
for photoreduced GO [14]. After oxidation treatment, the second semicircle shifts from
1 kHz toward lower frequencies, with the phase angle rising up to 30◦, indicating oxidation
of the reduced graphene oxide (Figure S10b).

To determine the mechanism behind this “switching” of electrochemical properties,
we characterized the samples up to the 5th oxidation since the key values for all states
stabilized at this cycle. We first recorded Raman spectra (Figure S11) showing that the
exposed regions (not covered with PET) were characterized by D and G peaks, defect-
activated band around 1350 cm−1, and sp2 carbon band at 1590 cm−1, respectively. The
intensity ratio between these bands (ID/IG) has often been used to estimate the defect
concentration in graphenes. For GO and rGO, this ratio is related to the degree of reduction
since oxygen-containing groups are structural defects [18].

The initial rGO/PET electrode shows an uneven distribution of Raman spectra at
different locations, with some regions showing high-quality rGO with ID/IG much lower
than 1, while others had higher ID/IG ratios due to highly defective rGO. After the first
reduction, the ID/IG was calculated to be 0.77, which dropped to 0.57 after the first oxi-
dation, following the trend observed in the electrochemical properties where impedance
decreased with both the first reduction and oxidation. Surprisingly, the second reduction
resulted in a significant increase in ID/IG to 1.82, while further electrochemical treatment
resulted in only minor fluctuations in ID/IG within the error margin. It is important to
note that ID/IG can be insensitive to changes in chemical composition for highly defective
rGO structures [19,20], which might be the case here since electrochemical treatment could
result in a high number of defects. Therefore, we needed more than the Raman spectra to
fully elucidate the underlying switching mechanism.

Considering the relatively high potentials and the nature of the PET substrate, we
hypothesized that the unusual electrochemical behavior accompanied by changes in the
sp2/sp3 ratio but not the C/O ratio could be attributed to PET’s electrochemical activity;
the particular mechanism is discussed below.

We replaced PET with the electrochemically inert polymer polyvinylidene fluoride
(PVDF) to elucidate the individual contributions of rGO and PET to this unusual electro-
chemical behavior. This comparison was possible due to the similar mechanism behind the
laser-induced rGO composite formation with PET and PVDF [15].
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3.3. Electrochemical Treatment of rGO/PVDF Electrodes

To determine whether the observed electrochemical switching originates from rGO
alone or involves some kind of interaction between the rGO surface and specific functional
groups in polymer chains, we fabricated rGO/PVDF electrodes using the same laser-
induced reduction method, as well as sequential electrochemical reduction and oxidation.
Before analyzing the electrochemical properties, we investigated the morphology and
chemical composition of the rGO/PVDF composite.

SEM analysis shows a distinct morphology for rGO/PVDF compared to rGO/PET. The
rGO/PVDF composite is represented by rGO flakes without noticeable polymer presence
on the electrode surface (Figure 3b). Cross-sectional SEM images (Figure 3c) reveal two
clearly separated regions: a PVDF layer and a highly porous rGO layer with a thickness of
ca. 81 μm on top. This implies that the electrochemical behavior of rGO/PVDF (Figure 3d,e)
is dominated by the exposed rGO since there are no visible signs of rGO encapsulation by
PVDF, and PVDF is an electrochemically inert material.

 

Figure 3. (a) Schematic illustration of the rGO/PVDF preparation via laser treatment with the sample
(b) top-view and (c) cross-section obtained by SEM. (d,e) CV and Nyquist plot for the initial untreated
sample, respectively. (f–h) Plots of calculated sample figures of merit were obtained from CVs and
impedance plots through all the investigated 8 redox cycles: impedance values at 0.25 Hz, charge
transfer resistance, and areal capacitance, respectively. The values at the “0” point represent the
values for the initial samples, which are also marked with blue squares.

We performed an XPS analysis to further investigate the presence of polymer on the
electrode’s surface. In contrast to rGO/PET, fluorine in PVDF allows for the differentiation
between rGO and PVDF in XPS data easily. The survey XPS spectra reveal F1s, C1s, and
O1s peaks at 687.5, 285.1, and 532.9 eV (Figure S12). High-resolution C1s spectra were
deconvoluted into seven peaks attributed to sp2 and sp3 hybridized carbon, C-O, C=O,
-COOR, CF2, and CF3 at 284.3, 285.2, 286.9, 287.5, 288.5, 290.4, and 292.8 eV (Figure S12).
The presence of a peak corresponding to fluorine in the XPS spectra could be explained
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through the sorption of low molecular weight PVDF destruction products formed as a
result of intense heating of the PVDF substrate during the laser reduction of GO [21].

These differences in surface structure resulted in a significantly lower impedance
(ca. 300 Ω) of rGO/PVDF compared to the rGO/PET composite. This is attributed to a
smaller Warburg impedance related to a higher ion diffusion on the exposed rGO flakes in
the PVDF composite (Figure 3d). The Rct is also approximately one order of magnitude
lower. Furthermore, the areal capacitance exhibits values one order of magnitude higher
than that of rGO/PET, consistent with the greater exposure of the electroactive rGO network
to the electrolyte.

The first two redox cycles did not significantly change the electrochemical parameters
set as the figures of merit (Figure 3f–h). However, further treatment shows a similar trend to
rGO/PET, although much less pronounced. For instance, impedance varied in rGO/PVDF
from ~1 kΩ to ~3 kΩ, compared to switching from ~3 kΩ to ~20 kΩ for rGO/PET. Contrary
to rGO/PET showing stable reduced and oxidized states after five cycles, the parameters
extracted from EIS for rGO/PVDF diverged with each cycle without reaching stable values.

The initial CV of rGO/PVDF shows a prominent oxidation peak around 0–0.2 V
(Figure 3d). The phase angle plot exhibits a well-pronounced extremum (−32◦) in the high-
frequency region related to charge transfer resistance and a rise in phase up to −23◦ at low
frequencies, indicating residual oxygen functionalities in the graphene structure remaining
after laser processing [14]. The first reduction did not cause significant changes in the CV or
impedance plots. However, the first oxidation increased the areal capacitance and changed
the CV shape to a predominantly capacitive behavior with slight reduction and oxidation
peaks between ±0.5–1 V (Figure S13). The impedance decreased by 100 Ω with the phase
at a low frequency not exceeding −10◦, possibly due to the electrochemical roughening of
the electrode’s surface, which increased the exposure of highly reduced conductive active
sites. The second redox cycle does not cause any changes in the impedance plots or CVs.

We narrowed the potential window from the third cycle for measuring CV as per-
formed for rGO/PET. We observed clear signs of rGO reduction and oxidation, with
low-frequency phase values reaching −30◦ after oxidation and −12◦ after reduction. All
CVs, i–t curves, and impedance data are presented in Figures S13–S15.

SEM images from samples subjected to several redox cycles revealed increased surface
roughness (Figure S16), which might be responsible for the increased capacitance. Although
visually treated and untreated regions might not be well distinguished, the extracted surface
profiles confirm the significant difference in roughness introduced by electrochemical
treatment. We performed XPS analyses following the same procedure as for rGO/PET
to investigate the chemical changes. We calculated the C/O ratio as the figure of merit
(Table S3), surprisingly showing that the initial sample (ca. 15.2 ± 0.5) had a C/O ratio
several times higher than that for rGO/PET and most reports in the literature for rGO
obtained using similar laser wavelengths [22]. This demonstrates that the C/O is not a
reliable indicator of rGO structure when laser-reduced on a PET substrate, as the oxygen of
PET itself can significantly influence it.

In rGO/PVDF, the first reduction slightly decreased the C/O ratio to 9.0 ± 0.1
(Table S3), possibly due to removing poorly integrated but highly reduced rGO flakes
from the electrode surface. The first oxidation further decreases the C/O ratio to 5.7 ± 0.3.
Further electrochemical treatment resulted in the expected behavior: reduction potentials
increase the C/O ratio, while oxidation decreases it, consistent with the electrochemical
reduction and oxidation of rGO absent of underlying PVDF substrate.
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3.4. Mechanism Behind Electrochemical Properties Switching

We propose a mechanism for switching electrochemical properties based on the ob-
served differences between rGO/PET and rGO/PVDF. The rGO/PVDF served as a control
system to isolate the contribution of rGO. Over eight redox cycles, rGO/PVDF could be
reversibly reduced and oxidized, consistent with previous results on GO obtained using
the modified Hummers method [23,24]. This was reflected in the impedance plots, par-
ticularly in the phase angle behavior and the CVs, where weak, symmetrical reduction,
and oxidation peaks replaced the initial oxidation peak. Although these redox reactions
resulted in “switching”, the effect was much less pronounced than in rGO/PET.

We hypothesize that the switching mechanism is related to PET hydrolytic decom-
position. Cathodic decomposition of PET occurs through a two-electron reaction with
peaks at −2.5 and −3 V [25]. The switching effect appeared only at potentials exceeding
±2.5 V, further supporting PET’s participation in the electrochemical reactions since rGO
undergoes redox reactions at lower potentials. Thus, the depolymerization begins during
the first redox cycle (activation), and there is no switching effect. As the destruction of thin
polymer layers progresses, more conductive rGO is exposed to the electrolyte, increasing
the areal capacitance and decreasing impedance, mainly by reducing the diffusional com-
ponent. Further cycles started showing the switching behavior due to rGO redox reactions
of the freshly exposed flakes. However, we do not exclude the possibility of a cascade of
various processes involving PET and rGO, such as hydrolysis, inter-material diffusion, and
reactions of oxygen-containing groups.

The difference in behavior between rGO/PET and rGO/PVDF could be explained
by the presence of polymer on the composite surface. In rGO/PET, erosion exposes a
limited amount of the conductive rGO network, significantly contributing to the elec-
trode/electrolyte interface. In contrast, the rGO/PVDF surface is dominated by rGO,
where oxidation is a more statistically distributed process, affecting only some regions on
the surface and leading to less pronounced changes at the electrode/electrolyte interface.
This, along with the electrochemical inertness of PVDF and limited electrolyte diffusion
through the rGO layer, contributes to the hindered switching behavior observed in the
rGO/PVDF composite.

3.5. Application of Laser-Processed rGO/Polymer Composites in Electrolyte-Gated Transistors

rGO is widely used in chemical sensors and biosensors, where its electrochemical
properties define the device’s performance. However, the use of rGO/polymer composite
is limited since the polymer matrix can significantly hinder the electrode/electrolyte in-
teractions, preventing exposure to active sites. We exploit the electrochemical “activation”
phenomenon discovered here to expose rGO in an rGO/PET composite for application
as an EGT [26]. EGTs are formidable electronic transducers widely employed as chemical
sensors, biosensors, and neuromorphic devices for bioelectronics [27]. They bear very
interesting characteristics such as low voltage operation (<1 V), elevated sensitivity to
surface perturbations, and signal amplification ability [28]. The EGT working principle
relies on the modulation of the charge carriers at the transistor channel via the formation of
electrical double layers at the device interfaces (field-effect) or ion intake (electrochemical
mode), which are controlled by the gate voltage (VG) [28–31].

To demonstrate the impact of electrochemical treatment on rGO/polymer composites,
we compared the performance of initial rGO/PET and electrochemically-treated (1st red,
1st ox, 3rd red, and 3rd ox cycles) electrodes as a channel material in EGTs. Our strategy en-
abled the fabrication of millimeter-scale EGTs with rGO channels and adjustable electronic
properties. The best performance was obtained for the 1st red sample, which we discuss
further below.
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The EGT schematic representation is shown in Figure 4a. We first recorded the device
transfer characteristics, i.e., the drain current (ID) vs. VG in deionized water (DI) and
50 mM KCl solution. The initial rGO/PET sample showed no current modulation under
±0.6 V VG bias voltage either in DI or KCl (Figure S17a). This result is attributed to the
polymer shielding the rGO surface, suppressing the formation of an electrical double-layer
or ion intake within the sample. In contrast, the 1st red sample showed significant ID

modulation, especially at positive VG. For example, at a positive bias of VG = 0.5 V, a
40 μA difference in ID is observed between operation in DI water and in 50 mM KCl
solution (Figure 4b). This current modulation shows that PET erosion during the 1st
red step activates the surface, allowing the interaction between electrolyte ions and the
rGO channel.

Figure 4. (a) Schematic illustration of the setup for transistor characteristics measurements.
(b) Transfer characteristics in DI water and 50 mM KCl liquid gate for 1st red sample at VDS = −0.5 V.
(c) Device response at VG = +0.5 V and VDS = −0.5 V corresponds to different KCl molarity for 1st
red samples. (d–f) Transfer characteristics in DI water and 50 mM KCl for 1st ox, 3rd ox, and 3rd red
samples, respectively.

To further demonstrate the robustness of EGTs produced from the electrochemically
activated composite, we measured ID over time at different KCl concentrations. The ini-
tial rGO/PET sample showed no sensitivity to the electrolyte composition (Figure S16b).
The 1st red sample showed a reasonably stable response over time at different KCl con-
centrations (50, 100, and 200 mM) as depicted in Figure 4c. Increasing the electrolyte
concentration increases the electrical double-layer capacitance and, therefore, ID. A stable
current response is a key characteristic in sensing, especially for applications targeting
real-time monitoring of chemical species. Transfer characteristics of the 1st ox, 3rd red, and
3rd ox samples are presented in Figure 4d–f. We observe a clear charge neutrality point
near +0.2 V and the typical rGO ambipolar electrical conduction here, illustrated by the
p- and n-type branches of the transfer curve. From the device transfer characteristics, we
calculated the hole (μh) and electron mobility (μe) in EGTs based on rGO/PET composites
(Note S1). We found μh to amount to 0, 5.9·10−3, 5.6·10−3, and 1.6·10−2 cm2 V−1 s−1, and
μe was found equal to 0.15, 1.6·10−2, 0.9·10−2, and 0.8·10−2 cm2 V−1 s−1 for the 1st red,
1st ox, 3rd red, and 3rd ox, respectively. Details on the calculation of the charge carrier
mobilities are given in the Supporting Information. The μe for the 1st red sample showed
state-of-the-art values for rGO [32], although p-type conduction could not be obtained,
possibly due to hole trapping at the interface. Our method demonstrates the potential
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of electrochemically-activated laser-reduced GO/polymer composites to be used in the
fabrication of EGT with potential for sensing applications.

4. Conclusions

In this work, we investigated the electrochemical behavior of laser-induced rGO/PET
composite electrodes under harsh electrochemical conditions, using potentials exceeding
the water window. We found that this treatment gives rise to unexpected changes in the
composite electrode’s structure, enabling the tuning of electrochemical properties, includ-
ing impedance, charge transfer resistance, and areal capacitance. This effect originates
from the unique composite structure, with a high surface coverage of PET, due to the
Marangoni effect during laser processing, which initially hinders the availability of rGO
active sites. The electrochemical treatment involves two processes. First is an activation
period where PET erosion and depolymerization expose rGO to the electrolyte. Second, a
switching period in which freshly exposed rGO undergoes reversible redox reactions, as
deduced from the behavior of rGO/PVDF composite electrodes, where rGO dominates
the electroactive surface. The difference in switching efficiency between rGO/PET and
rGO/PVDF is attributed to the electrochemical activity of PET and its role in interrupting
the conductive rGO network, enhancing the impact of electrochemical treatment on the
overall electrode properties.

This electrochemical treatment method, coupled with laser-induced GO reduction and
free-form fabrication, provides a new approach to engineering the electrochemical proper-
ties of rGO/polymer composites. We illustrated the ability to control ion transfer through
PET erosion, opening possibilities for applications such as electrolyte-gated transistors for
ion sensing.

Supplementary Materials: The following supporting information can be downloaded at https:
//www.mdpi.com/article/10.3390/polym17020192/s1, Figure S1. Cross-section optical microscopy
image of the GO/PET (sample before laser treatment). Figure S2: Optical microscopy image of
pristine rGO/PET electrode; Figure S3. XPS survey spectrum from the rGO/PET pristine sample;
Table S1: Calculated values from CVs and Impedance plots after electrochemical treatment; Figure S4:
Typical CV after the first reduction in a following sequence 1st ox-1st red (treatment was started with
the oxidation step); Figure S5: i–t curves from the rGO/PET electrode during each of the first 5 redox
cycles; Figure S6: CVs from rGO/PET electrode after each of the first 5 redox cycles; Figure S7: CV
after the third oxidation cycle without changing the potential window; Figure S8: SEM images of the
initial sample and sample after the 2nd oxidation. The red mask was created as a grain analysis to
illustrate PET islands. Dashed squares show regions from which the profiles were extracted, while
the white circle represents the electrochemically treated region; Figure S9: Survey and C1s XPS
high-resolution spectra from rGO/PET electrode after two redox cycles. The tables show values of
relative atomic content averaged from 3 different points per sample; Table S2: Atomic percent of
elements from XPS Survey spectra for rGO/PET samples after first two redox cycles; Figure S10:
(a) Nyquist plots and (b) phase angle plots from the rGO/PET electrode after each of the first 5 redox
cycles; Figure S11: Raman spectra from the rGO/PET electrodes after each of 5 electrochemically
treatment cycles; Table S3: C/O ratio extracted from XPS survey spectra from different treatment
cycles of rGO/PVDF; Figure S12: Survey and C1s XPS high-resolution spectra from rGO/PVDF
electrode after several redox cycles; Figure S13: CVs from rGO/PVDF electrode after each of the first
5 redox cycles; Figure S14: i–t curves from rGO/PVDF electrode after each of the first 5 redox cycles;
Figure S15: (a) Nyquist plots and (b) phase angle plots from the rGO/PVDF electrode after each of
the first 5 redox cycles; Figure S16: SEM of rGO/PET electrode after several redox cycles; Figure S17:
(a) Transfer characteristic of pristine rGO/PET in DI and 50 mM KCl. (b) Respective current-time at
VG = +0.5 V and VDS = −0.5 V for varied KCl concentrations; Note S1: Charge carriers’ mobility for
all the samples was calculated according to the Formula (S1), μ = ΔID

ΔIG
· L

W·VDS ·C (S1), where μ—charge
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carriers mobility, ΔID
ΔIG

—slope of the linear region of transfer characteristic, L, W—the length and the
width of a channel, VDS—source-drain voltage, and C—specific capacitance.
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Abstract: This study assessed the susceptibility to staining and surface roughness of white-spot
lesions (WSLs) treated with resin infiltration (RIT) and microabrasion (MA) under simulated aging
through thermocycling in red wine. Seventy-eight extracted human premolars with artificial WSLs
were divided into three groups: untreated WSLs (control), RIT-treated (ICON®, DMG), and MA-
treated (Opalustre®, Ultradent). Each group was further split: one subgroup immersed in artificial
saliva and the other thermocycled in red wine. The color change (ΔE) and surface roughness (Ra)
were measured before and after staining using a spectrophotometer and a non-contact profilometer.
Thermocycling in red wine increased color change (ΔE) across all groups, with the highest values
observed for MA (43.94 ± 3.57), followed by RIT (31.40 ± 4.89). Surface roughness (Ra) was highest
in untreated WSLs (0.61 ± 0.18 μm) and lowest in RIT (0.15 ± 0.03 μm). While RIT and MA similarly
improved WSL appearance, RIT exhibited superior smoothness. These findings suggest that RIT
provides a more durable surface with reduced roughness, although staining susceptibility remains
comparable to MA. Moderate positive correlation was found between ΔE and Ra, indicating that
roughness is one of the factors influencing color changes.

Keywords: resin infiltration; microabrasion; staining; surface roughness; thermocycling; spectrophotometer

1. Introduction

Dental caries are a prevalent oral disease caused by the metabolic activity of bacteria,
which results in the demineralization of tooth structure through acid production. The
earliest clinical manifestation of this process is the appearance of white-spot lesions (WSLs),
characterized by white opaque areas on the enamel surface due to subsurface mineral
loss [1]. WSLs not only indicate the potential for progression to cavitated caries but also
pose significant esthetic concerns, especially when located in visible areas during smiling
or speaking. The esthetic impact of WSLs arises from the contrast in refractive indices
(RIs) between healthy enamel (RI = 1.62) and the microporosities in the lesion, filled with
water (RI = 1.33) or air (RI = 1.0). This disparity causes light scattering, giving WSLs their
characteristic chalky appearance [2].

Management of WSLs has evolved from traditional restorative approaches to mini-
mally invasive techniques that focus on prevention and early intervention. When WSLs
are in a reversible stage, treatment aims to balance remineralization and demineralization.
Promoting remineralization involves guiding patients’ oral hygiene care, regulating sugar
consumption, and using agents such as fluoride or casein phosphopeptide—amorphous
calcium phosphate (CPP-ACP) [1]. These agents can slow lesion progression by enhancing
remineralization, but they often fail to improve esthetic outcomes immediately [2], as
remineralization tends to be superficial [3], leaving the subsurface porosities and whitish
appearance intact [4].
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Resin infiltration (RIT) (ICON®) is a technique that uses low-viscosity resin to pene-
trate the porous enamel caries [5–7]. Once infiltrated, the resin’s RI (~1.46) closely matches
that of sound enamel, improving the lesion’s appearance [2]. Microabrasion (MA) is an-
other minimally invasive treatment involving mechanical abrasion and acid erosion to
create a shiny, lustrous enamel surface [8]. However, excessive abrasion can result in
enamel loss and tooth sensitivity. While MA has been considered easy to perform, time
efficient, and cost effective [8], RIT is regarded as more conservative in terms of enamel
preservation [8,9].

A recent study on the treatment of white-spot lesions (WSLs) using RIT and MA have
shown that both techniques effectively enhance the esthetic appearance of WSLs, with RIT
being more effective in managing WSLs [10,11]. Both treatments can maintain color stability
within a short periods of 3 months [10], and patients are satisfied with both treatment
results after 6 months [11]. Additionally, current treatments incorporate microabrasion
combined with resin infiltration to manage WSLs, yielding good outcomes [12].

The oral environment is subject to thermal stress and pH fluctuations from food
and beverage consumption, which can impact the surface properties of resin materials,
leading to long-term discoloration [13]. Over time, direct dental restorations, particularly
resin composites, may exhibit surface wear and filler–matrix debonding, resulting in void
formation [14]. In laboratory settings, the aging of dental material is typically evaluated
through factors such as increased water sorption, surface roughness, and color changes,
along with reduced strength and hardness [13,15]. Thermocycling is widely used to
simulate the physical aging of dental materials by repeatedly subjecting them to alternating
hot and cold water baths, rather than relying solely on intraoral thermal variations [16].
This present study has been further refined through the use of thermocycling stain models,
which provide a more comprehensive simulation of the oral environment. Such models
account for the thermal fluctuations, time-dependent interactions, and exposure to staining
agents commonly found in beverages [17]. Despite these advancements, no existing study
has investigated the dynamic staining susceptibility of RIT and MA when exposed to
thermocycling conditions using staining solutions.

Staining susceptibility is a critical factor affecting the longevity of esthetic outcomes.
Among the various factors influencing discoloration [18], surface roughness (Ra) plays a
notable role, as it can increase the material’s susceptibility to staining, particularly from
external sources like food and beverages [19]. Several studies investigated the staining
susceptibility of RIT and MA, finding that both treatments may undergo color changes
when exposed to staining solutions [20–24]. Most studies on the staining susceptibility of
RIT [21–26] and MA [20,23] use static models, where samples are immersed in staining
solutions to measure color changes. However, these static models may not replicate the
dynamic and multifactorial conditions of the oral environment, including thermal stress,
acidic pH, and fluid interactions.

This present study addresses these gaps by evaluating the dynamic staining sus-
ceptibility and surface roughness of RIT and MA under thermocycling in red wine, a
highly staining-prone agent. This approach integrates thermal stress to simulate real-life
oral conditions, enhancing the generalizability and clinical relevance of the findings. By
adopting this systematic and comprehensive methodology, this research aims to provide a
more nuanced understanding of the esthetic longevity of RIT and MA, ultimately guiding
clinicians in making evidence-based decisions for managing WSLs.

2. Materials and Methods

This study aimed to compare the staining susceptibility and surface roughness of teeth
treated with RIT and MA under thermal stress induced by thermocycling in red wine. The
null hypotheses are as follows: (1) no statistical difference in staining susceptibility between
RIT- and MA-treated teeth after thermocycling in red wine; (2) no statistical difference
in surface roughness between resin-infiltrated and micro-abraded teeth after thermocy-
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cling in red wine; and (3) no statistical correlation between staining susceptibility and
surface roughness.

This in vitro study utilized extracted human permanent premolar teeth, obtained for
orthodontic purposes and selected based on their color within the A3–A4 range using a
spectrophotometer (VITA Easyshade® V from VITA Zahnfabrik H. Rauter GmbH & Co.
KG. Bad Säckingen, Germany). Ethical approval was obtained from The Human Research
Ethics Committee of Thammasat University (Science) under project number 66DE140.

2.1. Experimental Design

The study design is summarized in Figure 1. The baseline color and surface roughness
(Ra) of all sound enamel samples were recorded. To create artificial WSLs, the samples
were immersed in a demineralization solution. A total of 78 WSLs were created and equally
divided into three groups: untreated WSLs, resin infiltration (RIT), and microabrasion
(MA). The samples were kept at room temperature, dried, and shielded from direct sunlight.
Each group was further subdivided into two subgroups: one immersed in artificial saliva
as a control, and the other subjected to thermocycling in red wine. The color and Ra were
measured at each experimental stage, as described below.

Figure 1. Flow diagram of the experimental procedure.

2.2. Specimen Preparation

A sample size of 78 extracted permanent premolars were calculated using GPower
version 3.1.9.7, with a significance level of 0.05 and a power of 0.95 (standard deviation
of means from a pilot study: 5.63, unpublished data). The teeth were cleaned with an
ultrasonic cleaner and a non-fluoride pumice paste and then stored in 0.1% thymol at
4 ◦C to disinfect and maintain their structural integrity. Each tooth was sectioned at the
cementoenamel junction to remove the root, preserving the crown.

The crowns were mounted in acrylic blocks (Figure 2) with the buccal surface exposed
(~5 × 5 mm2), protected by black nail varnish [27]. The specimens were immersed in a
demineralization solution, as described by Yuan et al. (2014), comprising 6% hydroxylethyl
cellulose and 0.1 M lactic acid, at pH 4.5, and at 37 ◦C for one week to create WSLs [28].
Following demineralization, specimens were rinsed with distilled deionized water for
30 s, and WSL formation was visually inspected and confirmed by a spectrophotometer
(VITA Easyshade® V).
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Figure 2. The specimens in each treatment: (a) sound enamel, (b) artificial white-spot lesion (c) after
resin infiltration, (d) after microabrasion, and (e) 3D printing template designed for microabrasion.

2.2.1. Resin Infiltration (RI) Group

The WSLs in this group were treated with RIT (ICON® infiltrant; DMG, Hamburg,
Germany) following the manufacturer’s instructions. The lesion surface was etched with
15% hydrochloric acid (HCL) (ICON® etch) for 2 min, rinsed with a water spray for 30 s,
and dried. Then, 99% ethanol (ICON® dry) was applied for 30 s. A low-viscosity resin
(ICON® infiltrant) was applied for 3 min and light cured for 40 s (SmartLite® Focus®,
Dentsply Sirona, Bangkok, Thailand). A second resin layer was applied for 1 min and
light cured. The samples were polished using Al2O3 disks (Sof-Lex Pop on, 3M-ESPE,
St. Paul, MN, USA) from fine to superfine for 30 s [29].

2.2.2. Microabrasion (MA) Group

The WSLs in this group were treated with MA (Opalustre®; Ultradent, South Jordan,
UT, USA), containing 6.6% HCL and silicon carbide particles (20–160 μm). The slurry
was applied using OpalCups® attached to a low-speed handpiece (NSK-EC®; Nakan-
ishi Inc., Tokyo, Japan), with light pressure for 1 min, with three repeated applications
(Figure 2d) [20]. After each application, the enamel surface was rinsed with a water
spray for 10 s. A 3D-printed template ensured perpendicular application of OpalCups®

(Figure 2e). The surface was polished with Al2O3 disks, as described above [29] and
treated with 2% sodium fluoride gel (Pro-F®, Prominent, Bangkok, Thailand) for 4 min [20],
followed by a 30 s rinse.

2.3. Thermocycling in Staining Solution

Each experimental group was divided into control (non-exposed, immersed in artificial
saliva) and staining subgroups subjected to thermocycling in red wine [17]. Control samples
were kept in artificial saliva (methylcellulose, glycerin, paraben, and purified water) at room
temperature. The staining subgroup underwent thermocycling between red wine baths
(Nadin Bin777, Cabernet Sauvignon, South Australia, pH = 3.53) at 5 ◦C and 55 ◦C, for 30 s
each. A pH meter was used to ensure the solution’s pH remained stable. Thermocycling
(5000 cycles) simulated six months of aging (HWB332R, TC301, King Mongkut’s Institute
of Technology, Bangkok, Thailand). Color and Ra were then measured after thermocycling.

2.4. Measurement of Staining Susceptibility

Color changes were analyzed using the CIEDE2000 system (ΔE00), based on the for-
mula by Sharma et al. (2005) [30]. Measurements were performed using a spectrophotome-
ter (VITA Easyshade® V), with each sample air-blown for 30 s prior to measurement. All
color measurements were conducted under standardized conditions according to ISO/TR
28642-2016 [31], using a viewing box with a D65 illuminant (representing noon daylight)
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and a controlled illuminance of 1000 lux measured by a lux meter. A 45◦/0◦ optical geo-
metric observation was used for assessment [31,32], with sample positioning standardized
by a 3D-printed model to ensure accuracy and reproducibility (Figure 3).

 

Figure 3. A 3D-printed resin model and color measurement protocols. (a) Viewing box with a D65
illuminant. (b) A 3D-printed model. (c) The template was designed to be the same size as the tip of the
VITA Easyshade® V. (d) The 45◦/0◦ standard measurement was controlled by the 3D-printed model.

2.5. Surface Roughness Measurement

Ra was assessed using a non-contact profilometer (InfiniteFocus G5, Alicona,
Raaba/Graz, Austria), at the mid-buccal surface of the enamel. Measurements were
taken at the same position as the baseline.

2.6. Statistical Analysis

Data were analyzed using the SPSS 26.0 (IBM, Chicago, IL, USA) software. Normality
was assessed using the Kolmogorov–Smirnov test. Median and median absolute deviation
(MAD) described nonparametric data. Wilcoxon signed-rank and Friedman tests were
employed for intra-group comparisons, while Kruskal–Wallis’s tests were evaluated for
inter-group differences in staining susceptibility and Ra. Post hoc Bonferroni correction
identified significant differences between paired groups. Spearman correlation analysis
examined the relationship between staining susceptibility and Ra. A significant level of
0.05 was used for all tests.

3. Results and Discussion

3.1. Color Values (L*, a*, b*)

Descriptive statistics for the color parameters (L*, a*, and b*) are presented in
Table 1. Significant differences were observed in all color parameters after the creation of
artificial WSLs compared to sound enamel (p < 0.05). The L* value, indicating brightness,
significantly decreased after WSL formation, reflecting a loss of brightness. The a* value
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(red–green) increased significantly, while the b* value (yellow–blue) slightly decreased,
signaling a shift in color.

Table 1. Descriptive data of median and ± median absolute deviation (MAD) of color values
(L*, a*, b*).

Value

WSLs Creation
Treatment after WSLs

Resin Infiltration Group Microabrasion Group

Sound
Enamel
(N = 78)

WSLs
(N = 78)

Sound
Enamel
(N = 26)

WSLs
(N = 26)

After
Treatment

(N = 26)

Sound
Enamel
(N = 26)

WSLs
(N = 26)

After
Treatment

(N = 26)

L 85.40 ± 3.50 58.005 ± 5.25 * 84.30 ± 2.85 a 58.2 ± 4.65 b 86.30 ± 2.5 a 86.30 ± 3.35 a 55.15 ± 5.4 b 91.75 ± 2.90 a

a 3.3 ± 1.30 7.1 ± 1.2 * 3.75 ± 1.3 a 7.6 ± 1.2 b 2.90 ± 1.15 a 3.25 ± 0.8 a 7.7 ± 0.95 b 2.45 ± 1.05 a

b 39.75 ± 2.45 36.95 ± 1.85 * 41.20 ± 2.1 a 37.7 ± 1.7 b 37.60 ± 2.6 b 38.8 ± 2.15 a 36.3 ± 1.25 b 39.85 ± 2.50 a

* Significant differences between sound enamel and after WSL creation, using the Wilcoxon signed-ranked test
(p < 0.05). a, b Different lower letters in the same row indicate significant differences among steps in each treatment,
using the Friedman test (p < 0.05).

Post-treatment with RIT and MA, the color parameters approached those of sound
enamel. In the RIT group, L* increased significantly, restoring it closer to the original enamel
value. The a* and b* values also shifted towards the baseline, indicating improved color
consistency. In the MA group, L* values significantly increased compared to WSL, with
similar improvements in a* and b* values. However, the b* value in the RIT remained lower
than in sound enamel, reflecting some residual differences in the yellow–blue spectrum.

Post-treatments with RIT and MA, all color parameters returned close to sound enamel,
except for b* value in RIT, which might have been due to the slight difference in the
refractive index between resin infiltration (1.46) and sound enamel (1.62), which may
explain the b* value’s persistence [2]. These results suggest that both procedures effectively
treat WSLs.

3.2. Surface Roughness (Ra)

Changes in Ra throughout the experiment are summarized in Table 2. Following WSL
formation, Ra increased in all groups compared to baseline, with significant differences
observed in groups 1, 2, 4, and 5 (p < 0.05). Both RIT and MA treatments reduced surface
roughness compared to untreated WSLs. Significant differences were noted in groups 3, 5,
and 6 (p < 0.05). All groups exhibited a decrease in Ra after immersion in artificial saliva
(control), with a significant difference observed in groups 2 and 6.

Table 2. Descriptive data of median and ± median absolute deviation (MAD) of surface roughness
(Ra, μm).

Timeline

Group

Artificial Saliva (Control) (N = 39) Thermocycling in Red Wine (Staining) (N = 39)

1
Untreated WSLs

(N = 13)

2
RI

(N = 13)

3
MA

(N = 13)

4
Untreated WSLs

(N = 13)

5
RI

(N = 13)

6
MA

(N = 13)

Baseline 0.22 ± 0.05 a 0.20 ± 0.07 ac 0.18 ± 0.04 ac 0.15 ± 0.05 a 0.18 ± 0.05 a 0.18 ± 0.05 ac

Artificial WSLs
0.35 ± 0.09 b 0.35 ± 0.06 b 0.33 ± 0.11 bc

0.30 ± 0.07 b 0.29 ± 0.05 b 0.51 ± 0.12 ad

Treatments 0.23 ± 0.05 ab 0.14 ± 0.05 a 0.19 ± 0.08 a 0.09 ± 0.01 c

Immersion 0.30 ± 0.09 ab 0.08 ± 0.02 c 0.09 ± 0.02 a 0.61 ± 0.18 b 0.15 ± 0.03 a 0.55 ± 0.09 bd

a, b, c, d Different lower letters in the same column indicate significant differences among the group for Ra, using
the Friedman test (p < 0.05).
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Following thermocycling in red wine, the untreated WSL and MA groups experienced
substantial increases in Ra. Conversely, Ra in the RIT group modestly decreased, although
this change was not statistically significant compared to baseline.

Surface roughness (Ra) is a key parameter for evaluating surface texture and can
change over time. In this study, Ra was measured using the InfiniteFocus G5 optical
profilometer, which avoids surface contact, preventing damage and measurement errors
associated with stylus tip devices [33]. The polishing protocol used significantly influenced
Ra values; both RIT and MA followed the same polishing protocol. Previous research
shows that Al2O3 disks (Sof-Lex Pop on) effectively reduced Ra in resin-infiltrated enamel
compared to silicon carbide tips and brushes [29]. While polishing after RIT may not reduce
bacterial adhesion, it remains crucial for minimizing the risk of staining [29].

After WSLs were created, the Ra of the samples increased compared to the baseline
(Table 2). The lack of significant differences in Ra between groups 3 and 6 may be due to
the small sample size, limiting the detection of statistical significance. Larger sample sizes
in future studies may help address this limitation. Consistent with previous research, we
observed that the Ra of WSLs was higher than that of sound enamel [34–36]. Both RIT
and MA reduced surface roughness, similar to findings by Yazkan and Ermis (2018), who
reported lower Ra with RIT than MA [36]. However, in our study, Ra for RIT was slightly
higher than MA, likely due to variations in the MA protocol. While Yazkan and Ermis
used 30 s Opalustre® polishing repeated in two cycles with 2–4 μm diamond paste, our
study employed a more intensive protocol—1 min polishing, repeated in three cycles with
24 μm (fine) to 8 μm (superfine) Al2O3 disks [20,37]. Despite this, both treatments produced
surface roughness values similar to sound enamel.

After thermocycling in a staining model, the Ra of the RIT group trended to increase
compared to the control group, although this difference was not statistically significant.
Thermal stress from thermocycling may impact the surface integrity of resin-infiltrated
enamel lesions, potentially creating microcracks and increasing roughness [24]. This study
also showed that Ra in the RIT group was lower than in the MA group, although the
difference was not significant, leading to the acceptance of the second null hypothesis. No
prior studies have specifically investigated the surface roughness of RIT and MA after
thermocycling in red wine staining. In addition to thermal stress, the erosive effect of red
wine likely plays a significant role in altering the enamel surface after MA.

3.3. Color Changes (ΔE)

Color changes (ΔE) are presented in Table 3. In the control group (artificial saliva),
untreated WSLs exhibited a moderate color change (median ΔE of 2.77). RIT and MA
treatments showed lower ΔE values (1.38 and 1.95, respectively) than untreated WSLs,
indicating better color stability.

Table 3. Median and ± median absolute deviation (MAD) data of the color change (ΔE) between
treatments after red wine thermocycling and surface roughness (Ra) after red wine thermocycling.

Group ΔE Ra (μm)

Control
(N = 39)

1. untreated WSLs (N = 13) 2.77 ± 0.58 b 0.30 ± 0.09 bc

2. resin infiltration (N = 13) 1.38 ± 0.31 b 0.08 ± 0.02 a

3. microabrasion (N = 13) 1.95 ± 0.63 b 0.09 ± 0.02 a

Staining
(N = 39)

4. untreated WSLs (N = 13) N/A 0.61 ± 0.18 c

5. resin infiltration (N = 13) 31.40 ± 4.89 a 0.15 ± 0.03 ab

6. microabrasion (N = 13) 43.94 ± 3.57 a 0.55 ± 0.09 bc

a, b, c Different lower letters in the same column indicate significant differences among the group for ΔE and Ra
(p < 0.05). Abbreviations: N/A: not applicable.

In the staining group exposed to red wine thermocycling, color changes were more
pronounced. The untreated WSL group did not provide a measurable ΔE due to extreme
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discoloration. The RIT group had a median ΔE of 31.40, while the MA group exhibited a
higher ΔE of 43.94, indicating significant discoloration in both groups. RIT demonstrated
slightly better resistance to red wine staining than MA.

The results showed no significant difference in color change between treatments post-
thermocycling, leading to the acceptance of the first null hypothesis. The thermocycling in
the staining solution simulated the combined effects of thermal stress, acidic pH, and fluid
dynamics from beverage consumption [17]. Previous studies confirmed that resin-based
materials are prone to discoloration under these factors [14,38]. Red wine, known for
its high staining potential due to tannins, alcohol, and a low pH, surpasses beverages
like coffee and tea [39]. The tannins in Cabernet sauvignon grapes penetrate resin ma-
terials, contributing to significant staining due to the combined effects of alcohol and a
low pH [39,40].

In this study, color change was analyzed using the CIEDE2000 system, which more
accurately reflects human color perception than the CIELAB formula [41]. The VITA
Easyshade® spectrophotometer used in this study provides accurate and reproducible
measurements [42]. However, its limited wavelength range (400–700 nm) likely explains
why the purplish discoloration (which occurs in the 385–425 nm range) of untreated WSLs
was not detected after staining [43,44]. Despite this, both RIT and MA treatments showed
marked improvement in color, with RIT displaying slightly better color stability than MA.
Silva et al. (2018) found similar results, indicating no significant difference in color stability
between RIT and MA after 7 days of coffee exposure [45]. This supports our finding that
both treatments experienced color instability after immersion in red wine. A short-term
study also reported that MA was more prone to discoloration than RIT, particularly after
24 h immersion in tea and citric acid [23]. The shorter MA protocol may not fully remove
porous enamel, leading to greater discoloration. By contrast, a more extensive MA protocol,
while effective, showed that RIT still demonstrated better overall color stability, consistent
with Lee et al. (2016) [46]. Color stability may be more affected by dietary staining agents
than by the treatment type [47].

The discoloration in RIT-treated teeth arises from both intrinsic and extrinsic
factors [24]. Intrinsically, RIT materials contain triethylene glycol dimethacrylate (TEGDMA),
a low-viscosity, hydrophilic component, which increases water absorption, allowing for
pigment penetration and resulting in color changes [7]. Thermal stress from thermocycling
can also cause microcracks and micro-fissures, facilitating pigment infiltration [24]. Ex-
trinsically, pigments from food and beverages adhere to the surface but can be mitigated
through polishing, which helps reduce surface staining [24].

MA removes enamel porosities through mechanical abrasion and acid erosion and
has been widely used to treat WSLs [8]. For example, Opalustre® has been found to be
more effective than Prema® in reducing fluorosis-related WSLs [48]. This present study
used a post-treatment fluoride polishing protocol based on Bahadir et al. (2022) [20], which
improved stain resistance. Despite this, both RIT and MA treatments showed extreme
color changes after dynamic staining, although patient satisfaction with both treatments
remains high [11].

The CIEDE2000 color change threshold (ΔE00) for 50:50% perceptibility is 0.8, and
the acceptability threshold is 1.8 [27]. In this study, all groups exceeded the acceptability
threshold, except for the RIT group immersed in artificial saliva. Despite the control
groups being in artificial saliva, both untreated WSLs and MA exhibited unacceptable color
differences. This may be due to differences in measurement protocols. After immersion, the
specimens were air-dried for only 30 s, potentially leaving them slightly moist, which could
have affected the color measurements [49]. Thus, these variables should be considered for
better control in further experiments.

3.4. Correlation Between Surface Roughness (Ra) and Color Change (ΔE)

A significant correlation was found between Ra and ΔE (Spearman rank correlation
coefficient, rs = 0.577, p < 0.00), indicating that changes in surface roughness are moderately
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positively related to the extent of color change. The findings of this study align with those
of previous studies [50,51]. Chowdhury et al. (2021) reported that there was a positive
correlation between surface roughness and color changes in nanohybrid composite resin
when immersed in artificial saliva, tea, coffee, and Coca-Cola [50]. Additionally, their
research demonstrated that both color stability and surface roughness are time dependent,
with increased immersion time resulting in greater roughness and more pronounced
color changes [50,51]. In this present study, the Spearman correlation test showed linear
relationship between staining susceptibility (ΔE) and Ra for either RIT or MA, leading to
the rejection of the third null hypothesis.

While surface roughness contributes to external staining of dental restorations, it is
not the only factor. Other variables, such as water sorption, resin matrix composition,
the degree of conversion, polymerization depth, staining agents, and the pH of staining
solutions, also affect the discoloration of restorative materials [52].

This study offers valuable insights into the staining susceptibility and surface rough-
ness of RIT and MA, especially for frequent red wine consumers like wine tasters. However,
as an in vitro study, it has limitations. The red wine thermocycling model simulates thermal
stress, acidic pH, and fluid dynamics [17] but may reflect an extreme discoloration scenario.
With 5000 thermocycles simulating six months of aging, no significant difference between
both treatments was observed. Future studies with varying thermocycle numbers may
reveal differences.

While both RIT and MA effectively restored WSL color to resemble sound enamel, this
study did not assess enamel loss, which is critical for determining the best minimally inva-
sive treatment. Additionally, extrinsic staining can be addressed by various methods [53],
and further research is also needed to investigate the effectiveness of different polishing or
cleaning protocols for reducing stains after RIT and MA.

4. Conclusions

Within the limitations of this study, based on the methodology used in thermocycling
in the staining solution model, the following can be concluded:

1. After treatment of WSLs, the color parameters (L*, a*, b* values) of both RIT and MA
were restored to levels comparable to sound enamel, except for the b* value in the RIT
group. This exception may be attributed to a slight difference in the refractive index
between resin infiltration (1.46) and sound enamel (1.62), resulting in the persistence
of the b* value. These findings suggest that both RIT and MA are effective treatments
for WSLs.

2. After thermocycling in red wine, both treatments exhibited extreme discoloration, with
median ΔE values of 31.40 ± 4.89 for RIT and 43.94 ± 3.57 for MA. Although the surface
roughness of RIT (0.15 ± 0.03 μm) was lower than that of MA (0.55 ± 0.09 μm), the
difference was not statistically significant. These results indicate that RIT and MA
have similar staining susceptibility, with RIT demonstrating slightly lower surface
roughness than MA.

3. A moderate positive correlation was observed in this thermocycling model, indicating
that surface roughness influences color changes in this study, with an rs value of 0.577.
Although surface roughness is a significant determinant in the external staining of
dental restorations, it is crucial to recognize that it is not the sole factor influencing
this phenomenon. Other contributing variables, as previously discussed, interact
synergistically to influence the extent of staining.
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Abstract: Nowadays, the Internet of Things (IOT), electronics, and neural interfaces are becoming an
integral part of our life. These technologies place unprecedentedly high demands on materials in
terms of their mechanical and electrical properties. There are several strategies for forming conductive
layers in such composites, e.g., volume blending to achieve a percolation threshold, inkjet printing,
lithography, and laser processing. The latter is a low-cost, environmentally friendly, scalable way to
produce composites. In our work, we synthesized AgNW and characterized them using Ultraviolet-
visible spectroscopy (UV-vis), Transmission electron microscopy (TEM), and Selective area electron
diffraction (SAED). We found that our AgNW absorbed in the UV-vis range of 345 to 410 nm. This is
due to the plasmon resonance phenomenon of AgNW. Then, we applied the dispersion of AgNW
on the surface of the polymer substrate, dried them and we got the films of AgNW.. We irradiated
these films with a 432 nm laser. As a result of the treatment, we observed two processes. The first
one was the sintering and partial melting of nanowires under the influence of laser radiation, as a
consequence of which, the sheet resistance dropped more than twice. The second was the melting
of the polymer at the interface and the subsequent integration of AgNW into the substrate. This
allowed us to improve the adhesion from 0–1 B to 5 B, and to obtain a composite capable of bending,
with radius of 0.5 mm. We also evaluated the shielding efficiency of the obtained composites. The
shielding efficiency for 500–600 nm thick porous film samples were 40 dB, and for 3.1–4.1 μm porous
films the shielding efficiency was about 85–90 dB in a frequency range of 0.01–40 GHz. The data
obtained by us are the basis for producing flexible electronic components based on AgNW/PET
composite for various applications using laser processing methods.

Keywords: flexible electronics; silver nanowires; sheet resistance; shielding efficiency

1. Introduction

Flexible electronics have become a common part of our life. Radio Frequency IDen-
tification (RFID) tags, neural interfaces, and wearable sensors have all been included in
our lives thanks to the impressive rate of development in this industry. In addition to
targeted applications as electronic components, flexible electronic materials can be used as
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electromagnetic compatibility components. With the development of the flexible electronics
industry, the demand for flexible shielding materials has also increased. Flexible electron-
ics, just like traditional ones, consists of three main types of components: 1—substrate;
2—conductive paths; 3—the basic components of which the electronic circuit consists [1].

Currently, polymer materials are used as substrates. There are several reasons for this:
polymers are inexpensive to produce and there is a possibility to recycle them, and creating
conductive paths is one of the most important tasks in the manufacture of flexible electronics.
We can formulate the requirements for this element: 1—it must have the lowest possible
resistance; 2—it must be durable and retain its properties under various mechanical influences;
3—it must retain its electrical properties under various bending conditions.

The most advanced technologies make conductive paths and patterns. There are
various types of lithography and printing with electrically conductive inks [2]. These inks
are dispersions of conductive agents in liquid. Types of inks can be categorized by the type
of conductive agents. These can be: 1—carbon materials, such as carbon nanotubes [3,4],
carbon black [5], and graphene [6]; 2—modern nanomaterials such as MXenes [7] and other
materials [8]; 3—metal materials, such as metal nanoparticles [9] and metal nanowires [10].
Nanoscale conductive agents are preferred, as they allow an increased resolution of print-
ing [11]. The point is that inkjet printing allows the creation of conductive paths with good
homogeneity but does not contribute in any way to the adhesion of conductive paths to
the substrate. As a result, such paths may not withstand mechanical stress without addi-
tional protection. Additionally, such methods are neither inexpensive nor environmentally
friendly and they are technically challenging because they require the use of preformed
masks [12]. In recent years, laser-based approaches to creating flexible electronics have
become increasingly popular as cost-effective, environmentally friendly, and low-cost al-
ternatives to traditional methods [13–15]. Some examples of the amazing results of this
approach can be found in the results of Liu and Lee in the formation of silver templates
on polyimide substrate [16], the sintering of silver nanoparticles on polyethylene tereph-
thalate (PET) substrate by Kim et al. [17], and the laser-formed composite of aluminum
nanoparticles and PET shown in the work of Rodriguez et al. [12]. These and other works
related to laser processing of nanomaterials/polymers inspired us to expand our approach
to creating electrically conductive nanocomposites using the silver nanowires (AgNW). We
expect silver nanowires to act as a photothermal converter due to the effect of localized
surface plasmon resonance in the UV-blue wavelength [18], which will make it possible
to create a conductive composite of AgNW and any thermoplastic polymer using laser
processing. Such composites must have phenomenal wear resistance, and their flexibility
will be determined by the mechanical properties of the substrate. To test this hypothesis, we
synthesized low aspect ratio nanowires, deposited films on thermoplastic polymers, laser
treated them, and assessed their optical, electrical, and mechanical properties. The results
obtained will be a significant addition to the rapidly developing topic of laser-induced
conductive composites.

2. Materials and Methods

2.1. Synthesis of AgNW

AgNW were synthesized by the following method. First, 1.3 g polyvinylpyrrolidone
(PVP) (100 kDa) (ITW Reagents Panreac Castellar del Vallès, Barcelona, Spain) was dis-
solved in 40 mL of ethylene glycol (EG) (EKOS, Moscow, Russia) into three-necked flask.
The flask was slowly heated to 160 ◦C with vigorous magnetic stirring. When the tempera-
ture had stabilized at 160 ◦C for 1 h, an ethylene glycol solution of FeCl3 was added. Then,
10 mL of 1.47 M ethylene glycol solution of AgNO3 was added to the flask. Then the flask
was sealed until the solution became glistening, indicating the formation of AgNW [19]. Af-
ter the synthesis, we replaced the dispersant with AgNW. For this, the resulting dispersion
in ethylene glycol was centrifuged at 10,000 rpm for 15 min using a laboratory centrifuge
OPN 16 (Labtex, Moscow, Russia). After centrifugation, the supernatant was drained, and
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the same amount of isopropyl alcohol was added. This operation was repeated 5 times
until the complete removal of ethylene glycol, NO3−, Cl−, Fe3+ ions, and PVP residues.

2.2. Samples Preparation

We used polyethylene terephthalate (PET) (Hi-Fi Industrial Film Ltd., Stevenage,
Hertfordshire, UK), polyethylene naphthalate (PEN) (Toray industries, Tokyo, Japan),
and polyvinylidene fluoride (PVDF) (3 M, Saint-Paul, MN, USA) as substrates for the
application of films by drip casting. We applied different volumes of base dispersion
(~20 gm/mL concentration): 12.5, 25, 37.5, 50, 62.5, and 75 μL/cm2.

2.3. Microscopy

Optical microscopy photographs were taken on an Altami 104 microscope (Altami,
Saint Petersburg, Russia). The morphology and geometric characteristics of individual
AgNW were studied by transmission electron microscopy (TEM) on a HT 7700 (Hitachi,
Tokyo, Japan) at an accelerating voltage of 40–300 kV. The morphology of AgNW films was
studied by scanning electron microscopy (SEM) on a SU3500 microscope (Hitachi, Japan)
at an accelerating voltage of 20 kV. EDX images and spectra were obtained on a SU3500
(Hitachi, Japan) microscope equipped with an energy-dispersive X-ray spectrometer XFlash
430 (Brucker, MA, USA).

2.4. XRD

X-ray diffractograms of the samples were taken using a X’Pert Pro MPD diffractometer
(PANalytical, Almelo, The Netherlands) with a high-speed PIXcel detector in the angular
range 30–90◦ 2Θ, with a step of 0.013◦. The Ag lattice parameters were determined and
refined using the full Rietveld approach by the difference derivative minimization (DDM)
method.

2.5. Optical Properties

The optical density of AgNW was measured in the range of 280–800 nm using a UV-
3600 spectrophotometer (Shimadzu, Kyoto, Japan). For this purpose, the base dispersion
of AgNW with a concentration of ~20 mg/mL was diluted 100 times. Then, 1 mL of the
obtained diluted dispersion was poured into a quartz cuvette. The spectrum was taken
with preliminary acquisition of the baseline of pure dispersant (ethanol).

2.6. Electrical Properties

The sheet resistance of AgNW films was measured by the four-probe method using a
JG ST2258 four-point probe station (Suzhou Jingge Electronics Co., Suzhou, China) and a
JG ST2558-F01 four-probe head (Suzhou Jingge Electronics Co., Suzhou, China).

2.7. Shielding Efficiency

The S21 and S11 coefficients of the materials were measured by the waveguide method.
The investigated sample was placed in the break of a waveguide transmission line.

This investigation used a wide range band (0.01–7 GHz) and a special air coaxial cell
with a diameter of 16.00/6.95 mm (type II, 50 Ω, GOST RV 51914-2002). The measurements
were carried out in the range of 10 MHz to 7 GHz; this frequency range includes the L
(1–2 GHz), S (2–4 GHz) and C (4–8 GHz) bands. The ability to measure at low frequencies
with a relatively simple and convenient measurement technique provides good quality
results. The measurements were carried out on a Keysight FieldFox N9916A vector network
analyzer (Keysight Technologies, Santa-Rosa, CA, USA).

K band (18–26.5 GHz) and a Ka band (26.5–40 GHz) were used. The waveguide-coaxial
transitions had a rectangular cross section with dimensions of 4.3 mm × 10.65 mm for K
band and 3.55 mm × 7.1 mm for Ka band. Measurements were performed on an R&S ZVA
40 vector circuit analyzer (GmbH & Co. KG, Großheringen, Germany).
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2.8. Mechanical Properties

The adhesion strength of AgNW/PET composites was evaluated using a tape test
according to ASTM D 3359, in geometry B (notch lattice period was 2 mm). The effect of the
reusable tape test on resistance AgNW/PET composites was also studied. In all studies, 3 M
tape was used, and the test sample was firmly fixed on the table. The mechanical properties
of AgNW/PET composites were studied in comparative experiments on a laboratory bench
in single load and cyclic modes [20]. For the single bend mode, we took several bending
radii: 10 mm, 5 mm, 2 mm, 1 mm, and 0.5 mm. The bending templates were fabricated using
3D printing. Cyclic bending allowed us to investigate fatigue accumulation in AgNW/PET
composites. In our experiments, the number of bending cycles with a radius of 0.5 mm
was 1000.

3. Results

3.1. AgNW Characterization

We used TEM, selective area electron diffraction (SAED) and UV-Vis spectrophotome-
try techniques to study the structure and morphology of AgNW. Figure 1a shows the TEM
image of the resulting AgNW.

Figure 1. AgNW characterization. (a)—TEM Image, (b)—SAED, (c)—AgNW diameter, (d)—AgNW
length, (e)—UV-vis absorption spectra.

Knowing the average AgNW length (5.6 ± 2.8 μm) and average AgNW (96 ± 30.6 nm)
(Figure 1c,d) diameter, we can calculate the average aspect ratio–58.3. Using electron
diffraction on the selected region, we see the presence of reflections 111 and 002 which
show that the AgNW have more than one silver single crystal, i.e., on the twin structure.
The fivefold twinning indicates that we have nanowires with a non-symmetrical pentagon
in the cross section. (Figure 2b).

We see a peak and a satellite on the UV-vis absorption spectrum (Figure 1e). They are
related to the phenomenon of surface plasmon propagation in nanowires [20,21]. Twiniza-
tion is a typical growth behavior of nanowires, often found in the literature [22,23]. The
complexity of the shape of the plasmon absorption peak increases with the decreasing
symmetry of the pentagon in the cross section. We see a peak and a satellite on the UV-vis
absorption spectrum. The peak maximum is at a wavelength of 410 nm. This is different
from most results found in the literature [24,25]. According to Todd’s work, the absorption
peak moves towards the blue–green wavelength region with increasing AgNW diame-
ters, [26] which is what we see in our case. A surface plasmon can heat AgNW to 1000 ◦C,
which is higher than the melting point of silver [27]. This, as well as the high degree of
absorption in the blue wavelength region, inspired us to attempt laser-induced sintering of

69



Polymers 2024, 16, 3174

nanowires and their simultaneous integration into a thermoplastic polymer substrate with
a blue microsecond laser.

 

Figure 2. Samples preparation and characterization. (a)—Samples obtaining scheme, (b)—effect
of power density on electrical parameters and morphology, (c)—SEM images at different power
densities, (d)—XRD of original film, (e)—XRD of laser-processed film.
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3.2. AgNW/Polymer Flexible Composites Obtaining and Characterization

We used a dispersion of AgNW in ethanol, with a concentration of ~20 μL/cm2, to
deposit AgNW on a polymer substrate using a drop-casting method. We chose polyethylene
terephthalate (PET), polyvinylidene fluoride (PVDF), and polyethylene naphthalate (PEN) as
substrates. After AgNW deposition, our films were dried at room temperature for 24 h. To make
conductive free-form patterns on substrates we used a diode laser with 438 nm wavelength.
The process scheme can be seen in Figure 2a. This process is possible for any thermoplastics.
We have fabricated conductive patterns on commercial PEN and PVDF (Figure 2a). We chose
PET as a substrate for further research as it is one of the most used polymers.

The quality of the composite can be varied by modifying two main parameters: the
thickness of the AgNW coating and the amount of energy transferred per laser pulse.

It is possible to consider the influence of these two mechanisms on the target param-
eters of the composite separately. The selection of suitable laser processing parameters
for the formation of laser-induced composites is a critical step. By provoking surface plas-
mon excitation, silver nanowires can reach high temperatures, which can provoke various
phenomena occurring with the polymer substrate. The first is melting the nanowires and
sintering the contacts. This affects the mechanical and electrical properties of the composite
and is described in detail in the sections on electrical and mechanical properties. The
second process is the melting of the polymer at the polymer/AgNW interface and the
integration of the nanowires into the polymer. The third process is the pyrolysis of the
polymer substrate, occurring due to excess energy received from laser radiation.

In Figure 2b, we can see the effect of laser irradiation energy on the morphology
and electrical properties of the AgNW/PET composite. With increasing energy, we can
see a trend of decreasing resistance. This is due to the sintering of nanowires and, as a
consequence, the increase of the contact spot between nanowires (Figure 2c). For example,
with increasing energy from 0.03 J/pulse to 0.35 J/pulse, we see a drop in resistance from
118 to 43 mΩ/sq However, further increase of energy leads to pyrolysis of the substrate and
intensive melting of nanowires. For example, at an energy of 0.40 J/pulse we obtain a fully
pyrolyzed region with pronounced carbon structures, inside which are integrated AgNW
globules formed after melting (Figure 2c). Such phenomenon of Ag nanoscale objects is
described by Rodriguez et al. [12].

An important parameter for flexible electronics manufacturing is reproducibility.
Figure 2b shows that after the energy transition to 0.30 J/pulse, the reproducibility even on
small areas becomes not satisfactory. This is due to the density heterogeneity of the films.
Highly concentrated areas absorb laser radiation and heat up more than low concentrated
areas, causing local pyrolysis of PET.

Taking this into account, it is reasonable to determine the production of subsequent
samples at a power insufficient to cause the undesirable effects of the imperfections of
the drop-casting method but that allows the minimum resistance to be obtained, which is
0.30 J/pulse.

For a more detailed investigation of the processes occurring during laser sintering and
composite formation, we compared the XRD spectra of the original and laser-treated films.
In Figure 2d,e we see peaks attributed to metallic Ag. Five distinct diffraction peaks at
2θ = 38.13, 44.4, 64.4, 77.47, and 81.5◦ were indexed to the (111), (200), (220), (311), and (222)
reflections of metallic Ag. Ag in our case has a tetragonal distorted lattice and parameters:
a = b=4.088(1), c = 4.095(2) Å. This indicates the preservation of the crystalline structure of
AgNW after exposure to 0.30 J/pulse (0.19 J/cm2), which is in agreement with the literature
on laser welding and sintering of AgNW [28,29].

3.3. Laser Sintering AgNW/ PET Composite Morphology and Electrical Properties

To study the property of our obtained AgNW films, we fabricated 12 samples with
six different thicknesses on glass substrate and PET, respectively.

The thickness is an important parameter. Changing the thickness allows the indirect
changing of the amount of energy delivered per unit area per impulse [30,31]. Recent
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literature has reported the influence of the thickness of metallic nanoparticle and nanowire
films. Reducing the thickness of the layer has a positive effect in most cases, as it allows
more energy to be delivered per unit volume, resulting in a more uniform sintered film,
reduced porosity, and improved electrical and mechanical parameters. [31,32].

The reduction of porosity and free volume in the AgNW layer can influence the
thickness of the AgNW layer obtained after laser treatment. In order to study this, we
deposited six different thicknesses of AgNW films on a glass substrate, after which we split
the sample into two parts and looked at the cross-section in SEM, as well as taking the EDX
spectra. Glass was chosen as the substrate because it is much easier to split it into two parts
than any thermoplastic polymer substrate.

Figure 3a shows the concentration dependence of the layer thickness of irradiated
nanowires. Taking into account that small concentrations of the basic dispersion give low
homogeneity of the coating, we took several points and calculated the average thickness.
As we can see, the dependence can be described by a straight-line equation, but low
concentrations (12.5 and 25 μL/cm2) do not fit the trend due to the high inhomogeneity of
the layer.

In Figure 3b we see the EDX of the AgNW film, with a concentration of 62.5 μL/cm2. At
the top we see the scan area of the sample in the BSE picture, at the bottom the intensity of the
element peaks of each mapping point. We see the expected dominance of silver intensity in
the region related to the irradiated AgNW film, in the other regions we see the presence of
spectra of silicon, oxygen, and sodium, which are components of the glass substrate.

In Figure 3c we can see the EDX spectra. They clearly show the X-ray series of the
silver spectrum corresponding to the laser-irradiated AgNW film. In addition to them, we
can also see a series of spectra of the glass substrate components (Si, Na, O, etc.).

The most important characteristic for materials used in flexible electronics applications
is the electrical resistance of the material. In our case, the conductive layer is a thin
integrated AgNW layer.

Usually, such samples are characterized by the sheet resistance, which is the resistance
of a rectangular surface with a certain thickness [33,34].

A schematic representation of the four-probe sheet resistance measurement method is
shown in Figure 4a.

Figure 4b shows the dependence of sheet resistance of AgNW films before and after
laser treatment with energy of 0.30 J per pulse (0.19 J/cm2). As we said earlier, laser
treatment leads to the fusion of AgNW at their contact points and, as a consequence, to an
increase in the contact spot, which leads to a drop in resistance after laser treatment. This
effect is particularly noticeable in films with minimal AgNW content per unit area. From
surface concentrations above 50 μL/cm2 we almost observe a plateau in resistance.

We see that the resistance drops with increasing thickness for both treated and un-
treated films, which follows from Ohm’s law. It is also possible to achieve low sheet
resistance using this approach. However, this strategy is not suitable for flexible electronics
applications because thick conductive coatings will affect the flexibility of the products.
From this point of view, it is worthwhile to compare conductive coatings and films in terms
of surface resistivity and coating thickness.

We also calculated the resistivity of the composite, which in the case of an ideal
homogeneous film should remain constant and be equal to the resistivity of crystalline silver.
In Figure 4b, we see that in our case, the resistivity close to the resistivity of crystalline silver
is demonstrated by samples with a thickness of 4.1 ± 0.2 μm (75 μL/cm2) and 3.1 ± 0.2 μm
(62.5 μL/cm2). This is due to the inhomogeneity of our AgNW conductive layer. As the
thickness of the conductive layer decreases, the resistivity increases. This is due to the
increase in AgNW conductive layer inhomogeneity at small thicknesses.
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Figure 3. Thickness effect study. (a)—Dependence of thickness from concentration of AgNW basic
dispersion, (b)—SEM image of x-section of 62.5 μL/cm2 BSE (top image), (c)—EDX spectra.

Figure 4. Electrical properties. (a)—Four-point probe measurements illustration, (b)—sheet
resistance/thickness dependence and resistivity of AgNW/PET composite, (c)—sheet resis-
tance/thickness comparison [35–42].
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In Figure 4c we can see the comparison of conductive coatings and films with our
work [35–42]. Note that for the whole range of thicknesses, our results are superior to
most of the results mentioned in the literature and better than all the results obtained with
nanoscale silver. Only the results of Park et al. with imprinted Au NP are superior to our
AgNW/PET composites. Laser allows for much better results than inkjet and lithography,
and the technology is more cost-effective than lithography, more environmentally friendly,
and easily scalable [43].

3.4. Electromagnetic Shielding Performance of AgNW/PET Composite

The purpose of EMI shielding is to encapsulate the area to be shielded with a shielding
sheath of some conductive or magnetic material to provide EM insulation. The first purpose
is to limit the leakage of EM energy outside the area and its effect on external equipment.
The second purpose is to prevent EM energy from outside the area from entering the area
and affecting internal equipment [44]. Quantitatively, the shielding efficiency is evaluated
by the shielding efficiency SE. This is defined in decibels (dB) according to the formula:

SE = 20 lg E1/E2 (1)

where E1 is the electromagnetic wave (EMW) amplitude at an arbitrary point of the shielding
space without the screen and E2 is the EMW amplitude at the same point with the screen. For
a material, the SE can be interpreted as the inverse of the trans-mittance S21 (dB):

SE = −10lg(S21) (2)

Figure 5 shows the dependence of the transmittance coefficient (S21) in all investigated
frequency ranges (0.01–40 GHz). The SE increases with increasing surface density of AgNW
deposited from the base dispersion. The shielding efficiency increases from 40 dB to 90 dB
when the surface density increases from 12.5 μL/cm2 to 75 μL/cm2 respectively. It can be
seen that samples with concentrations of 12.5 and 25 mL/cm2 tend to decrease in shielding
efficiency with increasing frequency. This is due to the fact that laser-treated thin films are
structures containing dielectric and conducting regions [44]. The influence of inhomogeneity
increases with increasing frequency, which creates a specific slope of the curves for these
samples. However, in the context of shielding values, this weak slope does not have a
significant effect.

At surface densities of 37.5–75 μL/cm2, we see a trend of increasing shielding efficiency
with increasing frequency. Thus, in films with a surface density of 37.5 μL/cm2, the
shielding efficiency shows a weak increase from 70 to 74 dB and 75 μL/cm2 film shows
an increase in shielding efficiency from 77 dB to 90 dB. The increase in shielding efficiency
with increasing frequency for high continuity films is attributed to the skin effect.

The interaction between incident electromagnetic waves and the surface/interface
of an electromagnetic shield can be divided into reflection (R), absorption (A), multiple
reflection, and transmission (T). The coefficients are calculated using parameters S11 and
S21. The formulas are described below:

R = Pr/Pi= 100.1S11 · 100%, (3)

T = Pt/Pi= 100.1S21 · 100%, (4)

A = 100% − T − R, (5)

where Pi, Pr, Pt are the incident, reflected, and transmitted wave powers. The scattering
matrix parameters S11 and S21 (the scattering matrix parameter, which is the transmission
coefficient) should be taken in dB.

74



Polymers 2024, 16, 3174

Figure 5. Electromagnetic compatibility. (a)—Waveguide method illustration, (b)—S21 parameter
at 0.01–7 GHz range, (c)—S21 parameter at 17–26.5 GHz range, (d)—S21 parameter at 26.5–40 GHz
range.

It is possible to determine the energy balance for these three components that make
up the interaction of the electromagnetic wave with the screen. Using the Formulas (3)–(5),
we calculated these components and made the reflection, absorption, transmission (RAT)
diagram (Figure 6). The results of the calculations are shown in Figure 6a–c. Since there
is a weak tendency for the shielding efficiency to vary up or down, we averaged the RAT
values in the following ranges: 0.01–7 GHz, 17–26.5 GHz, and 26.5–40 GHz and listed the
corresponding results as columns. We can conclude that the main mechanism of shielding
is reflection. The scheme of the interaction of radio waves with AgNW/PET composite is
shown in Figure 6d. The increase of transmittance components with increasing frequency
is related to the morphology of AgNW/PET composite. It is a porous structure which
can be described as a network. Examples of mesh structures with similar transmittance
component growth have already been mentioned in the literature [45].

Modern science places extremely stringent demands on materials. In particular,
shielding materials must not only have a high shielding capacity, but also be flexible and,
more importantly, thin. In view of such requirements, we have compared those mentioned
in the literature with ours, correlating shielding effectiveness with thickness.

In Figure 7 you can see the graph. It can be seen that our AgNW/PET composite has
a shielding efficiency superior to the coatings mentioned in the analysis. The graphene
nanosheet coatings obtained by Panda et al. and Yuan et al. surpass our results, but only at
thicknesses many times greater than ours [45–60].

In general, similar results can be achieved using ordinary thick materials. However,
their high density and high weight are not suitable for aerospace, telecommunication
applications, and materials for wearable and flexible electronics.
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Figure 6. Reflection, absorption, transmission (RAT) diagrams. (a)—RAT at 0.01–7 GHz, (b)—RAT at
17–26.5 GHz, (c)—RAT at 26.5–40 GHz, (d)—AgNW/PET composite EMI shielding illustration.

To evaluate the shielding efficiency, taking into account the thickness of the screen, the
parameter of specific shielding efficiency (SSE) is used, which is calculated by the following
formula [44]:

SSEt = SET/ρ × t (6)

where ρ—density in g/cm3 and t—thickness in mm.
In Figure 7b, you can see a graph comparing SSE for different manuscripts. In the com-

parison of SSEt values, we used only metallic nano-objects of different shapes (nanowires,
nanoplates, nanoparticles, etc.). As we can see, our coating shows one of the best results
for thicknesses below 5 microns.

3.5. Mechanical Properties AgNW/PET Composite

Flexible electronics involves the use of materials under a load that bends or curls the
product. We have conducted various mechanical stability tests to evaluate the suitability of
our composites for flexible electronics applications. The results of these tests are shown in
Figure 8.

Figure 8a–c shows optical photographs of AgNW films before laser treatment and
after laser treatment. The images of maximum and minimum concentrations (12.5 μL/cm2

and 75 μL/cm2) for laser treated films are also shown. Adhesion was tested according
to ASTM D3359. The adhesion of the films without laser treatment is at 0–1B, which
means a peel percentage of 35–65%. This level of adhesion is not suitable for use in flexible
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electronics applications. The treated films show adhesion level 5B for concentrations of
12.5–50 μL/cm2 and 4B for 62.5 and 75 μL/cm2. The decrease in adhesion level is due
to the fact that the large thickness (about 4 μm) prevents the sintering of AgNW located
in different planes. The high adhesion of AgNW to the substrate indirectly confirms the
formation of a composite at the PET/AgNW interface.

Figure 7. AgNW/PET composite comparisons with alternative materials. (a)—SE comparison [45–61],
(b)—SSET comparison [61–68].

We tested AgNW/PET composites for resistance to tape tear-off. We fabricated a
conductive pattern, in the form of paths with different widths (500 μm, 1 mm, 3 mm,
and 5 mm), at the ends of which were contact pads for measuring equipment (Figure 8d).
The results of resistance changing after each detachment are shown in the histogram in
Figure 8d. Each of the conductors retained electrical conductivity after five cycles of
the taping test. The resistance of the 500 μm track changed the most. Removal of the
same amount of AgNW from paths of different widths left different amounts of surviving
contacts, which is associated with the increase in resistance.

High adhesion of the conductive layer to the substrate is one of the main requirements
for flexible electronics. However, it is not the only one. The material must be able to
retain its properties after bends of various radii. To test the durability of the AgNW/PET
composite, we performed bending tests with radii of 0.5 mm, 1 mm, 2 mm, 5 mm, and
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10 mm. Figure 8e shows the graph of resistance variation as a function of bending radius.
The resistance remained at the same level regardless of the bending radius. The sintered
contacts between single AgNW after laser treatment retained high tensile strength.

Figure 8. Mechanical properties. (a)—Optical image of untreated film before and after the ASTM
D3359 test; (b)—optical image of processed film with CAgNW = 12.5 μL/cm2 before and after the
ASTM D3359 test; (c)—optical image of processed film with CAgNW = 75 μL/cm2 before and after the
ASTMD D3359 test; (d)—change in resistance after a tape test; (e)—changing of resistance at different
bending radius; (f)—thermoforming demonstration.

Flexible electronics involves the constant bending and unbending of devices, which
requires materials to be resistant to fatigue damage. To test the durability of AgNW/PET
composites, we tested them for 1000 cycles of bending-extension with a radius of 0.5 mm. We
measured the resistance of the AgNW/PET composite after every 100 bends (Figure S3).

AgNW/PET composite retains the thermoplastic substrate’s thermoforming ability,
without loss of electrical properties. This expands the scope of its potential applications
and makes it possible to use it in various technological processes [69]. Demonstration of the
thermoforming process together with detailed characterization of mechanical properties
provides a basis for the integration of such composites into industry.

4. Conclusions

In this work, we demonstrated the laser sintering of AgNW with their subsequent
integration into the substrate and formation of AgNW/PET composites. In the UV-Vis
spectroscopy, we found absorption peaks at 345 and 410 nm, respectively. These two peaks
are related to the plasmon surface resonance phenomenon. Considering this, we made
AgNW films on a polymer substrate and treated them with a laser with a wavelength of
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432 nm. After treatment, we characterized our films by SEM, EDX, and XRD and measured
the sheet resistance. From the results, we found that the AgNW were heated by the laser
exposure, which led to their sintering or melting, and the melting of the surface of the
polymer substrate, followed by the integration of wires and the formation of a composite.
The obtained AgNW/PET composite has a low sheet resistance of about 30 mΩ/sq. We
also conducted shielding efficiency measurements. Our composite is capable of shielding
in wide frequency ranges at the level of 89 dB with thickness about 3.1 ± 0.2 μm. In
order to fully evaluate the applicability of the obtained material in flexible electronics
applications, we conducted comprehensive mechanical tests, including an ASTM D3359
test, tape test, bending resistance test, cyclic bending test, and thermoforming. As a result,
the AgNW/PET composite demonstrated high adhesive strength and bending resistance,
including cyclic loads, while maintaining the ability to thermoform. The results obtained
are an important addition to the field of manufacturing thermoplastic polymer composites
for flexible electronics applications.

Supplementary Materials: The following supporting information can be downloaded at: https://
www.mdpi.com/article/10.3390/polym16223174/s1, Figure S1: Photo before and after washing off
excess AgNW after laser treatment; Figure S2: Search for modes for laser processing. The figure
shows that we can only work in a narrow range of laser speeds and power. 100% speed corresponds
to 100 mm per minute; Figure S3: Cyclic load for 1000 cycles. Measurements were taken every
100 bending-extension cycles; Video S1: Sample washing process.
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14. Trusovas, R.; Račiukaitis, G.; Niaura, G.; Barkauskas, J.; Valušis, G.; Pauliukaite, R. Recent Advances in Laser Utilization in the

Chemical Modification of Graphene Oxide and Its Applications. Adv. Opt. Mater. 2016, 4, 37–65. [CrossRef]
15. Senyuk, B.; Behabtu, N.; Martinez, A.; Lee, T.; Tsentalovich, D.E.; Ceriotti, G.; Tour, J.M.; Pasquali, M.; Smalyukh, I.I. Three-

Dimensional Patterning of Solid Microstructures through Laser Reduction of Colloidal Graphene Oxide in Liquid-Crystalline
Dispersions. Nat. Commun. 2015, 6, 1–7. [CrossRef]

16. Liu, Y.-K.; Lee, M.-T. Laser Direct Synthesis and Patterning of Silver Nano/Microstructures on a Polymer Substrate. ACS Appl.
Mater. Interfaces 2014, 6, 14576–14582. [CrossRef]

17. Kim, K.K.; Ha, I.; Won, P.; Seo, D.-G.; Cho, K.-J.; Ko, S.H. Transparent Wearable Three-Dimensional Touch by Self-Generated
Multiscale Structure. Nat. Commun. 2019, 10, 1–8. [CrossRef]

18. Liu, X.; Wu, B.; Zhang, Q.; Yip, J.N.; Yu, G.; Xiong, Q.; Mathews, N.; Sum, T.C. Elucidating the Localized Plasmonic Enhancement
Effects from a Single Ag Nanowire in Organic Solar Cells. ACS Nano 2014, 8, 10101–10110. [CrossRef]

19. Xiao, N.; Chen, Y.; Weng, W.; Chi, X.; Chen, H.; Tang, D.; Zhong, S. Mechanism Understanding for Size Regulation of Silver
Nanowires Mediated by Halogen Ions. Nanomaterials 2022, 12, 2681. [CrossRef]

20. Ding, S.; Tian, Y.; Jiang, Z.; Wang, C. Joining of Silver Nanowires by Femtosecond Laser Irradiation Method. Mater. Trans. 2015,
56, 981–983. [CrossRef]

21. Luu, Q.N.; Doorn, J.M.; Berry, M.T.; Jiang, C.; Lin, C.; May, S.P. Preparation and Optical Properties of Silver Nanowires and
Silver-Nanowire Thin Films. J. Colloid Interface Sci. 2011, 356, 151–158. [CrossRef] [PubMed]

22. Gao, Y.; Jiang, P.; Liu, D.F.; Yuan, H.J.; Yan, X.Q.; Zhou, Z.P.; Wang, J.X.; Song, L.; Liu, L.F.; Zhou, W.Y.; et al. Synthesis,
Characterization and Self-Assembly of Silver Nanowires. Chem. Phys. Lett. 2003, 380, 146–149. [CrossRef]

23. Kottmann, J.P.; Martin, O.J.F.; Smith, D.R.; Schultz, S. Plasmon Resonances of Silver Nanowires with a Nonregular Cross Section.
Phys. Rev. B Condens. Matter 2001, 64, 235402. [CrossRef]

24. Liu, H.-S.; Pan, B.-C.; Liou, G.-S. Highly Transparent AgNW/PDMS Stretchable Electrodes for Elastomeric Electrochromic
Devices. Nanoscale 2017, 9, 2633–2639. [CrossRef] [PubMed]

25. Kostova, I.; Nachkova, S.; Tonchev, D.; Kasap, S. Synthesis, UV-VIS Spectroscopy and Conductivity of Silver Nanowires. In
Nanoscience Advances in CBRN Agents Detection, Information and Energy Security; NATO science for peace and security series;
Springer: Dordrecht, The Netherlands, 2015; pp. 175–182. ISBN 9789401796965.

26. Todd, C.S.; Chen, X. Chemometric Evaluation of Ultraviolet–Visible (UV–Vis) Spectra for Characterization of Silver Nanowire
Diameter and Yield. Appl. Spectrosc. 2019, 74, 204–209. [CrossRef]

27. Zhao, Y.-Y.; Ren, X.-L.; Zheng, M.-L.; Jin, F.; Liu, J.; Dong, X.-Z.; Zhao, Z.-S.; Duan, X.-M. Plasmon-Enhanced Nanosoldering of
Silver Nanoparticles for High-Conductive Nanowires Electrodes. OEA 2021, 4, 200101–200109. [CrossRef]

28. Saw, M.J.; Ghosh, B.; Nguyen, M.T.; Jirasattayaporn, K.; Kheawhom, S.; Shirahata, N.; Yonezawa, T. High Aspect Ratio and
Post-Processing Free Silver Nanowires as Top Electrodes for Inverted-Structured Photodiodes. ACS Omega 2019, 4, 13303–13308.
[CrossRef]

29. Ding, Y.; Cui, Y.; Liu, X.; Liu, G.; Shan, F. Welded Silver Nanowire Networks as High-Performance Transparent Conductive
Electrodes: Welding Techniques and Device Applications. Appl. Mater. Today 2020, 20, 100634. [CrossRef]

30. Xiong, W.; Hao, L.; Li, Y.; Tang, D.; Cui, Q.; Feng, Z.; Yan, C. Effect of Selective Laser Melting Parameters on Morphology,
Microstructure, Densification and Mechanical Properties of Supersaturated Silver Alloy. Mater. Des. 2019, 170, 107697. [CrossRef]

31. de Souza, A.F.; Al-Rubaie, K.S.; Marques, S.; Zluhan, B.; Santos, E.C. Effect of Laser Speed, Layer Thickness, and Part Position on
the Mechanical Properties of Maraging 300 Parts Manufactured by Selective Laser Melting. Mater. Sci. Eng. A 2019, 767, 138425.
[CrossRef]

32. Smichi, A. Direct Laser Sintering of Metal Powders: Mechanism, Kinetics and Microstructural Features. Mater. Sci. Eng. A 2006,
428, 148–158. [CrossRef]

33. Chandra, H.; Allen, S.W.; Oberloier, S.W.; Bihari, N.; Gwamuri, J.; Pearce, J.M. Open-Source Automated Mapping Four-Point
Probe. Materials 2017, 10, 110. [CrossRef] [PubMed]

80



Polymers 2024, 16, 3174

34. Naftaly, M.; Das, S.; Gallop, J.; Pan, K.; Alkhalil, F.; Kariyapperuma, D.; Constant, S.; Ramsdale, C.; Hao, L. Sheet Resistance
Measurements of Conductive Thin Films: A Comparison of Techniques. Electronics 2021, 10, 960. [CrossRef]

35. Mohd Asri, M.A.; Ramli, N.A.; Nordin, A.N. Electrical Performance and Reliability Assessment of Silver Inkjet Printed Circuits
on Flexible Substrates. J. Mater. Sci. Mater. Electron. 2021, 32, 16024–16037. [CrossRef]

36. Wang, Y.H.; Du, D.X.; Xie, H.; Zhang, X.B.; Lin, K.W.; Wang, K.; Fu, E. Printability and Electrical Conductivity of Silver
Nanoparticle-Based Conductive Inks for Inkjet Printing. J. Mater. Sci. Mater. Electron. 2020, 32, 496–508. [CrossRef]

37. Niu, B.; Hua, T.; Xu, B. Robust Deposition of Silver Nanoparticles on Paper Assisted by Polydopamine for Green and Flexible
Electrodes. ACS Sustain. Chem. Eng. 2020, 8, 12842–12851. [CrossRef]

38. Young, K.; Chowdhury, R.; Jang, S. Copper Nanoparticle Conductive Patterns Fabricated by Thermal Sintering Using Carboxylic
Acid Vapors and Their Application for Radio-Frequency Identification Antennas. Appl. Phys. A 2023, 129, 1–15. [CrossRef]

39. Im, J.; Trindade, G.F.; Quach, T.T.; Sohaib, A.; Wang, F.; Austin, J.; Turyanska, L.; Roberts, C.J.; Wildman, R.; Hague, R.; et al.
Functionalized Gold Nanoparticles with a Cohesion Enhancer for Robust Flexible Electrodes. ACS Appl. Nano Mater. 2022, 5,
6708–6716. [CrossRef]

40. Htwe, Y.Z.N.; Mariatti, M. Printed Graphene and Hybrid Conductive Inks for Flexible, Stretchable, and Wearable Electronics:
Progress, Opportunities, and Challenges. J. Sci. Adv. Mater. Devices 2022, 7, 100435. [CrossRef]

41. Kunaraj, A.; Chelvanathan, P.; Bakar, A.A.A.; Yahya, I. Single-Walled Carbon Nanotube (SWCNT) Thin Films via Automatic
Spray Coating and Nitric Acid Vapor Treatment. J. Eng. Res. 2023. Available online: https://www.sciencedirect.com/science/
article/pii/S2307187723001621 (accessed on 5 November 2024). [CrossRef]

42. Li, Y.; Hong, M. Parallel Laser Micro/Nano-Processing for Functional Device Fabrication. Laser Photonics Rev. 2020, 14, 1900062.
[CrossRef]

43. Tan, D.; Jiang, C.; Li, Q.; Bi, S.; Wang, X.; Song, J. Development and Current Situation of Flexible and Transparent EM Shielding
Materials. J. Mater. Sci. Mater. Electron. 2021, 32, 25603–25630. [CrossRef]

44. Voronin, A.S.; Fadeev, Y.V.; Ivanchenko, F.S.; Dobrosmyslov , S.S.; Makeev, M.O.; Mikhalev , P.A.; Osipkov, A.S.; Damaratsky, I.A.;
Ryzhenko, D.S.; Yurkov, G.Y.; et al. Original Concept of Cracked Template with Controlled Peeling of the Cells Perimeter for
High Performance Transparent EMI Shielding Films. Surf. Interfaces 2023, 38, 102793. [CrossRef]

45. Wei, Q.; Pei, S.; Qian, X.; Liu, H.; Liu, Z.; Zhang, W.; Zhou, T.; Zhang, Z.; Zhang, X.; Cheng, H.-M.; et al. Superhigh Electromagnetic
Interference Shielding of Ultrathin Aligned Pristine Graphene Nanosheets Film. Adv. Mater. 2020, 32, 1907411. [CrossRef]
[PubMed]

46. Zeng, Z.; Jin, H.; Chen, M.; Li, W.; Zhou, L.; Zhang, Z. Lightweight and Anisotropic Porous MWCNT/WPU Composites for
Ultrahigh Performance Electromagnetic Interference Shielding. Adv. Funct. Mater. 2016, 26, 303–310. [CrossRef]

47. Sharma, G.K.; James, N.R. Carbon Black Incorporated Carbon Nanofiber Based Polydimethylsiloxane Composite for Electromag-
netic Interference Shielding. Carbon Trends 2022, 8, 100177. [CrossRef]

48. Kumar, A.; Singh, A.P.; Kumari, S.; Srivastava, A.K.; Bathula, S.; Dhawan, S.K.; Dutta, P.K.; Dhar, A. EM Shielding Effectiveness of
Pd-CNT-Cu Nanocomposite Buckypaper. J. Mater. Chem. A 2015, 3, 13986–13993. [CrossRef]

49. Liang, C.; Ruan, K.; Zhang, Y.; Gu, J. Multifunctional Flexible Electromagnetic Interference Shielding Silver Nanowires/Cellulose
Films with Excellent Thermal Management and Joule Heating Performances. ACS Appl. Mater. Interfaces 2020, 12, 18023–18031.
[CrossRef]

50. Ma, Y.; Lv, C.; Tong, Z.; Zhao, C.F.; Li, Y.S.; Hu, Y.Y.; Yin, Y.H.; Liu, X.B.; Wu, Z.P. Single-Layer Copper Particles Integrated with a
Carbon Nanotube Film for Flexible Electromagnetic Interference Shielding. J. Mater. Chem. C 2020, 8, 9945–9953. [CrossRef]

51. Chen, Y.; Pang, L.; Li, Y.; Luo, H.; Duan, G.; Mei, C.; Xu, W.; Zhou, W.; Liu, K.; Jiang, S. Ultra-Thin and Highly Flexible Cellulose
Nanofiber/silver Nanowire Conductive Paper for Effective Electromagnetic Interference Shielding. Compos. Part A Appl. Sci.
Manuf. 2020, 135, 105960. [CrossRef]

52. Ju, J.; Kuang, T.; Ke, X.; Zeng, M.; Chen, Z.; Zhang, S.; Peng, X. Lightweight Multifunctional Polypropylene/carbon Nan-
otubes/carbon Black Nanocomposite Foams with Segregated Structure, Ultralow Percolation Threshold and Enhanced Electro-
magnetic Interference Shielding Performance. Compos. Sci. Technol. 2020, 193, 108116. [CrossRef]

53. Liu, Y.; Zhang, K.; Mo, Y.; Zhu, L.; Yu, B.; Chen, F.; Fu, Q. Hydrated Aramid Nanofiber Network Enhanced Flexible Expanded
Graphite Films towards High EMI Shielding and Thermal Properties. Compos. Sci. Technol. 2018, 168, 28–37. [CrossRef]

54. Zhou, B.; Zhang, Z.; Li, Y.; Han, G.; Feng, Y.; Wang, B.; Zhang, D.; Ma, J.; Liu, C. Flexible, Robust, and Multifunctional
Electromagnetic Interference Shielding Film with Alternating Cellulose Nanofiber and MXene Layers. ACS Appl. Mater. Interfaces
2020, 12, 4895–4905. [CrossRef]

55. Lei, Z.; Wei, J.; Lin, Z.Q.; Zhao, T.; Hu, Y.G.; Zhu, P.L.; Rong, S. Ultra-Thin and Highly Flexible Silver Fractal Den-
drite/polyvinylidene Fluoride Composite Film for Efficient Electromagnetic Interference Shielding. Chem. Eng. J. 2023, 452,
139129. [CrossRef]

56. Wang, L.; Ma, Z.; Zhang, Y.; Qiu, H.; Ruan, K.; Gu, J. Mechanically Strong and Folding-Endurance Ti3C2Tx MXene/PBO
Nanofiber Films for Efficient Electromagnetic Interference Shielding and Thermal Management. Carbon Energy 2022, 4, 200–210.
[CrossRef]

57. Ahmad, M.W.; Dey, B.; Sammar, A.A.; Choudhury, A. Sulfonic-Functionalized Graphene Oxide Reinforced Polyethersulfone
Nanocomposites with Enhanced Dielectric Permittivity and EMI Shielding Effectiveness. J. Macromol.Sci. Part A 2020, 57, 778–790.
[CrossRef]

81



Polymers 2024, 16, 3174

58. Zhang, Y.; Ruan, K.P.; Shi, X.T.; Qiu, H.; Pan, Y.; Yan, Y.; Gu, J.W. Ti3C2Tx/rGO Porous Composite Films with Superior
Electromagnetic Interference Shielding Performances. Carbon 2021, 175, 271–280. [CrossRef]

59. Panda, S.; Acharya, B. PDMS/MWCNT Nanocomposites as Capacitive Pressure Sensor and Electromagnetic Interference
Shielding Materials. J. Mater.Sci. Mater. Electron. 2021, 32, 16215–16229. [CrossRef]

60. Liu, J.; Lin, S.; Huang, K.; Jia, C.; Wang, Q.; Li, Z.; Song, J.; Liu, Z.; Wang, H.; Lei, M.; et al. A Large-Area AgNW-Modified Textile
with High-Performance Electromagnetic Interference Shielding. NPJ Flex. Electron. 2020, 4, 1–7. [CrossRef]

61. Jiang, Z.; Zhao, S.; Chen, L.; Liu, Y.-H. Freestanding “Core-Shell” AgNWs/metallic Hybrid Mesh Electrodes for a Highly Efficient
Transparent Electromagnetic Interference Shielding Film. Opt Express 2021, 29, 18760–18768. [CrossRef]

62. Zou, K.; Sun, H.; Li, X.; Yi, S.; Li, J.; Zhou, Z.; Wang, H.; Yan, D.-X. Extreme Environment-Bearable Polyimide Film with a
Three-Dimensional Ag Microfiber Conductive Network for Ultrahigh Electromagnetic Interference Shielding. Sci. China Mater.
2022, 66, 1578–1586. [CrossRef]

63. Jia, L.C.; Zhou, C.-G.; Sun, W.-J.; Xu, L. Water-Based Conductive Ink for Highly Efficient Electromagnetic Interference Shielding
Coating. Chem. Eng. J. 2020, 384, 123368. [CrossRef]

64. Ji, H.; Zhao, R.; Zhang, N.; Jin, C.; Lu, X.; Wang, C. Lightweight and Flexible Electrospun Polymer Nanofiber/metal Nanoparticle
Hybrid Membrane for High-Performance Electromagnetic Interference Shielding. NPG Asia Mater. 2018, 10, 749–760. [CrossRef]

65. Kim, S.J.; Yoon, H.G.; Kim, S.W. Extremely Robust and Reliable Transparent Silver Nanowire-Mesh Electrode with Multifunctional
Optoelectronic Performance through Selective Laser Nanowelding for Flexible Smart Devices. Adv. Eng. Mater. 2021, 23, 2001310.
[CrossRef]

66. Oh, H.-J.; Dao, V.-D.; Choi, H.-S. Electromagnetic Shielding Effectiveness of a Thin Silver Layer Deposited onto PET Film via
Atmospheric Pressure Plasma Reduction. Appl. Surf. Sci. 2018, 435, 7–15. [CrossRef]

67. Li, T.-T.; Wang, Y.; Peng, H.-K.; Zhang, X.; Shiu, B.-C.; Lin, J.-H.; Lou, C.-W. Lightweight, Flexible and Superhydrophobic
Composite Nanofiber Films Inspired by Nacre for Highly Electromagnetic Interference Shielding. Compos. Part A Appl. Sci.
Manuf. 2020, 128, 105685. [CrossRef]

68. Ye, X.; Zhang, X.; Zhou, X.; Wang, G. Asymmetric and Flexible Ag-MXene/ANFs Composite Papers for Electromagnetic Shielding
and Thermal Management. Nanomaterials 2023, 13, 2608. [CrossRef]

69. Abyzova, E.; Petrov, I.; Bril’, I.; Cheshev, D.; Ivanov, A.; Khomenko, M.; Averkiev, A.; Fatkullin, M.; Kogolev, D.; Bolbasov, E.; et al.
Universal Approach to Integrating Reduced Graphene Oxide into Polymer Electronics. Polymers 2023, 15, 4622. [CrossRef]

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.

82



Article

Study of Polysulfone-Impregnated Hydroxyapatite for
Ultrafiltration in Whey Protein Separation

Tutik Sriani 1, Muslim Mahardika 2, Budi Arifvianto 2, Farazila Yusof 3,4, Yudan Whulanza 5,

Gunawan Setia Prihandana 6,* and Ario Sunar Baskoro 5,*

1 Department of Research and Development, PT. Global Meditek Utama-IITOYA, Sardonoharjo, Ngaglik,
Sleman, Yogyakarta 55581, Indonesia; tsriani@gmail.com

2 Department of Mechanical and Industrial Engineering, Faculty of Engineering, Universitas Gadjah Mada,
Jalan Grafika No. 2, Yogyakarta 55281, Indonesia; muslim_mahardika@ugm.ac.id (M.M.);
budi.arif@ugm.ac.id (B.A.)

3 Centre of Advanced Manufacturing & Material Processing (AMMP Centre), Department of Mechanical
Engineering, Faculty of Engineering, Universiti Malaya, Kuala Lumpur 50603, Malaysia; farazila@um.edu.my

4 Centre for Foundation Studies in Science, University Malaya, Kuala Lumpur 50603, Malaysia
5 Department of Mechanical Engineering, Faculty of Engineering, Universitas Indonesia, Kampus UI,

Depok 16425, Indonesia; yudan@eng.ui.ac.id
6 Department of Industrial Engineering, Faculty of Advanced Technology and Multidiscipline,

Universitas Airlangga, Jl. Dr. Ir. H. Soekarno, Surabaya 60115, Indonesia
* Correspondence: gunawan.prihandana@ftmm.unair.ac.id (G.S.P.); ario@eng.ui.ac.id (A.S.B.);

Tel.: +62-881-0360-00830 (G.S.P.); +62-21-78888430 (A.S.B.)

Abstract: Polysulfone (Psf) ultrafiltration flat-sheet membranes were modified with hydroxyapatite
(HA) powder during preparation using the wet-phase inversion method. HA was incorporated
to enhance the protein separation capabilities. The asymmetric Psf membranes were synthesized
using NMP as the solvent. Through Scanning Electron Microscopy (SEM) analysis, it was revealed
that HA was distributed across the membrane. Incorporating HA led to higher flux, the improved
rejection of protein, and enhanced surface hydrophilicity. The permeability flux increased with HA
concentration, peaking at 0.3 wt.%, resulting in a 38% improvement to 65 LMH/bar. Whey protein
separation was evaluated using the model proteins BSA and lysozyme, representing α-Lactalbumin.
The results of protein rejection for the blend membranes indicated that the rejection rates for BSA and
lysozyme increased to 97.2% and 73%, respectively. Both the native and blend membranes showed
similar BSA rejection rates; however, the blend membranes demonstrated better performance in
lysozyme separation, indicating superior selectivity compared to native membranes. The modified
membranes exhibited improved hydrophilicity, with water contact angles decreasing from 66◦ to 53◦,
alongside improved antifouling properties, indicated by a lower flux decline ratio value. This simple
and economical modification method enhances permeability without sacrificing separation efficiency,
hence facilitating the scalability of membrane production in the whey protein separation industry.

Keywords: polysulfone; hydroxyapatite; ultrafiltration; whey; clean water; protein separation

1. Introduction

Regular bovine milk comprises at least 3.5% fat, 32 g/L of proteins and an approxi-
mately 78% fraction of caseins, while the remaining consists of whey proteins [1]. The dairy
business produces a substantial amount of whey, predominantly seen as waste, primarily
originating from cheese production [2]. Isolating and refining whey proteins enhances the
value of what would otherwise be considered waste, hence increasing the sustainability and
profitability of the dairy sector [3]. Whey is regarded as a complete protein, encompassing
all essential amino acids. Whey protein consists of multiple distinct proteins, each with
unique characteristics and advantages. β-Lactoglobulin constitutes the predominant whey
protein, comprising approximately 50–55% of the total protein content, essential for muscle
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recovery and growth owing to its high concentration of branched-chain amino acids [4].
α-Lactalbumin comprises around 20–25% of whey protein, consists of 123 amino acids, and
contains tryptophan, which aids in serotonin generation and may enhance relaxation [5].
Glycomacropeptide (GMP) constitutes around 10–15% of whey protein, with 64 amino
acids, which function to trigger hormones that enhance satiety and facilitate digestion [6].
Immunoglobulins, bovine serum albumin (BSA), and lactoferrin comprise around 10%, 5%
to 10%, and less than 1% of whey protein, respectively [7]. Whey also comprises several
proteins found at relatively low concentrations that exhibit significant biological action [8].
Protein powders are considered a quick and high-quality protein source for enhancing
post-exercise recovery [9]. Given that each protein type offers distinct advantages, it is
essential to isolate each protein to optimize its benefits.

Membrane systems are extensively used in the dairy industry for efficiently regulating
the lactose, fat, and protein content of various products due to their highly efficient sepa-
ration and purification methods [10]. Ultrafiltration (UF) employs polymeric or ceramic
membranes that completely retain whey proteins, effectively eliminating superfluous water
and lactose [11]. Polysulfone (Psf) is distinguished as a preferred polymer for ultrafiltration
membrane fabrication owing to its remarkable physicochemical characteristics [12]. Psf
membranes exhibit resistance to numerous contaminants, endure a wide temperature range
while preserving their integrity, possess favorable electrical properties, and are easy to
fabricate [13]. Nonetheless, despite their beneficial characteristics, Psf membranes are sus-
ceptible to fouling, which leads to a reduction in water flux as it advances [14]. The primary
issue encountered in the separation of whey proteins is membrane fouling. Researchers
frequently incorporate chemicals during membrane manufacture to produce membranes
with enhanced characteristics, such as exceptional water permeability, effective rejection,
and anti-fouling surfaces. Various additives/fillers have been examined to enhance the anti-
fouling characteristics of UF membranes, including polydopamine nanofillers [15], metal
oxide nanoparticles [16], carbon-dot-grafted silica [17], graphene oxide [18], hydroxyapatite
nanotubes [19], and others.

Hydroxyapatite (HA) has garnered significant attention in contemporary material
chemistry owing to its exceptional biocompatibility, eco-friendliness, cost-effectiveness,
and abundance of hydroxyl groups. Ouda et al. [15] incorporated hyaluronic acid (HA) and
polydopamine (PDA) into polylactic acid membranes, discovering that the enhancement
in flux and membrane hydrophilicity resulted from the addition of HA powder and the
application of a PDA coating. Instead of using PDA, Anwar and Arthanareeswaran [20]
applied silver as an addition to the polyphenylsulfone membrane, coating hydroxyapatite
(HA) to treat Palm Oil Mill Effluent (POME). The incorporation of 2% silver-coated HA
demonstrated a rejection efficiency of 89.74% and possessed exceptional separation charac-
teristics. The incorporation of a filler comprising hyaluronic acid and boron nitride into a
polyethersulfone/polyvinylpyrrolidone membrane resulted in a two-fold increase in flow,
while achieving a 90% rejection rate of bovine serum albumin solution [21]. Mu et al. [19]
examined the effect of hydroxyapatite nanotubes on the hydrophilicity of PES/PVP mem-
branes. The HA nanotubes were coated with PDA, subsequently followed by taurine
grafting. This intricate change enabled the engineered membranes to achieve enhanced
permeability, a 97% rejection of BSA, and improved antifouling characteristics.

This research examines the impact of adding hydroxyapatite (HA) to a Polysulfone
(Psf) dope solution to produce ultrafiltration membranes. The purchased HA was utilized
without alteration to prevent additional production expenses. The objective was to improve
the membrane selectivity characteristics while preserving elevated permeability at the ultra-
filtration level. The membrane was made using the non-solvent-induced phase separation
(NIPS) technique. The influence of hydroxyapatite on the membranes’ surface morphology,
membrane pore characteristics, permeate flux, and hydrophilicity membrane was analyzed.
Scanning Electron Microscopy (SEM) was used to visually study the membrane surface
morphology. To evaluate the membranes’ efficacy in protein separation, the fabricated Psf
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membranes were subjected to aqueous protein solutions of different molecular weights,
and the protein retention percentages of the membranes were measured.

2. Materials and Methods

2.1. Materials

The polymer used in the study was Polysulfone (Psf), with a molecular weight of
78,000 to 84,000 g/mol (P.T. Solvay Chemical, Cilegon, Indonesia). The solvent, NMethyl-
2-Pyrrolidone (NMP), was purchased from Merck KGaA, Darmstadt, Germany. Hydrox-
yapatite powder (HA) with a molecular weight of 502.31 g/mol and a purity of at least
90% was purchased from Sigma Aldrich, St. Louis, MO, USA. Additionally, Bovine serum
albumin (BSA) and lysozyme were acquired from HiMedia Ltd., Mumbai, India. Pure
water was utilized throughout the whole fabrication process. All chemicals, unless stated
otherwise, were of analytical grade with over 98% purity and were used as received.

2.2. Membrane Fabrication

The ultrafiltration membranes were fabricated using the non-solvent-induced phase
separation (NIPS) technique, a recognized method used to produce asymmetric mem-
branes [22]. Initially, a solution comprising Psf as the base polymer and NMP as the solvent
was continuously stirred at 70 ◦C until a homogeneous solution was obtained. The dope
solution was maintained at a consistent 20 wt.% concentration of Polysulfone. Thereafter,
modest amounts of HA particles (Sigma Aldrich) were added into the solution as a mem-
brane additive. The Psf solution was subsequently combined with 0.1 wt.% to 0.5 wt.% of
HA particles, heated, and agitated at 70 ◦C for 3 h to produce homogeneous dope solutions.
Following this procedure, the dope solutions were then cooled to room temperature natu-
rally for the membrane fabrication procedure. Subsequent to cooling, the dope solution was
deposited onto a glass plate and evenly distributed with a membrane applicator (M43 6BU,
Elcometer Ltd., Manchester, UK) to attain a consistent wet thickness of 200 μm. The glass
plate containing the solution was carefully placed in a pure water container to commence
the gelatinization process. Subsequently, the membrane was submerged in distilled water
for 24 h prior to testing. The membranes were designated according to their HA content:
HA-0.0 (native polysulfone), HA-0.1, HA-0.2, HA-0.3, HA-0.4, and HA-0.5.

2.3. Membrane Characterization

This work assessed membrane effectiveness using pure water as the testing fluid.
The test for each membrane lasted 30 min to reach steady flux in a stirred dead-end cell
(HP4750, Sterlitech Corp., Kent, WA, USA). The effective membrane area used for filtration
was 13.4 cm2, as depicted in Figure 1. Nitrogen gas with a fixed pressure of 2 bars was
introduced to the pure water chamber in order to ensure that consistent pressure was
applied throughout the test.

During the test, the weight of the permeate water that traversed the examined mem-
brane was logged using a Weighing Environment Logger (AD-1687, A&D, RoHS, Tokey,
Japan). The volumetric flux (Jv) and permeability flux (Lp) were computed utilizing the
following formulas [23]:

Jv =
Q

A × Δt
(1)

Lp =
Jv

ΔP
(2)

where Q represents the volume of the penetrated water collected throughout the collecting
period, Δt denotes the collection period, A signifies the membrane, and ΔP indicates the
pressure differential.

Subsequent to the permeate flux experiment, a membrane selectivity assessment
was executed utilizing a 1 g/L protein solution under the same conditions. To assess
the protein separation, Bovine Serum Albumin (BSA, Mw = 66.5 kDa) and lysozyme
(Mw = 14.3 kDa), which serves as a representative of α-Lactalbumin, were utilized. The
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proteins were formulated in a phosphate-buffered solution at a pH of 7.2. The protein
separation experiment was conducted in a dead-end cell filtration system, maintaining a
constant pressure of 2 bar. The protein concentration in the permeated solutions was mea-
sured using an N4S UV-Visible Spectrophotometer (Ningbo Hinotek Instrument Co., Ltd.,
Ningbo, China), in which the wavelength was set to 280 nm. Solute rejection (SR) was
evaluated using the following formula [24]:

%SR =

[
1 − Cp

Cf

]
× 100 (3)

where Cp and Cf denote the concentrations of protein in the permeating and feed solutions,
respectively. The data presented in this study reflect the mean values from three samples
per membrane.

 

Figure 1. The schematic diagram of the dead-end cell filtration. (1) Nitrogen gas cylinder; (2) Pres-
sure regulator; (3) Pressure gauge; (4) Dead-end cell; (5) Membrane; (6) Permeated water beaker;
(7) Electronic weight balance; (8) Weighing environment logger; (9) Computer.

Five iterations of BSA tests were conducted to evaluate the antifouling efficacy of the
membranes. Each cycle comprises a 30 min water flux followed by a 10 min BSA flux. The
flux decline ratio (FDR) and flux recovery ratio were determined by [25]:

FDR =
Jv − Jvt

Jv
× 100% (4)

FRR =
Jv′
Jv

× 100% (5)

where Jvt is the permeate flux at the end of the fifth cycle, and Jv′ is the permeate flux of
the second cycle. A lower FDR value signifies the superior adhesion resistance of foulants
or the enhanced antifouling performance of the membrane. A higher FRR value denotes
improved efficiency in membrane cleaning.

The hydrophilicity of the membrane was assessed by determining the angle between
a water droplet and the membrane surface. Then, 5 μL of distilled water was dropped
carefully onto the top of the membrane surface using a micropipette. A digital microscope
(Dinolite Edge 3.0 AM73915MZTL) subsequently recorded an image of the contact angle of
the water droplet. The angle was subsequently gauged using AutoCAD software (v2022).
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To guarantee precision, the contact angles were assessed four times at random spots of
the membrane surface, and the average value was determined. The morphologies of the
membrane surfaces and their cross-sectional structures were examined utilizing scanning
electron microscopy (SEM Phenom ProX, ThermoFischer, Waltham, MA, USA). The cross-
sectional micrographs were obtained by cracking wet membrane samples subsequent to
their rapid freezing in liquid nitrogen.

2.4. Pore Characterization

To evaluate the porosity of the membrane surface, the dry membranes were initially
trimmed to a predetermined size, then soaked in glycerol for 24 h. The glycerol was
further extracted to weigh the wet membrane (Ww). The moist membrane was thereafter
dried in a desiccator and allowed to desiccate for one day to acquire the weight of the
dry membrane (Wd). The porosity of the membrane surface was examined to evaluate the
effect of hydroxyapatite incorporation on the membrane pore size. This investigation was
performed utilizing a gravimetric approach, which involves the following formula [26]:

ε(%) =
Ww − Wd

ρH2O × A × L
× 100 (6)

where A represents the effective filtration area of the membrane, L denotes the thickness of
the membrane, and ρH2O signifies the density of the water (0.998 g/cm3). The average pore
size (rm) of the prepared membranes can be determined using the Guerout–Elford–Ferry
Equation, including the porosity data and permeate flux [27]:

rm =

√
(2.9 − 1.75ε)8μH2O × L × QH2O

ε × A × ΔP
(7)

where ε denotes the porosity of the membrane, μH2O represents the dynamic viscosity of
water at an ambient temperature, L indicates the membrane thickness, QH2O is the volume
of water traversing through the membrane per unit time, A refers to the active filtration
area of the membrane, and ΔP is the transmembrane pressure.

3. Results and Discussion

3.1. Membrane Morphology

Five membrane samples were fabricated with differing amounts of hydroxyapatite.
Among this collection of fabricated membranes, one was designated as HA-0.0, which
functioned as a reference without the inclusion of HA. The remaining membranes were
designated as HA-0.1, HA-0.2, HA-0.3, HA-0.4, and HA-0.5, reflecting the HA weight
content in the Psf dope solution. The whole samples were fabricated with a wet thickness
of 200 μm. The surface morphologies of the membranes were analyzed using a SEM
Phenom ProX microscope.

Cross-sectional scanning electron microscopy (SEM) examination is a prevalent method
for visually assessing membrane morphology. Figure 2 presents the cross-sectional micro-
graphs of the native Psf membrane and the Psf/HA blend membranes, with magnifications
varying from 1000× to 20,000× throughout the first to fourth rows. The fifth row displays
the micrographs of the membrane surface. At 1000× magnification, all membranes have
a thin surface layer atop a vertically extending, finger-like intermediate structure. The
lower section of the membrane exhibits a sparse, spongiform architecture characterized by
discernible wall pores. In the membrane gelatinization phase of the NIPS technique, the
interaction between NMP as the solvent and pure water as the non-solvent induces solidi-
fication due to the thermodynamic instability of the cast solution [28]. The cast solution
quickly interfaces with water, resulting in immediate vitrification and permitting water
ingress, which generates macrovoids inside the membrane structure. Hackett et al. [29]
explored how the composition of the coagulation bath impacts the efficacy of the Psf mem-
brane. They found that utilizing solely pure water during membrane submersion retains a
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significant amount of solvent in the central region due to NMP–water incompatibility. Kang
et al. [30] discovered that blending hydrophilic agents into the membrane dope solution,
such as silica or HA, improves the interchange rate of solvent and non-solvent throughout
the solidification phase, thus enlarging the macrovoids at deeper depths, which mimic
the form of pre-inflated balloons. The lower section of the membrane exhibits a distinct
coagulation rate when water permeates from below; this is attributable to the glass support,
and leads to the formation of spongy structures with bigger pores akin to those on the
upper surface.

 

Figure 2. Morphologies of membrane samples. Cross-sectional images at both low and high magnifi-
cation are displayed in the first to fourth rows, while the fifth row features top surface micrographs:
(a) HA-0.0; (b) HA-0.1; (c) HA-0.2; (d) HA-0.3; (e) HA-0.4; (f) HA-0.5.

The SEM cross-sectional micrographs demonstrate the existence of hydroxyapatite
(HA) on the surface of finger-like structures and within wall pores, exhibiting a random
distribution from the top region to the bottom region of the membrane. HA is also present
on the surface and affixed irregularly, resulting in surface protuberances. The SEM cross-
sectional views reveal no detectable alterations in the dimensions of the membrane wall
pores or macrovoids attributable to HA. Nonetheless, the blend membranes possess HA
globules that are randomly affixed to the macrovoid surfaces. The variation in globule
diameters indicates the aggregation of HA particles during gelatinization. The heightened
viscosity of the Psf blend membranes, resulting from the enhanced HA concentration, influ-
ences the morphology of the Psf/HA blend membranes. Certain particles infiltrate the wall
pores, becoming trapped within the membrane. A greater quantity of HA particles is clearly
detected at the membrane’s base, especially in HA-0.5, which is attributable to the gravi-
tational settling and agglomeration of HA particles during the casting procedure [31,32].
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The zeolite-nanoparticle-impregnated Psf membrane exhibited particle agglomeration at
an elevated loading level [33]. Yurekli further indicated that the membrane might achieve
a saturation point at which the maximal loading of zeolite nanoparticles was reached.

3.2. Water Contact Angle Analysis

A primary disadvantage of Psf membranes is the accumulation of build-up on their
surface, leading to pore obstruction [31]; thus, hydrophilicity is crucial for membrane
efficacy. The measurement of the water contact angle is frequently applied to evaluate
the hydrophilicity and wettability of membrane surfaces. This method assesses the angle
formed between the water droplet and a planar membrane surface, signifying hydrophilic-
ity when the angle is between 0◦ to 90◦, or hydrophobicity when the angle is larger than 90◦.
A decrease in the contact angle with water indicates an enhancement in the membrane’s
hydrophilic characteristics [34]. If the contact angle is below 90◦, the liquid adheres to the
surface, and at 0 degrees, the liquid uniformly disperses throughout the surface.

Figure 3 illustrates the measurement of water contact angles for different concentra-
tions of HA. The native Psf membrane examined in this study exhibits a contact angle of
66◦, aligning with previous results indicating that native Psf membranes possess water
contact angles ranging from 60◦ to 70◦ [29,33–35]. Figure 3 indicates that hydrophilicity
enhances with an elevated HA content. The Psf/HA-0.5 membrane had the highest hy-
drophilicity, with a contact angle of 54◦, whereas the contact angles of Psf/HA-0.1 to 0.3
were comparable to that of the native membrane. This tendency indicates that elevated
HA concentrations increase hydrophilicity owing to the hydroxyl groups on the particle
surfaces that facilitate hydrogen bonding to the sulfonic groups of Psf [33,36]. During the
phase separation process, the hydrophilic agent will draw in molecules of water, creating
more spaces for water infiltration [37]. SEM micrographs of the composite membrane
surface revealed a random distribution of HA particles. Due to its hydrophilic nature,
HA tends to attract and engage with water rather than repel it. Astala and Stott [38] ex-
plained that HA surfaces are distinguished by undercoordinated oxygen atoms in surface
phosphate groups. A key process for water adsorption entails the interaction between O
atoms and H2O molecules through hydrogen, with Ca-rich surfaces exhibiting the highest
reactivity. Most studies propose that the enhancement in membrane hydrophilicity is
directly linked to the existence of hydrophilic nanofillers located near or spread on the
surface of the membrane [39].

Figure 3. Water contact angle of Psf membranes with varied hydroxyapatite concentrations.
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3.3. Permeate Flux Test Experiments

Figure 4 presents the permeate flux of Psf/HA blend membranes conducted in a
dead-end filtration cell at a pressure of 2 bar. The permeate flux was observed for 30
min, repeated four times, and the average was determined. The permeate flux value
utilized for computation was documented following 30 min of filtering. The native Psf
membrane demonstrated a permeate flux of 45.5 LMH/bar. The permeate flux augmented
with HA concentration, attaining a peak flux of 63 LMH/bar at 0.3 wt.%, then declining
to a value comparable to that of the native Psf membrane. The trend in the permeate flux
demonstrated that flux rises with the HA content up to 0.3 wt.% and thereafter declines,
nearing the value of the native membrane. This reduction is probably attributable to
the existence of HA. At reduced concentrations, HA particles generate open voids by
infiltrating wall pores, hence augmenting the flux. At concentrations beyond 0.3 wt.%,
the surplus HA particles obstruct the pores, hence diminishing water movement. Eslami
et al. [31] attribute the diminished flux values to a surge in viscosity, which subsequently
reduces the solvent/non-solvent exchange rate, resulting in lower flux values.

 

Figure 4. Permeability flux of Psf membranes with varied HA concentrations.

3.4. Protein Separation Performance Analysis

Ultrafiltration is the predominant industrial technique used for isolating whey proteins.
The extent of protein adherence on the surface of the membrane profoundly influences
the assessment of anti-fouling capacity. The reduced adsorption of protein results in
enhanced membrane resistance to fouling. Proteins often exhibit stronger adsorption on
hydrophobic surfaces and are less easily desorbed compared to hydrophilic surfaces. Cayot
and Lorient [40] assert that α-Lactalbumin is the smallest predominant whey protein,
possessing a molecular weight of 14 kDa and comprising around 20–25% of whey protein.
The predominant whey protein is Immunoglobulins, possessing a molecular weight of
150–1000 kDa and comprising approximately 10% of whey protein.

All membranes were initially compressed at a 2 bar pressure with pure water for 30
min prior to testing. Figure 5 illustrates the protein separation of BSA, a large protein with
a molecular weight of 66.5 kDa, and lysozyme, a tiny protein (14.3 kDa), which signifies
α-Lactalbumin. Upon BSA rejection, the rejection rate of all membranes exceeds 85%. The
native Psf membrane exhibits a BSA rejection rate of 89.6%, which increases to 97.2% with
the incorporation of HA at a concentration of 0.2 wt% in Psf/HA blend membranes. The
rejection diminishes beyond this juncture. Lysozyme rejection demonstrates considerable
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enhancement with a reduced protein size. The native Psf membrane exhibits a rejection
rate of 36%, while the blend membranes demonstrate enhanced rejection capabilities. The
peak rejection is 0.2 wt.% at 73% (double-fold value of the native Psf membrane), and the
rejection diminishes to 54% at HA 0.5 wt.%.

Figure 5. Protein rejection of Psf membranes with varied HA concentrations.

Protein flow was observed for 20 min for both BSA and lysozyme, each at a concen-
tration of 1000 mg/L (Figure 6). The BSA flux exhibited comparable patterns and values
for both the native and blend membranes. The fluxes of the Psf blend membranes were
initially marginally different to those of the native membrane but progressively diminished
to align with the flux of the native membrane. This reduction is presumably because of
BSA molecules occupying the membrane’s interstices, progressively obstructing them over
time. At the conclusion of the experiment, all membranes had comparable flux levels.

 

Figure 6. Protein flux of blend membranes: (a) BSA flux; (b) Lysozyme flux.

The flux of lysozyme across the native membrane exceeded that of BSA, presumably
because lysozyme has a smaller molecular size than BSA. All membranes exhibited a more
gradual reduction in lysozyme flux relative to BSA flux, which is ascribed to the smaller
molecular size of lysozyme. The native membrane exhibited a lysozyme rejection rate of
merely 36.5%, which increased to 73.2% upon elevating the HA concentration to 0.2 wt.%.
The enhancement in lysozyme rejection is attributed to protein adsorption by HA across
the membrane. Nevertheless, as the HA concentration was elevated, lysozyme rejection
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diminished by as much as 26% at 0.5 wt.% HA. This decrease is probably attributed to
inadequate space for the liquid to flow, as the majority of open holes were occupied by HA
particles. Both 0.2 and 0.5 wt.% HA exhibited reduced fluxes, maybe attributable to distinct
factors. At 0.2 wt.%, the reduced flux was attributable to the adsorption of lysozyme by
HA, leading to optimal rejection. At 0.5 wt.%, the diminished flux was attributed to the
open spaces being obstructed by HA powder, impeding liquid flow through the membrane,
thereby leading to reduced flux and simultaneous rejection. Salimi et al. [41] further
indicated that augmenting the HA content in the membranes improved BSA rejection. The
incorporation of a higher HA concentration led to a thicker membrane skin layer, smaller
pore size, and lower permeation flux.

3.5. Membrane Pore Analysis

Table 1 outlines the surface porosity and mean pore size of the native Psf and blend
membranes. Notably, the porosity of the blend membranes, with the exception of Psf/HA-
0.5, is inferior to that of the original Psf membrane. As HA comprises solid particles that
remain undissolved, it is anticipated that the membrane will grow increasingly compact
with higher HA concentrations. The porosity values ranging from 0.1 wt.% to 0.4 wt.% are
comparable; however, the porosity at 0.5 wt.% exhibits a considerable rise, exceeding that of
the native Psf membrane. The equation for determining porosity incorporates the wet and
dry membrane weights, the effective membrane area, and the membrane thickness. A sig-
nificant rise in membrane thickness was noted during measurement, possibly attributable
to the substantial existence of HA on the surface of the membrane. This presence influences
the thickness measurement, resulting in a calculation that suggests the membrane is more
porous. Nevertheless, according to the water flux and protein separation measurements,
the porosity of Psf/HA-0.5 should indeed be smaller. The size of macropores within the
finger-like structures also influenced the membrane porosity value. The visible macropores
were quantified using the SEM images for each sample. The macropore sizes are somewhat
comparable, with Psf/HA-0.2 exhibiting the smallest macropore size among all samples
examined. The flux recovery ratio (FRR) was calculated using Equation (5). A higher FRR
value indicates enhanced efficiency in membrane cleaning [25], which in this case was
when 0.1 wt.% HA was applied. All blend membranes, with the exception of Psf/HA-0.5,
exhibit a better membrane cleaning efficiency relative to the native Psf membrane.

Table 1. Surface porosity, pore size, and FRR of Psf/HA blend membranes.

Membrane
Code

Porosity, ε (%)
Mean Pore Size,

rm (Å)
Macropores

Size, μm
FRR, (%)

Psf/HA-0.0 68.91 42.41 0.44 ± 0.093 48.72 ± 7.558
Psf/HA-0.1 65.72 40.04 0.48 ± 0.090 79.6 ± 4.845
Psf/HA-0.2 65.28 38.97 0.42 ± 0.074 73.2 ± 4.663
Psf/HA-0.3 66.28 39.91 0.49 ± 0.066 69.05 ± 4.621
Psf/HA-0.4 66.92 41.12 0.49 ± 0.055 68.70 ± 6.603
Psf/HA-0.5 71.01 43.82 0.49 ± 0.020 30.23 ± 6.999

Figure 5 illustrates that the Psf/HA-0.2 membrane demonstrated the highest protein
rejection. To evaluate the effect of HA on the membrane lifespan, we performed five
cycles of protein filtration, each consisting of a 30 min pure water flux test followed by
a 10 min BSA filtration. Upon completion of the test, the flux decline ratio (FDR) could
be determined in accordance with Equation (4). A lower FDR value generally indicates
that the membrane exhibits more resistance to foulants, signifying enhanced antifouling
properties [25]. Figure 7 illustrates that, while the flux trends for both the native Psf
membrane and the blend membrane were comparable during the first and second cycles,
the third cycle and subsequent cycles exhibited distinct values and trends. The native
membrane exhibited a flatter flow pattern, indicating the significant onset of pore blockage.
In the blend membranes, the beginning fluxes consistently exceeded the final fluxes over all
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five cycles. Despite the reduction in the flux value with each cycle, the downward trend in
flux suggested that the amount of foulants adhering to the membrane surface was less than
that of the native membrane. The incorporation of HA into the Psf membrane enhanced its
hydrophilicity, which is advantageous for the whey separation industry.

Figure 7. Flux decline ratio (FDR); (a) Native Psf membrane; (b) Psf/HA-0.2.

Table 2 compares prior studies on membrane performance that utilized HA as the
primary modulator. Each column presents the value of the natural membrane in com-
parison to its modified counterpart. A variety of polymer-based solutions were utilized,
including polyethersulfone (PES), polysulfone (PSf), and polyphenylsulfone (PPSU). While
most studies employed PVP as a pore former, this experiment did not utilize PVP, hence
influencing porosity and flux. Besides employing PVP as a pore former, HA was also
modified by coating and grafting techniques. Each approach enhances the flux, pore size,
rejection, and hydrophilicity, facilitating whey protein separation.

Table 2. Overview of research on HA blending in polymeric membranes comparing the native
membrane and modified membranes.

Polymer Modifier
Permeability

Flux,
LMH/Bar

Pore Size,
nm

Rejection (%) ε (%) WCA (◦) Ref.

PES/PVP
HA nanotubes–PDA

coating–taurine
grafting

169/439 34.1/43.2 ~97 (BSA) 55/73 70/53 [19]

PPSU Silver-coated HA 39/57 - 89.74 (oil) - - [20]
PES/PVP HA/boron nitride 286/620 54/66.7 90 (BSA) - - [21]
PES/PVP HA 67/148.7 81/84 97.3 (BSA) - - [41]

Psf/PVP HA-modified PDA
and PEI 152.8/481.6 5.36/7.41 94.5 (BSA) 52/74 81/60 [42]

Psf HA 45.5/63 4.24/3.89 97.2 (BSA)
73.2 (Lysozyme) 68/65 66/65 This work

The optimal membrane for this study exhibits a performance equivalent to earlier
research on protein rejection and hydrophilicity, despite the hydroxyapatite not undergo-
ing any modifications before usage. Future research should utilize pore-forming agents,
such as PVP, to enhance flow. The straightforward membrane fabrication procedure pre-
sented in this study should be the focal point for scaling up membrane production in the
dairy industry.
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4. Conclusions

The performance of polysulfone (Psf) ultrafiltration membranes was investigated
after modification with hydroxyapatite (HA). These flat-sheet membranes were produced
using the wet-phase inversion method. Scanning Electron Microscopy (SEM) analysis
revealed that the HA particles were randomly distributed throughout the membrane. The
surface hydrophilicity increased with HA concentration due to hydrogen bonding with
HA’s hydrophilic properties. The highest water flux was observed at 0.3 wt.% HA, but
it decreased at higher concentrations, likely due to pore blockage by HA particles. Both
native and modified membranes showed high Bovine Serum Albumin (BSA) rejection, with
the highest rejection at 0.2 wt.% HA. A significant improvement was noted in lysozyme
separation, with the maximum rejection increasing from 36.5% in the native membrane to
73.2% in the modified membrane. This enhancement is attributed to protein adsorption
by HA. Contact angle measurements validate the enhanced hydrophilicity of the Psf
membrane with increasing HA concentration. This cost-effective and facile approach to
enhancing permeability while maintaining the separation efficiency of the membrane has
the potential to scale up industrial application.
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Abstract: To reinforce natural rubber latex foam, fumed silica and precipitated silica are introduced
into latex foam prepared using the Dunlop process as fillers. Four types of silica, including Aerosil 200
(hydrophilic fumed silica), Reolosil DM30, Aerosil R972 (hydrophobic fumed silica), and Sipernat 22S
(precipitated silica), are investigated. The latex foam with added silica presents better mechanical and
physical properties compared with the non-silica foam. The hydrophobic nature of the fumed silica
has better dispersion in natural rubber compared to hydrophilic silica. The specific surface area of
silica particles (BET) also significantly influences the properties of the latex foam, with larger specific
surface areas resulting in better dispersity in the rubber matrix. It was observed that exceeding 2 phr
led to difficulties in the foaming process (bulking). Furthermore, higher loading of silica also affected
the rubber foam, resulting in an increased shrinkage percentage, hardness, compression set, and
crosslink density. The crosslink density increased from 11.0 ± 0.2 mol/cm3 for non-silica rubber to
11.6 ± 0.6 mol/cm3 for Reolosil DM30. Reolosil DM30 also had the highest hardness, with a hardness
value of 52.0 ± 2.1 IRHD, compared to 45.0 ± 1.3 IRHD for non-silica foam rubber and 48 ± 2.4 IRHD
for hydrophilic fumed silica Aerosil 200. Hydrophobic fumed silica also had the highest ability to
return to its original shape, with a recovery percentage of 88.0% ± 3.5% compared to the other fumed
silica. Overall, hydrophobic fumed silica had better results than hydrophilic silica in both fumed and
precipitated silica.
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1. Introduction

Natural rubber, sourced from rubber trees, is a versatile material known for its elasticity.
It finds wide applications in diverse industries, including bedding, thermal insulation,
and automotive components [1]. Various types of foam rubber exist, each tailored to meet
specific needs. The manufacturing process of foam rubber is relatively straightforward,
with fillers playing a pivotal role in shaping the properties of the final product. Common
fillers include calcium carbonate, silica, and carbon black [2,3]. These fillers serve as primary
reinforcing agents, contributing to the structural integrity and functional characteristics
of rubber compounds. Calcium carbonate, silica, and carbon black each exhibit unique
properties that influence the mechanical and physical attributes of the rubber, as well as
its surface chemistry and coloration [2,4]. The choice of filler depends on the industry
and the specific type of rubber. In the tire industry, for example, carbon black is the
primary filler of choice due to its exceptional reinforcing properties and compatibility
with rubber compounds [5]. The addition of carbon black significantly enhances the
mechanical strength, wear resistance, and overall performance of rubber used in tire
manufacturing [6,7]. In the production of foam rubber, the utilization of fillers takes a
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different trajectory. Calcium carbonate stands out as a cost-effective and highly compatible
filler. Its widespread use is attributed to its affordability and versatility, making it a
preferred choice in various formulations. Similarly, silica plays a crucial role in shaping the
characteristics of foam rubber. Beyond its reinforcing capabilities, silica introduces specific
surface interactions, altering the material’s properties and surface chemistry [8].

Silica is an oxide of silicon with the chemical formula SiO2, commonly presented as
a white powder. Its polar structure results in strong filler–filler interactions and adsorp-
tion [8,9]. As non-black fillers, silica performs well as a rubber reinforcing filler. Generally,
carbon black reinforcement provides a higher modulus than silica reinforcement, but silica-
reinforced rubber excels in several aspects, such as aging resistance, abrasion resistance,
and adhesion properties [10,11]. Synthetic amorphous silica can be primarily categorized
into two types: precipitated silica and fumed silica. The differentiation between these
two variants lies in their distinct manufacturing processes and particle dimensions. Fumed
silica, produced through the hydrolysis of silicon tetrachloride in a flame, is inherently
hydrophilic due to its method of synthesis. The high surface area and fine particle size of
fumed silica contribute to its excellent moisture absorption properties [12]. Hydrophilic
fumed silica is particularly advantageous in applications requiring moisture absorption,
such as in pharmaceuticals, cosmetics, and certain adhesive formulations [13,14]. Recogniz-
ing the demand for hydrophobic characteristics, surface modifications are often employed
in the production of hydrophobic fumed silica. The surface treatment involves the intro-
duction of hydrophobic functionalities, enhancing fumed silica’s resistance to moisture
absorption, expanding the range of applications, improving dispersion, impacting rheo-
logical properties, and tailoring surface chemistry [15,16]. By contrast, precipitated silica
is typically hydrophilic in its natural state. The production process of precipitated silica
involves the acid precipitation of sodium silicate, resulting in a material with a hydrophilic
surface [17]. Unlike fumed silica, which can be inherently hydrophilic or hydrophobic
depending on its production process and subsequent surface treatments, the particle dimen-
sions of precipitated silica are influenced by the specific conditions during precipitation.
This type of synthetic silica has found diverse applications owing to its versatility and
cost-effectiveness [17,18].

To the best of our knowledge, fumed and precipitated silica have not been widely used
as fillers in the production of natural foam rubber using the Dunlop method. However,
some researchers have explored the use of fumed silica and precipitated silica as fillers in
the rubber and polymer industry. Bayat and Fasihi (2019) [19] studied the effect of coupling
agents in natural rubber silica composite foam. They used different contents of precipitated
silica and found that it was well-dispersed in natural rubber. The results showed that as
the silica concentration increased, the density also increased, while the cell size decreased
with higher silica content. Luo et al. [20] investigated the interaction between fumed silica
and epoxidized natural rubber. Their research indicated that fumed silica had a strong
interaction with epoxidized natural rubber and effectively contributed to crosslink density.
Prasertsri et al. [21] studied the reinforcement of natural rubber using fumed silica and
precipitated silica mixed by two-roll mills. The results showed that the samples using
fumed silica as a filler had higher hardness, stiffness, and tensile strength compared to
those using precipitated silica with the same content. However, the heat build-up in the
samples containing fumed silica was significantly higher, indicating that the use of fumed
silica as a filler must also consider the application requirements of the final product.

The aim of this present work is to study the reinforcement of natural rubber latex
foam using fumed silica and precipitated silica. Latex foams were produced using different
types of silica, including fumed silica (both hydrophilic and hydrophobic varieties) and
precipitated silica. Zaborski et al. [12] highlighted the importance of considering the surface
area of silica particles. Consequently, the effect of specific surface area of silica particles
(BET) was also considered. The crosslink density, mechanical properties, as well as surface
morphologies of latex foam were investigated to gain further insights into the reinforcing
mechanism of silica in latex foam.
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2. Experiment

2.1. Material

Table 1 displays the materials used in this work. Natural rubber latex with a high
ammonia concentration (60% dry rubber content) was provided by Sri Trang Agro-Industry
Public Company Limited (“STA”) (Surat Thani, Thailand). Three types of fumed sil-
ica and one type of precipitated silica were obtained from Evonik Degussa Co., Ltd.
(Essen, Germany). Specifically, these included hydrophilic fumed silica (Aerosil 200,
purity > 99.8%, BET surface area 200 ± 25 m2/g) and hydrophobic fumed silica (Aerosil
R972, purity > 99.8%, BET surface area 110 ± 20 m2/g). Hydrophobic fumed silica (Reolosil
DM30, purity > 99.8%, BET surface area 230 ± 20 m2/g) was purchased from Tokuyama
Chemicals (Zhejiang) Co., Ltd. (Jiaxing, China). The hydrophilic precipitated silica (Siper-
nat 22s, purity > 97%, BET surface area 190 m2/g) was also purchased from Evonik Degussa
Co., Ltd. (Essen, Germany). All silica samples were sourced from the same suppliers to
ensure consistency; however, Tokuyama Chemicals did not have the specific silica spec-
ifications required for this study. Consequently, three types of silica were obtained from
Tokuyama Chemicals and one type from Evonik Degussa Co., Ltd. (Essen, Germany),
which met the specifications for pH, tamped density, and other critical parameters. Key
characteristics of silica samples are displayed in Table 2. Sulfur was used as a vulcanizing
agent and various additives were used, such as zinc oxide (ZnO2), potassium, zinc-N-
diethyldithiocarbamate, zinc 2-mercaptobenzothiazole, Wingstay L, diphenyl guanidine,
and sodium silicofluoride. These chemicals were prepared by Qingdao Amita Natural
Latex., Co. Ltd. (Qingdao, China).

Table 1. Formulation of latex foam in parts per hundred of rubber (phr).

Materials Weight (phr)

High Ammonia concentrated natural latex 60% DRC 100
Potassium-oleate solution 10% 1

Sulphur dispersion 50% 2.5
Zinc-N-diethyldithiocarbamate dispersion 50% 1
Zinc 2-mercaptobenzothiazole dispersion 50% 1

Wing stay L dispersion 1
Zinc Oxide dispersion of 50% 4

Diphenyl guanidine dispersion 50% 1
Sodium silicofluoride dispersion 20% 2.5

Filler dispersion
fumed or precipitated silica 0.5, 1, 1.5, 2

Table 2. Key characteristics of silica samples used in this study.

Silica Name
Specific Surface

Area
(m2/g)

Carbon
Content (%)

Tamped
Density
(g/cm3)

Ph Value
(4% Suspension)

SiO2 Content
(wt.%)

Hydrophilic/
Hydrophobic

Aerosil 972 110 ± 20 0.6–1.2 Approx. 50 3.6–5.5 ≥99.8 hydrophobic
Reolosil Dm30 235 ± 20 1.7 Approx. 50 4.8 ≥99.8 hydrophobic

Aerosil 200 200 ± 25 N/A * Approx. 50 3.7–4.7 ≥99.8 hydrophilic
Sipernat 22s 190 N/A * Approx. 90 6.5 ≥97 hydrophilic

* N/A indicates that the information is not available in the product specifications.

2.2. Rubber Compounds and Foam Preparation

Figure 1 shows the schematic diagram of the foaming process using the Dunlop
method. The NR compound was prepared by using a stirring machine to mix the compo-
nents as in Table 1 with a mechanical stirring speed of 450 rpm at room temperature of
15 ◦C. This initial low speed was chosen to ensure homogeneous mixing without risking
premature vulcanization.
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Figure 1. Schematic diagram of the Dunlop process.

Mixing process: Natural rubber was added into the stirring machine, stirred for
4 min to remove the ammonia, which is essential for improving the viscosity and stability
of the latex and facilitating better foam expansion. Afterward, the other ingredients
consisting of K-oleate, sulfur, zinc Diethyldithiocarbamate, zinc 2-mercaptobenzothiazole,
Wingstay L, and diphenyl guanidine were added and stirred for 3 min. These ingredients
were included to enhance the crosslinking and stability of the rubber matrix during the
vulcanization process.

Silica concentration: Silica was gradually added, while continuously stirring for 3 min.
The concentration of each type of silica was controlled by adding four levels of content:
0.5 phr, 1 phr, 1.5 phr, and 2 phr. This range was selected to systematically assess the
effects of varying silica concentrations on the foam’s mechanical properties. Concentrations
exceeding 2.5 phr were avoided based on preliminary experiments conducted with this
specific formulation, which indicated that higher silica content resulted in poor mixing and
the onset of pre-vulcanization. This behavior compromised the uniformity and performance
of the rubber compound. It is important to note that these observations are specific to
the formulation used in this study, and other rubber formulations may exhibit different
behaviors under similar conditions. Therefore, while the selected silica concentrations are
appropriate for this particular system, further research may be necessary to explore the
optimal silica levels for different formulations.

Foaming process: After mixing all these ingredients, the stirring speed was increased
to 1200 rpm and the mixture was stirred for 4 min during the foaming process. This higher
speed facilitates the uniform distribution of air bubbles, crucial for achieving the desired
foam structure. The gelling agent, zinc oxide, was added and stirred for 3 min, and then
Sodium silicofluoride dispersion was added and stirred for 2 min, respectively. The total
mixing time for all samples was set to 19 min.

Temperature control: To mitigate the risk of premature vulcanization and gelation
associated with heat generation, the room temperature was maintained at 15 ◦C throughout
the mixing process. This temperature control helps to maintain the stability of the latex
and prevent premature curing, which could otherwise adversely affect the foam structure.

Gelling process: After mixing all the materials according to the formulation in Table 1,
foam rubber was put in the rectangular glass mold of 13 × 19 × 9 cm3, and the foam sample
was placed in the oven at a temperature of 30 ◦C for 7 min as a gelling process. This gelling
temperature was selected to promote the initial setting of the foam structure without
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triggering full vulcanization, which is essential for maintaining the desired expansion
characteristics

Vulcanization process: Curing of samples was conducted at 100 ◦C for 17 min in a
steam oven. This temperature and time were selected based on preliminary studies and
experimental trials that demonstrated optimal crosslinking and mechanical performance
under these conditions. These parameters were fine-tuned to ensure effective vulcanization,
as the experiments indicated that this duration allowed for the best balance between curing
and maintaining the desired material properties.

Washing and drying process: All samples after curing were washed with deionized
water and placed in the oven at 60 ◦C for 24 h for drying.

2.3. Characterizations
2.3.1. Foam Density

Foam densities were determined by cutting samples into 30 mm × 30 mm × 30 mm,
according to ASTM D3574 [22]. The density was calculated using the mass and volume by
the following equation:

ρ f =
m f

v f
(1)

where, m f is the mass of the foam sample and v f is the volume.

2.3.2. Crosslink Density

The samples were cut to a small size (4 × 2 × 25 mm3) for a crosslink density test
based on the equilibrium swelling method. The crosslink density was calculated by using
the Flory–Rehner equation [23,24]:

−ln(1 − Vr)− Vr − χv2
r = vsηswell

(
v1/3

r − vr

2

)
(2)

where Vr is the volume fraction of rubber in swollen gel, χ is the rubber–solvent interaction
parameter, vs is the molar volume of toluene (106.8 cm3/mol−1), ηswell is the swelling of
the compounded rubber (mol/cm−3).

Vr was tested according to ISO 1817 [25]. Samples were weighed and then swollen in
toluene for 1 week. Then, the weights of the samples were measured, and the liquid on the
surface of the samples was removed using filter paper. The samples were then dried at a
temperature of 80 ◦C for 48 h. The weight after drying was measured and used to calculate
the volume fraction of rubber in the swollen gel using the following equation [26,27]:

Vr =

[
w0∅ 1−α

ρr

]
[(

w0∅ 1−α
ρr

)
+ (w1−w2)

ρs

] (3)

α =
w1 − w0

w1
(4)

∅ = 1 − α (5)

where w0, w1 are the weights (g) of samples before and after immersed in toluene, respec-
tively, ∅ is the mass fraction of natural rubber (amount of natural rubber/total quantity), α
is the mass fraction loss during swelling in toluene, and ρs and ρr are the densities (g/cm3)
of toluene and the rubber composites, respectively.

χ = 0.34 + Vs
(
δs − δp

)2/RT (6)

where δs and δp are the solubility parameters of toluene (8.26) and natural rubber, which
are 8.26 and 8.91 cal0.5/cm1.5, respectively. R is the gas constant (cal/mol-K) and T is the
absolute temperature (K) [28,29].
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2.3.3. Microstructural Analysis Using Scanning Electron Microscope (SEM)

The foam morphologies of the samples were determined using a scanning electron
microscope (SEM). The samples were first surface-coated with gold using a sputter coater
to ensure good electrical conductivity between the samples and the aluminum stub, thus
preventing any charging effect during the observation. The SEM used was JEOL JSM-7500F
(Tokyo, Japan). The acceleration voltage was set at 5 kV, and magnifications of ×50 and
×10,000 were used to observe the pore structure of the latex foam and the distribution of
silica filler in the rubber matrix. The average diameter of cells was measured using ImageJ
software (version 1.54g) from at least 300 different pores.

2.3.4. Fourier Transform Infrared Spectroscopy Analysis (FTIR)

The chemical functional groups of the foam rubber samples were determined using
attenuated total reflection Fourier transform infrared (ATR-FTIR) spectroscopy with a
VERTEX 70 FT-IR spectrometer (Waltham, MA, USA). The foam rubber samples, sized
10 mm square with a 10 mm thickness, were placed on a Ge crystal probe and analyzed in
the wave number range of 4000–600 cm−1.

2.3.5. Compression Set

In the compression test according to the ASTM D3574 standard, the specimen size
was 50 ± 1 mm (2-inch) square with a thickness of 25 ± 1 mm (1 inch). The samples were
compressed by using a force transducer to reduce the thickness of the original sample to
50% and placed in an oven at a temperature of 70 ◦C ± 1 ◦C for 22 h, then the samples were
taken out of the oven and the transducer and stayed in the atmosphere for 30 min. Then, the
thickness of samples was measured. Figure 2 shows the schematic diagram for the test of
the compression set. Three samples of each type were tested and the average was reported.
The thickness measured was calculated by using the following two equations [30,31]:

Cd = [( t0 − t1)/t0 ]× 100 (7)

recovery percentage =
t1

t0
× 100 (8)

Figure 2. Schematic diagram for testing the compression set.

Cd is the calculated percentage expressing the permanent deformation in relation to
the total deformation, accounting for the transducer height (%). t0 is the original height or
thickness of the foam sample before compression, t1 is the height or thickness of the foam
sample after compression.

2.3.6. Hardness Test

A hardness test was conducted using the International Rubber Hardness Degree
(IRHD) tester, specifically the Wallace H14 Macro IRHD tester (Dorking, UK), in accordance
with ASTM D1415 standards [32]. Specimens were precision-cut to dimensions of 10 mm in
thickness, forming squares with sides measuring 20 mm at a controlled room temperature
of 23 ◦C. For each specimen, hardness measurements were taken at five distinct points
distributed across the surface. The median value of these measurements, rounded to the
nearest IRHD, was calculated to determine the final hardness value. This approach ensures
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a representative and accurate characterization of the material’s hardness based on multiple
points on each specimen.

2.3.7. Percentage Shrinkage

The percentage shrinkage was determined in accordance with the standard of ASTM
D1055 [33] by measuring the dimensions of the sample. All sides, including width, length,
height, and the height of the center, were measured. The percentage shrinkage was calcu-
lated by comparing the changes in these dimensions between the sample after vulcanization
and the dimensions of the mold. The equation below was used to calculate the percent-
age shrinkage:

Percentage shrinkage =

(
X1 − X2

X1

)
× 100 (9)

where X1 = dimension of sides (cm), X2= dimensions of sides of rubber after vulcanization.

3. Discussion and Results

The experiment was divided into two major parts for analysis. The first part investi-
gated different types of silica, including fumed and precipitated silica, with a focus on both
hydrophilic and hydrophobic varieties, as well as particle size. These factors were found to
influence foam morphology. The second part studied the impact of silica content on the
vulcanization of the latex foam produced using the Dunlop process.

3.1. Microstructural Analysis

The surface morphologies of the latex foams were examined using SEM, as shown in
Figure 3. The figure illustrates the structures of the foam samples produced by different
types and concentrations of silica. According to Figure 3, it is evident that a higher
concentration of silica results in a smaller cell size and a more uniform distribution of
the cell structure. At a concentration of 1 phr, the SEM results demonstrate that the BET
specific surface area and hydrophobicity/hydrophilicity of the silicas play a decisive role in
determining the foam microstructure. Latex foams containing fumed hydrophobic silicas,
such as Reolosil DM30 and Aerosil R972, exhibited a mixture of larger and smaller pore
sizes; while fumed hydrophilic silica (Aerosil 200) and precipitated silica (Sipernat 22S)
produced predominantly medium and smaller pore sizes (Figure 3). Increasing the silica
concentration to 2 phr made the distinctions between the silica types less pronounced, as all
the silicas were able to effectively promote a finer and more uniform cellular structure in the
latex foam [34,35]. After mixing with natural rubber, it increased the viscosity of the rubber
mixture, which reduced the bubble size during the foaming process [36]. Furthermore, a
higher concentration of silica increased the nucleation sites for bubble formation, leading to
the formation of a larger number of smaller bubbles, rather than fewer larger ones [37,38].

The ImageJ program was used to analyze the cell diameters, as shown in Figure 4.
Fumed silica, Aerosil R972, has the smallest average pore diameters at both 1 phr and
2 phr concentrations. By contrast, fumed silica, Reolosil DM30, has the largest average
pore diameter in both concentrations. These results suggest that particles with a larger
BET specific surface area tend to produce larger average pore diameters. However, the
hydrophilic fumed silica, Aerosil 200, which has nearly the same BET specific surface area
as Reolosil DM30, resulted in smaller average pore diameters. Specifically, the average
pore diameter of Aerosil 200 was 38.1 ± 1.3 μm at 1 phr and 29.8 ± 2.3 μm at 2 phr. With
regard to Reolosil DM30, the average pore diameters were 40.8 ± 7.9 μm at 1 phr and
34.9 ± 2.0 μm at 2 phr. The precipitated silica, Sipernat 22S, which has a similar BET specific
surface area, exhibited slightly different average pore diameters (40.3 ± 1.4 μm at 1 phr
and 32.8 ± 1.7 μm at 2 phr) compared to hydrophobic fumed silica, Reolosil DM30.
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(a) (b) (c) 

(d) (e) (f) 

(g) (h) (i) 

Figure 3. SEM image of natural latex foam (a) without silica, (b) with DM30 at 1 phr, (c) with DM30
at 2 phr, (d) with Aerosil R972 at 1 phr, (e) with Aerosil R972 at 2 phr, (f) with Aerosil 200 at 1 phr,
(g) with Aerosil 200 at 2 phr, (h) with Sip22s at 1 phr, and (i) with Sip22s at 2 phr. SEM images of
foam rubber at 50× magnification. A 100 μm scale bar is included for reference.

There were slight differences between hydrophobic and hydrophilic types in the
average pore diameters of silica. However, the pore structures of the foam rubber were
distinct, as can be seen from Figure 3. While increasing the silica concentration resulted
in smaller and more uniform cell sizes overall, there was notable variability between
different silica types, particularly at 1 phr concentrations. Fumed hydrophobic silicas, such
as Reolosil DM30, exhibited a broader range of pore sizes, reflected in larger standard
deviations. By contrast, the hydrophilic fumed silica, Aerosil 200, and the precipitated
silica, Sipernat 22S, produced more consistently sized, smaller pores.

From the SEM figures at 10,000× magnification, as shown in Figure 5, the hydrophobic
fumed silica was observed to disperse more evenly within the natural rubber matrix
compared to the hydrophilic fumed silica. The hydrophilic silica showed more pronounced
aggregation, suggesting that hydrophobic silica had better compatibility with the natural
rubber matrix [38]. Additionally, it can be seen that the BET surface area of the silica
particles is a critical factor in their distribution within the rubber matrix. Silica particles
with a larger BET surface area tended to have better dispersions [39].
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Figure 4. Average pores diameter of silicas (a) without silica, (b) with DM30 at 1 phr, (c) with DM30
at 2 phr, (d) with Aerosil R972 at 1 phr, (e) with Aerosil R972 at 2 phr, (f) with Aerosil 200 at 1 phr,
(g) with Aerosil 200 at 2 phr, (h) with Sip22s at 1 phr, and (i) with Sip22s at 2 phr.

Note: SEM images at 50× magnification were captured with a 100 μm scale bar in Figure 3
for accurate interpretation of the pore structures, while SEM images at 10,000× magnification
were captured with a 1 μm scale bar in Figure 5 to provide detailed visualization of
silica dispersion.

3.2. FTIR

ATR-FTIR spectroscopy was used to analyze the chemical interactions between nat-
ural rubber and different types and concentrations of silica (Figure 6). While the FTIR
spectra did not reveal the presence of new functional groups across different silica types,
variations in the intensity of existing peaks were observed, indicating possible physical
interactions between silica and the rubber matrix. A band was observed at 1084 cm−1,
corresponding to C–O–Si stretching vibrations. The presence of this band, even though
subtle, suggests possible interactions between the silica particles and the natural rubber
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matrix [40]. These changes in peak intensity, rather than the appearance of new peaks,
imply that the interactions are likely physical rather than chemical in nature at the tested
silica concentrations.

 

(a) (b) 

(c) (d) 

Figure 5. Morphology of the distribution of silicas in natural rubber. (a) DM30 at 2 phr, (b) Aerosil
R972 at 2 phr, (c) Aerosil 200 at 2 phr, and (d) Sip22s at 2 phr. SEM images of foam rubber at 10,000×
magnification. A 1 μm scale bar is included for reference.

 
(a) (b) 

Figure 6. FTIR results of latex foam with different types of silica at 1 phr (a) and with different
concentrations of silica (b).
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Additionally, the peak intensity at 3469 cm−1, associated with the vibrations of hy-
droxyl groups (O-H), was notably higher in samples containing hydrophilic silicas, such
as Aerosil 200 and precipitated, Sipernat 22S. This is consistent with their higher surface
hydroxyl group density. Conversely, the hydrophobic silicas (Aerosil R972 and Reolosil
DM30) exhibited a lower intensity in this region, which aligns with their lower hydroxyl
group content. This distinction between hydrophilic and hydrophobic silicas reflects the ex-
pected behavior of these materials, where hydrophobic silicas have fewer surface hydroxyl
groups due to their treatment to reduce moisture affinity.

The changes in peak intensities support the idea that silica interacts with the natural
rubber matrix in a physical manner, affecting the overall dispersion of the silica within the
rubber. The better dispersion of hydrophobic silicas, such as Aerosil R972 and Reolosil
DM30, likely contributes to the improved mechanical properties observed in these samples.
It is also important to note that FTIR’s sensitivity may not be sufficient to detect more
subtle interactions at the low silica concentrations used in this study. Therefore, while
no significant chemical bonding was detected between the silica and natural rubber, The
observed variations in peak intensities at specific wavenumbers (1084 cm−1 and 3469 cm−1)
indicate that physical interactions significantly influence the performance of the silica-filled
rubber foam [41].

3.3. Foam Density

Figure 7 shows the densities of different types of silica with different contents. The
density of the foam samples increased linearly with the increase in silica content for all types
of silica. The highest density was observed for the samples containing 2 phr of Reolosil
DM30 hydrophobic fumed silica (0.120 ± 0.005 g/cm3), followed by those with 2 phr of
Aerosil 200 hydrophilic fumed silica (0.119 ± 0.006 g/cm3), then 2 phr of Aerosil R972
hydrophobic silica (0.113 ± 0.003 g/cm3), and finally 2 phr of Sipernat 22S precipitated silica
(0.110 ± 0.004 g/cm3). The density of the non-silica foam rubber was 0.100 ± 0.002 g/cm3.
The differences in density between the samples can be attributed to the ability of the silicas
to create a finer and more uniform cellular structure, as observed in the SEM images. The
higher the silica loading, the greater the reinforcement of the rubber matrix, leading to
higher foam densities [42,43].

Figure 7. Density of different types of silica.

3.4. Crosslink Density

The crosslink density of unfilled and silica-filled samples was estimated using the
swelling method in toluene solvent, as shown in Figure 8. The swelling rate of samples

107



Polymers 2024, 16, 3076

with different silica loadings was nearly uniform, suggesting that the loading of silica had
minimal influence on the swelling rate [44]. Despite slight differences in crosslink density,
it can be observed that higher silica loadings corresponded to higher crosslink densities.
The addition of silica promoted the dispersion of the vulcanization system in latex. During
the mixing process of silica and latex, the fusion of rubber molecular chains with silica
occurred, enhancing the crosslinking uniformity and efficiency [45].

 

Figure 8. (a) Crosslink densities of different types of silica, (b) swelling ration of different types of silica.

At a silica concentration of 1 phr, the crosslink density was comparable to that of
the non-silica sample. However, with increasing silica concentrations, crosslink density
also increased. This is because the rubber cells decreased while the silica cells increased,
leaving some silica cells unswollen. The crosslink density of non-silica foam rubber was
(11.0 ± 0.2) × 10−3 mol/cm3. Among the types of silica, the fumed silica, Reolosil DM30,
exhibited the highest crosslink density values (11.6 ± 0.6) × 10−3 mol/cm3 due to its high
BET surface area and hydrophobic properties.

Hydrophobic silica particles, such as Reolosil DM30, repel water and have a higher
affinity for non-polar solvents [46,47]. When incorporated into a rubber matrix, hydropho-
bic silica is less likely to interact with water molecules and may instead interact with
non-polar segments of the rubber chains. This interaction promotes the formation of
crosslinks between polymer chains during vulcanization, resulting in a higher crosslink
density compared to systems without silica or with hydrophilic silicas [48].

Although the precipitated silica, Sipernat 22S, has a lower specific surface area, its
higher bulk density compared to all three types of fumed silica can affect crosslink den-
sity [39]. A higher bulk density reduces cell space, resulting in higher silica cell concen-
trations. This suggests that the properties of silica, including surface chemistry and bulk
density, play crucial roles in influencing crosslink density within rubber composites.

3.5. Compression Set

The compression set values, as shown in the above figures, varied with silica loading
(0, 0.5, 1, 1.5 and 2 phr) across the four different types of silica. It was observed that the
compression set values increased with higher silica loading. The hydrophobic fumed silica,
Reolosil DM30, exhibited the highest values, followed by the hydrophobic fumed silica,
Aerosil R972, the hydrophilic precipitated silica, Sipernat 22S, and finally the hydrophilic
fumed silica, Aerosil 200.

Compression set values serve as an indicator of the elasticity of the latex foam, with
lower values indicating higher elasticity and ability to return to its original shape [49]. The
compression set value of the non-silica sample was the highest (24.0% ± 0.7%), due to the
unevenly distributed pore characteristics within the rubber matrix [50,51]. By contrast,
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silica-reinforced latex foam exhibited a more even distribution of cells. The increased
amount of silica affected the rubber matrix, resulting in foam rubber with smaller and
evenly arranged rubber cells. The hydrophobic fumed silica, Reolosil DM30, with its high
specific surface area, influenced the performance of the reinforced rubber foam. A larger
BET typically results in a higher contact area between rubber cells and silica, meaning
stronger interaction between the silica filler and natural rubber, potentially leading to lower
compression set properties. This means that the foam rubber retains its shape better after
compression [7,12]. Conversely, a lower specific surface area may reduce the propensity for
agglomeration, thus enhancing the compression set properties. At 2 phr, the compression
set of Reolosil DM30 was 12.0% ± 1.0%, while Aerosil R972, another hydrophobic fumed
silica with a lower BET, had a compression set value of 14.0% ± 0.6% (Figure 9).

 

Figure 9. (a) Compression set of different types of silica; (b) recovery percentage of different types
of silica.

Additionally, hydrophilic silica has a higher affinity for water and may retain water
molecules within the material. This water absorption can lead to swelling of the rubber
matrix, affecting its elastic recovery properties. Consequently, rubber composites con-
taining hydrophilic silica may exhibit higher compression set values due to increased
permanent deformation under compression. This is reflected in the results: at 2 phr, Aerosil
200, a fumed silica with hydrophilic nature, had the highest compression set value of
17.9% ± 0.6% because of its poorer and more uneven, porous distribution [48], as shown in
Figure 3. Similarly, the compression set of precipitated silica, which is also hydrophilic in
nature, had a higher compression set value (14.8% ± 0.8%) than both hydrophobic silicas.

3.6. Hardness

Increasing the loading of silica in rubber composites typically results in increased
hardness, as demonstrated in Figure 10. Non-silica foam exhibited a hardness value of
45.0 ± 1.3 IRHD, and by incorporating silica into the rubber, the hardness of the foams
increased accordingly. As silica loading increases, more filler particles disperse throughout
the rubber matrix. The addition of silica contributes to reducing the size of bubbles or
cells within the foam structure. This reduction in cell size is facilitated by the increased
surface area available for interaction between the silica particles and the rubber chains [52].
Consequently, stronger interfacial adhesion forms between the silica particles and the
rubber matrix. With higher silica loading, the foam structure allows less space between the
rubber cells, leading to a denser foam structure. This densification significantly contributes
to increased hardness [50]. By minimizing the space between cells, the foam becomes less
compressible and more resistant to deformation.
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Figure 10. Hardness of different types of silica with different contents.

A comparison of different silica fillers revealed that the hydrophobic silica, particularly
Reolosil DM30 and Aerosil R972, exhibited the highest enhancement in rubber properties
compared to the hydrophilic silica, Sipernat 22S and Aerosil 200. At a concentration
of 2 phr, Aerosil R972 and Reolosil DM30 demonstrated hardness values of 51.0 ± 2.0
IRHD and 52.0 ± 2.1 IRHD, respectively, while Sipernat 22S and Aerosil 200 exhibited
hardness values of 48.5 ± 2.4 IRHD and 48.0 ± 2.4 IRHD, respectively. One significant
factor contributing to this observation is the BET surface area of the silica fillers. Reolosil
DM30, known for its hydrophobic nature, possesses the highest BET surface area among
the tested silica fillers. The higher BET surface area allows for a greater number of active
sites to be available for interaction with the rubber matrix, promoting stronger filler–matrix
adhesion and ultimately resulting in increased hardness [38,53].

3.7. Percentage Shrinkage

Figure 11 depicts the percentage shrinkage of latex foam for four distinct silica concen-
trations. It is evident that the various silica concentrations resulted in different percentage
shrinkage values. The addition of silica led to a notable reduction in the shrinkage of the
center height in comparison to non-silica rubber. However, the height and length of the
samples exhibited a gradual increase in percentage shrinkage with higher silica loadings.
In the width dimension, there was no clear trend, but adding silica loadings at 0.5 and 1 phr
could reduce the percentage shrinkage. An intriguing observation was made regarding the
height of the center, where the percentage shrinkage exhibited a decreasing trend as the
silica loadings increased. The samples’ height and length were smaller and shorter with
higher silica loadings, but the center of the samples showed an opposite trend, with the
height being greater.

This phenomenon of shrinkage may be attributed to the rubber’s relatively low resis-
tance to swelling in solvents and incomplete foaming rates, resulting in varying densities of
the rubber [54]. Furthermore, variations in the quantity of the solids and the types of chem-
icals employed in the formula, including the foaming agent, can give rise to uncertainties
in the mechanical properties of the rubber and affect the percentage of shrinkage [55].

In this experiment, the incorporation of silica as a filler resulted in a reduction in the
percentage shrinkage of rubber in the compound. The incorporation of silica as a powder
is effectively linked with rubber particles, resulting in a thicker and harder rubber matrix.
Consequently, as the silica loadings increased, the shrinkage percentage decreased due to
the densification and reinforcement effects of silica on the rubber matrix [56].
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Figure 11. Percentage shrinkage of different types of silica compared with sides of sample: (a) width;
(b) length; (c) height; and (d) height of center.

4. Conclusions

This study investigated the influence of different types and concentrations of silica
as fillers, including hydrophilic and hydrophobic fumed silicas, as well as precipitated
silica, on the properties of natural rubber foam produced using the Dunlop process. The
physical properties, swelling, hardness, and shrinkage behavior of the natural rubber foam
were determined. Four different types of silica were added to the rubber formulation with
loadings ranging from 0 to 2 phr. The results indicated that the incorporation of silica
fillers—both fumed and precipitated—could be evenly distributed in the rubber matrix.
Hydrophobic fumed silicas exhibited better dispersion and enhanced the physical and
mechanical properties of the natural rubber foam. In the SEM analysis, it was observed
that the hydrophobic silicas had a more homogeneous dispersion and integration with the
rubber matrix, leading to improved reinforcement and physical/mechanical performance
compared to the hydrophilic silica. Even with a lower specific surface area (BET), the
hydrophobic fumed silica, Aerosil R972, was still better dispersed compared to hydrophilic
silica with a higher BET. Increasing loadings of silica had a noticeable effect on the porosity
of the foam rubber; higher silica loadings resulted in smaller foam pores due to an increase
in crosslink density as the silica concentration increased, which led to a more consistent
pore structure in the foam rubber matrix. By contrast, a lower specific surface area made
the average pore diameter smaller, as observed with the hydrophilic fumed silica, Aerosil
200 (29.4 ± 1.7 μm). Higher loadings of silica also increased the foam density and hardness.
The compression set decreased as silica loading increased, meaning the foam rubber could
recover its original shape better when silica filler was added. Hydrophobic fumed silica
with a higher specific surface area, Reolosil DM30, provided the best overall reinforcement
and improvement in the properties of natural rubber foam. Even with its lower specific
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surface area, the hydrophobic fumed silica, Aerosil R972, still resulted in greater hardness
and recovery percentages compared to hydrophilic silica. However, excessive silica loading
resulted in an increase in the shrinkage of the foam, except for the height of the center foam,
which showed a decrease in shrinkage. In this experiment, the Dunlop process was used as
the foaming method. Loadings of silica higher than 2 phr were not suitable, as excessive
fillers impaired the foaming process and prevented some silica from mixing well with the
natural rubber. FTIR spectra analysis was used to try to confirm the chemical interaction
between silica and natural rubber. However, the results of the FTIR analysis were not clear
enough to identify differences in the chemical bonds between hydrophobic and hydrophilic
silica and natural rubber, as the silica loading was too low. It only showed a lower peak of
the O-H band in hydrophobic silica compared to hydrophilic silica.
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Abstract: A new approach to developing structural sodium batteries capable of operating in ambient-
temperature conditions has been successfully achieved. The developed multifunctional structural
electrolyte (SE) using poly(ethylene oxide) (PEO) as a matrix integrated with succinonitrile (SN)
plasticizers and glass-fiber (GF) reinforcements identified as GF_PEO-SN-NaClO4 showed a tensile
strength of 32.1 MPa and an ionic conductivity of 1.01 × 10−4 S cm−1 at room temperature. It
displayed a wide electrochemical stability window of 0 to 4.9 V and a high sodium-ion transference
number of 0.51 at room temperature. The structural electrode (CF|SE) was fabricated by pressing
the structural electrolyte with carbon fibers (CFs), and it showed a tensile strength of 72.3 MPa. The
fabricated structural battery half-cell (CF||SE||Na) demonstrated good cycling stability and an
energy density of 14.2 Wh kg−1, and it retained 80% capacity at the end of the 200th cycle. The
cycled electrodes were observed using scanning electron microscopy, which revealed small dendrite
formation and dense albeit uniform deposition of the sodium metal, helping to avoid a short-circuit
of the cell and providing more cycling stability. The developed multifunctional matrix composites
demonstrate promising potential for developing ambient-temperature sodium structural batteries.

Keywords: structural sodium batteries; structural energy storage; multifunctional materials;
fiber-reinforced composites; plasticizers; carbon-fiber electrode

1. Introduction

The transportation sector, which is largely reliant on fossil fuels for energy, results
in large greenhouse gas emissions that contribute to climate change effects. These effects
could be mitigated by transitioning to e-mobility. It is necessary to achieve this transition in
the European Union (EU) by 2035, according to the proposed Green Deal [1]. Though the
automobile sector is in the phase of transition to electric vehicles from conventional fossil
fuel-based vehicles, the aviation sector has much catching up to do. The implementation
plan to achieve zero emissions in the aviation sector has been put forward, and the deadline
is set for 2050 [2,3].

The current key technology for energy storage in the e-mobility sector is mostly based
on Li-ion batteries. As the demand for electric vehicle range increases, it leads to an increase
in the battery mass to compensate for the increased energy density requirements. As the
vehicle structure and battery remain separated, it contributes to an overall increase in the
vehicle mass and reduced energy efficiency. For example, the total battery pack mass for a
standard-range (54 kWh version) Tesla Model 3 is 324 kg, or 18.4% of the car mass, whereas,
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for the long-range model (75 kWh version), the battery mass is increased to 480 kg, or 26.3%
of the mass of the car [4]. A possible solution to mitigate such a problem is to integrate the
battery within the structure, i.e., to view the battery as a function rather than as a separate
component [5]. Such a multifunctional structure with integrated energy storage capability
is called a structural battery, and it has the potential to provide massless energy storage,
high performance, high overall efficiency, and increased vehicle utility space [6].

The integration of batteries within the structure can be achieved in varied degrees
of integration (DOI), with DOI level 0 being the current-day electric vehicle architecture,
where the batteries and structure are totally separated. In DOI level I, the batteries are
integrated into the empty spaces within the structure, and in DOI level II, the thin film
battery is attached to the surface of the structure [7–9]. The complexity of the structural
battery design increases with higher DOI levels (III and IV), where true multifunctionality
is achieved, in which the battery is now seen as a function and cannot be separated from the
structure [10,11]. In higher DOI structural batteries, each component of the battery plays
multiple roles and contributes both to structural strength and ion storage and provides a
pathway for the movement of ions. The main challenges in achieving higher DOI designs
include the optimization of both the mechanical and the electrochemical properties of the
battery components. Currently, the reported energy density values of higher DOI structural
batteries are comparatively lower than conventional batteries by one or two orders of
magnitude, and typical values lie in the range of 1–50 Wh kg−1 [12]. The ultimate goal
of structural battery research is to achieve both high DOI and energy density to provide
massless storage and overall high energy efficiency.

Previous studies have used carbon-fiber (CF) electrodes in developing multifunctional
energy storage materials [12–15]. CF is interesting as it possesses both mechanical and
electrochemical properties and is also an important component for manufacturing com-
posites for transport applications [16,17]. In the state-of-the-art DOI III structural battery
architecture, carbon fibers are used as they contribute to the structural strength as rein-
forcements, act as electrodes, and store ions. Previous studies mainly focused on structural
battery designs based on lithium-ion intercalation into CF and investigated bi-continuous
phase-type electrolytes and all solid-state-type electrolytes with glass-fiber separators as the
multifunctional matrix material [14–19]. These materials contribute to structural strength
as well as facilitate ion transport.

In contrast, there are few structural battery architectures based on sodium-ion in-
tercalation into CF, thus requiring further investigation. This study addresses this gap
and investigates structural battery designs based on sodium-ion intercalation using all
solid-state composite-type electrolytes as multifunctional matrix materials. The most im-
portant consideration for designing sodium structural batteries lies in the way in which the
sodium-ion intercalates into carbon fibers. Lithium ion can intercalate in between graphitic
layers, edges, and lattice surfaces, whereas sodium ion mainly intercalates onto lattice
surfaces and in pores/defect sites of the carbon-fiber microstructure. Hard carbon possesses
such characteristic pores/defect sites that favor sodium-ion intercalation [12,17,20]. The
investigation of intermediate modulus (IM)-type carbon fibers reveals that they possess
a microstructure that resembles hard carbon, and hence, IM-type carbon fiber is used to
construct electrodes for sodium-ion intercalation in the present study [17,21].

The choice of polymer matrix plays a crucial role in the design of a multifunctional
matrix composite for structural batteries. In the present study, high-molecular-weight
poly(ethylene oxide) or PEO is chosen as a matrix for the preparation of solid polymer
electrolytes (SPEs). PEO has the unique advantages of good mechanical properties, high
safety, and a low glass transition temperature, and it offers good thermal, electrochemical,
and interfacial stability due to the high solubility of sodium salts [22,23]. Even though
PEO possesses many good characteristics, the room-temperature ionic conductivity of the
PEO-based electrolytes with alkali metal salts is significantly low. This is mainly due to the
crystalline nature of PEO [22,23]. The addition of inorganic active fillers has been proven
to reduce the crystalline nature of PEO and enhance ion transport [24,25].
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In a previous study of sodium-ion-based structural batteries involving the fabrication
of multifunctional composites using inorganic ceramic NZSP (Na3Zr2Si2PO12) nanoparticle
fillers, the battery showed good cycling stability and retained 80% capacity at the end
of 225 cycles. However, it operated at high temperatures [12]. Therefore, a strategy is
needed for designing a sodium structural battery for ambient-temperature operation.
Previous studies reported that the plastic crystalline phase of succinonitrile (SN) showed
high solubility for various salts due to its high polarity. The investigated electrolytes
displayed high ionic conductivities in a wide range of temperatures, with values reaching
3 × 10−3 cm−1 at 25 ◦C, which are two to three orders of magnitude higher than other
polymer-based matrices at 25 ◦C [26]. Furthermore, studies involving PEO-based matrices
with SN fillers also reported high ionic conductivities at room temperature [27–29]. These
results give the motivation for the present study to fabricate multifunctional composites
using SN as plasticizers.

This study reports the first-of-its-kind multifunctional composites fabricated using
all solid-state PEO-based electrolytes with succinonitrile (SN) plasticizers for ambient-
temperature sodium structural batteries. The composites are investigated for their multi-
functional performance. The structural electrolyte was prepared using a two-step approach,
where first, the polymer membrane or the composite solid electrolyte was prepared using a
solution-casting technique, and then it was reinforced with glass fibers to manufacture the
structural electrolyte (GF_PEO-SN-NaClO4). The structural electrolyte is a multifunctional
composite matrix material with the tasks of transferring mechanical loads and transporting
sodium ions. The glass-fiber reinforcement is done to further improve the mechanical
characteristics of the structural electrolyte, and it displayed a tensile strength of 32.1 MPa
and ionic conductivity of 1.01 × 10−4 S cm−1 at room temperature. The structural electrode
component was fabricated by laminating the prepared structural electrolyte with inter-
mediate modulus (IM) type carbon fibers, which showed a tensile strength of 72.3 MPa.
The fabricated structural battery half-cell (CF || GF_PEO-SN–NaClO4 || Na) provided a
typical energy density of 14.2 Wh kg−1 at 0.1 C rate, and the cycling performance tested at
0.9 C rate showed 80% capacity retention after 200 cycles.

2. Experimental Section

2.1. Materials and Methods

Chemicals and materials for the synthesis of structural electrolytes include poly (ethy-
lene oxide) (PEO (molecular weight (Mw) of 106 g mol−1), Sigma-Aldrich, Steinheim, Ger-
many), anhydrous acetonitrile(ACN with 99% purity, Sigma-Aldrich, Steinheim, Germany),
Succinonitrile (C2H4(CN)2, Sigma-Aldrich, Steinheim, Germany), sodium perchlorate salt
(NaClO4, Sigma-Aldrich, Steinheim, Germany), glass-fiber woven fabric with an aerial
weight of 163 g m−2 (Aero, R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany),
spread tow carbon fibers (CF) Tenax IMS65 24k tows with aerial weight of 55 g m−2 was
acquired from R&G Faserverbundwerkstoffe GmbH, Waldenbuch, Germany for the fabri-
cation of the structural electrode. Sodium (Na) metal sticks for the preparation of sodium
foils were purchased from Alfa Aesar, Karlsruhe, Germany. Siliconized (double-sided)
papers for preparing structural electrolytes and electrodes using a press were obtained as a
gift from Laufenberg GmbH, Krefeld, Germany.

2.2. Material Characterization and Analysis

The SEM (scanning electron microscopy using FEI, Thermo Fisher Scientific Inc., Dreie-
ich, Germany) and energy dispersive X-ray analysis (EDAX) techniques were used for study-
ing the morphology and characterizing the fabricated structural electrolyte and electrode.

2.3. Preparation of Polymer Membranes and Structural Electrolytes

The polymer membranes were prepared as described in the schematic drawing shown
in Figure 1a, and Figure S1 shows the complete process flow for the fabrication of structural
electrolytes. In the first step, the thin electrolyte membranes were prepared using the
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solution-casting technique. Initially calculated amounts of PEO and NaClO4 were added
to the (ACN) organic solvent in a sealed container and stirred for 4 h. The ratio of ethylene
oxide (-CH2-CH2-O-) to sodium ion (EO:Na+) is maintained at 15:1. Then various amounts
(30–40% by weight) of succinonitrile (SN) were added to the mixture, and it was sonicated
(using a Branson 250 Digital Sonifier, Branson, New Hampshire, USA) for 30 min and
further stirred for 12 h until a homogenous mixture is obtained. The solution is then
cast into a PTFE evaporation dish and set aside in the fume hood for 10 h until a layer
with a uniform surface and thickness is formed. The membranes so obtained are vacuum
dried for 24 h at 50 ◦C to evaporate the ACN solvent completely and to get thin polymer
membranes identified as PEO-SN–NaClO4 (Figure S2) with thickness measured to be
180 μm. In the second step, the glass fibers were reinforced and sandwiched between the
two thin polymer membranes (Figure 1a (step 2)) utilizing a press (Collins P500S press,
COLLIN Lab & Pilot Solutions GmbH, Maitenbeth, Germany) to fabricate the structural
electrolyte with a thickness of 360 μm. The pressing was carried out for 25 min at room
temperature and 0.2 MPa pressure. The adhesive nature of the thin polymer membrane
helps in achieving good integration with glass fibers. The glass-fiber-reinforced structural
electrolyte is identified as GF_PEO-SN-NaClO4 (Figure S2).

 

   

Figure 1. Cont.
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Figure 1. Multifunctional composite preparation and characterization: (a) schematic drawing showing
the manufacturing process of the structural electrolyte and structural electrode. SEM images: (b)
Polymer membrane PEO-SN–NaClO4. (c) cross-sectional view of the structural electrolyte GF_PEO-SN–
NaClO4. (d) cross-sectional view of the structural electrolyte CF || GF_PEO-SN–NaClO4. (e) structural
electrolyte surface after EDAX. (f) EDAX pattern for the structural electrolyte GF_PEO-SN–NaClO4. (g)
SEM–EDAX element mapping for the structural electrolyte.

2.4. Preparation of Structural Electrode

The structural electrodes were prepared by placing the structural electrolyte over a
layer of spread tow carbon fiber in between the siliconized papers to prevent sticking to
the press plates. It was then pressed at room temperature with 0.2 MPa pressure using
a Collins P500S press for 25 min, as depicted in Figure 1a (step 3). The adhesive nature
of the prepared structural electrolytes allowed seamless integration and bonding with
the carbon-fiber layer. Figure S3 shows both the top and bottom surfaces of the prepared
structural electrode.

2.5. Electrochemical Characterization and Analysis

The sodium-ion conductivities of the prepared electrolytes were evaluated using
electrochemical impedance spectroscopy (EIS) using the four-point electrode cell technique.
An RHD measuring cell TSC Battery (manufactured by RHD Instruments GmbH & Co.
KG, Darmstadt, Germany) with stainless-steel blocking electrodes was used to record the
EIS spectra. The electrolytes, with a size of 8 mm diameter, were used to make the EIS
recordings in the set frequency ranges from 1 Hz to 1 MHz, and the sinusoidal perturbation
was set to 10 mV in the Zahner potentiostat (Zhennium, Zahner-Elektrik GmbH & Co. KG,
Kronach, Germany).

The sodium-ion transference numbers were assessed using a symmetrical cell (Na ||
electrolyte || Na) prepared in the 2032-coin cell configuration (Figure S4). The AC–DC
(alternating current–direct current) polarization technique was used, where initially, a
10 mV AC polarization voltage was applied to the symmetrical cell, and the EIS spectrum
was recorded in the frequency range 1 Hz to 1 MHz. From the obtained Nyquist plot, the
charge transfer resistance (R0) was then calculated. A DC polarization voltage of 10 mV is
applied, and the chronoamperogram (which records the evolution of current with respect
to the applied DC polarization voltage) is observed until the current reaches a constant
steady-state value (ISS). The starting current (I0) in the current evolution is obtained from
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the experiment. The EIS spectrum was recorded once again, and the steady-state charge
transfer resistance (RSS) was calculated from the Nyquist plot [30].

The electrochemical stability window (ESW) of the fabricated electrolytes was eval-
uated using linear sweep voltammetry (LSV) using the prepared cells in asymmetric
configuration (SS || Electrolyte || Na) with stainless-steel (SS) electrode and sodium (Na)
foil counter electrode (Figure S4). A positive scan from 2.5 V to 6.5 V and a negative scan
from 2.5 V to 0 V was conducted with a scan rate of 1 mV s−1 at 30 ◦C.

2.6. Mechanical Characterization

The mechanical strength of the multifunctional components (structural electrolyte
and structural electrode) was assessed by performing tensile tests with a 5 kN load cell
(using Zwick-Roell universal testing machine, UTM). A high-quality 3D industrial camera
(ZEISS ARAMIS 3D, Carl Zeiss IQS GmbH, Oberkochen, Germany) setup was used to
capture precise strain measurements. To pixelate the samples with a stochastic black-and-
white pixel distribution, paint in a speckle pattern was used to cover the surface of the
sample, which was then exposed to the camera. This helps in more accurate elongation
measurements. All samples were prepared according to the ASTM D-638 Type V standard,
and the loading rate of the cell was set at 2 mm min−1.

2.7. Structural Battery Half-Cell Assembly and Testing

The structural battery performance was evaluated using the 2032-coin cell config-
uration (Figure S5). The fabricated structural battery (Na||GF_PEO-SN-NaClO4||CF)
consists of carbon fiber as a positive electrode and sodium foil as the counter electrode. For
the construction of the cell, a structural electrode with an 8 mm diameter was used, and a
disc-shaped sodium (Na) foil measuring 13 mm in diameter was positioned on top of the
electrolyte surface. The sodium foil was initially pressed firmly against the stainless-steel
(SS) spacer surface. A second SS spacer was placed below the structural electrode (carbon-
fiber surface) to serve as a current collector. The coin cell assembly was conducted inside
the glove box (in a strict protective environment with humidity of 0 ppm and oxygen of
0 ppm) using the MTI MSK-160E pressure adjustable electric crimper (manufactured by
MTI Corporation, Richmond, CA, USA). The cell was inserted into a Gamry dual 2032-coin
cell battery holder (Part number: 992-00159) and was charged–discharged galvanostatically
using the potentiostat Reference 3000 (Gamry LCC, Warminster, PA, USA). The capacity of
the structural battery was assessed based on the weight of the carbon fiber used.

3. Results and Discussion

Figure 1b,c depict the surface and cross-section of the structural electrolyte captured
using scanning electron microscopy (SEM). Figure 1b is magnified at 20,000×, while
Figure 1c is magnified at 1000×. SEM images were taken with a landing energy of 5000 V.
In Figure 1c, the cross-section image shows the glass-fiber reinforcements located between
the two electrolyte layers. Figure 1e displays the SEM image of the structural electrolyte
post-EDAX analysis (20,000× magnification, 15,000 V Landing energy), while Figure 1f
shows the EDAX pattern for the same. The EDAX was performed with the following
parameters (kV: 15, Magnification: 876; Angle of view: 35.6; Filter time (μs): 0.9; Resolution:
(eV) 126.9). Figure 1g displays the distribution of elements, with both the EDAX pattern and
SEM–EDAX mapping confirming the presence of SN plasticizers and sodium perchlorate
salt in the structural electrolyte. Figure 1d displays the structural electrode cross-section
through SEM imaging at a magnification of 2000, revealing the structural electrolyte with
embedded glass fiber above and the carbon-fiber electrode below.

3.1. Electrochemical Characterization of Structural Electrolyte

Some key factors of the multifunctional structural electrolyte to be considered for
structural battery application include ionic conductivity, ion transference number, the
electrochemical stability window, cycling stability, and mechanical property. The pre-
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pared electrolytes are initially evaluated for their sodium-ion conductivities using the
electrochemical impedance spectroscopy (EIS) technique, as explained in Section 2.

The ionic conductivities of the electrolytes are evaluated using the bulk resistance (Rb)
determined from the Nyquist plots (Figures 2a and S6). The value of Rb is determined
by where the Nyquist plot intercepts the real axis and is also evaluated using the EIS
equivalent circuit (as shown in Figure S7). The calculation for ionic conductivity is made
using Equation (1)

σ =
t

ARb
(1)

where t is the thickness of the electrolyte, and A is the geometrical contact area of the elec-
trolyte with the stainless-steel electrodes. The polymer composite electrolytes are prepared
using various proportions of PEO and the plasticizer succinonitrile (SN). The electrolyte,
composed of 55% PEO and 35% SN by weight, exhibited the highest ionic conductivity of
1.32 × 10−4 S cm−1 at room temperature, along with good structural integrity. Hence, this
is utilized for the fabrication of structural electrolytes. Though the electrolyte composition
with 50% PEO and 40% SN showed maximum ionic conductivity of 3.09 × 10−4 S cm−1 at
room temperature, the texture is too soft and not suitable for structural electrolyte prepa-
ration. Table S1 summarizes the room-temperature ionic conductivities of investigated
electrolyte compositions.

Figure 2a shows the Nyquist plots of the prepared structural electrolyte GF_PEO-SN–
NaClO4 and polymer membrane (with 55%PEO-35%SN) designated as PN-SN-NaClO4.
The structural electrolyte showed an ionic conductivity of 1.01 × 10−4 S cm−1 at room
temperature, suitable for ambient-temperature battery operation. However, it is lower than
PEO-SN-NaClO4 due to the presence of an insulative glass-fiber layer. The amorphous
nature of the electrolyte helps in maintaining high ionic conductivity even after glass-
fiber reinforcements. Figure 2b shows the Arrhenius profile of the electrolytes, and the
comparison of ionic conductivities of various prepared electrolytes is summarized in
Figure S8.

The linear sweep voltammetry (LSV) measurements were conducted using asymmetric
cells (SS || GF_PEO-SN–NaClO4 || Na) to evaluate the electrochemical stability window
(ESW) of the structural electrolyte. The positive scan was conducted from 2.5 V to 6.5 V,
while the negative scan ranged from 2.5 V to 0 V with a scan rate of 1 mV s−1 at room
temperature. The LSV curve for the structural electrolyte is shown in Figure 2c. The
structural electrolyte showed a wide ESW of 0 to 4.9 V, beyond which the current steadily
increases with each applied millivolt. The ESW was discovered to be greater than the
value obtained for pure PEO-NaClO4 (Figure S9), which is between 0 and 3.95 V [12]. This
indicates that both the addition of the SN plasticizer and the glass-fiber reinforcements
have widened the ESW due to their stabilization effects [31].

The transference ion number of the structural electrolyte (GF_PEO-SN-NaClO4) was
evaluated using the AC–DC experiments described in Section 2. The chronoamperogram
captured data for a 10 mV DC polarization voltage in Figure 2d, indicating values for initial
current (I0) and steady-state current (ISS). The EIS Nyquist plot (Figure S10) gives the initial
charge transfer resistance (R0) and the final steady-state resistance (RSS) before and after
applying DC polarization, respectively.

The transference ion number was obtained using Equation (2) [30].

tNa+ =
Iss(ΔV − I0R0)

I0(ΔV − IssRss)
(2)
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Figure 2. Electrochemical characterization: (a) EIS of structural electrolyte (GF_PEO-SN-NaClO4) and
PEO-SN-NaClO4 at room temperature. (b) Arrhenius plots of electrolytes from 30 ◦C to 45 ◦C.
(c) Linear sweep voltammetry (LSV) curve of Structural electrolyte GF_PEO-SN-NaClO4.
(d) Chronoamperogram or current response of Na || GF_PEO-SN-NaClO4 || Na symmetrical
cell to applied DC polarization. (e) Galvanostatic cycling of symmetrical cells Na||GF_PEO-SN-
NaClO4||Na for a current density of 0.1 mA cm−2. (f) Typical voltage profile of the Na||GF_PEO-
SN–NaClO4||Na cell from 50 to 56 h. (g) EIS of Na || GF_PEO-SN-NaClO4 || Na symmetrical cell
before and after cycling. (h) SEM image of the Na electrode for the Na||GF_PEO-SN-NaClO4||Na
cell after cycling at 5 μm range.
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The structural electrolyte exhibited a sodium-ion transference number of 0.51 at room
temperature, comparable to the reported value of 0.48 in the literature [29]. This high value
can be attributed to the addition of succinonitrile plasticizers and their ability to provide
sodium-ion pathways and to the addition of glass fibers, which augments sodium-ion
movement [19].

To assess the performance and cycling stability of the structural electrolyte, the sym-
metrical cell configuration (Na||GF_PEO-SN-NaClO4||Na) was galvanostatically charged
and discharged using a current density of 0.1 mA cm−2. Figure 2e displays the cycling
curves for the symmetrical cell, while Figure 2g shows the EIS Nyquist plots before and
after cycling. The cell displayed a high initial charge transfer resistance (RCT) value of
2010 Ω, which is evident in the initial voltage rise in the symmetrical cell (Figure 2e). The
localized sodium plating and unstable interface account for this early high RCT [32,33].
After approximately 20 h, the cell voltage drops as the interface stability improves, and a
structured voltage profile is displayed (as depicted in Figure 2f). The reduced RCT value of
1490 Ω obtained from the Nyquist plot (Figure 2g) indicates the stability of the interface. In
total, the cell operated continuously for 200 h, and the voltage profile between 50 and 56 h
is displayed in Figure 2f. Figure 2h, with a magnification of 25,000 and a landing energy of
10,000 V, depicts an SEM image of the Na electrode in the Na||GF_PEO-SN-NaClO4||Na
symmetrical cell after 200 cycles, illustrating compact yet uniform sodium depositions
with minor dendrites to prevent cell short-circuiting which is usually caused by larger
dendrite formations.

3.2. Mechanical Characterization of Multifunctional Composites

The tensile strength of the fabricated composites was determined by conducting
mechanical tests on the prepared structural electrolyte and electrode samples using a
tensile testing machine, as outlined in Section 2. A ZEISS ARAMIS industrial camera is
utilized to acquire accurate strain measurements during the test.

Figure S11 displays the strain measurements of the samples from the start point to
the maximum load point. The structural electrolyte’s tensile strength was assessed using a
5 kN load cell arrangement illustrated in Figure 3a. The stress–strain graph in Figure 3b
displays a maximum tensile strength of 32.1 MPa, which is attributed to incorporating glass
fibers into the production of the structural electrolyte. The average tensile stress measured
in the samples was 29.4 MPa, with a standard deviation of 5.73 MPa, as illustrated in
Figure S13. The Young’s modulus is determined to be 1.08 GPa. The anticipated result
showed that the tensile stress value is less than the 40.9 MPa reported in the prior study on
multifunctional polymer composite with NZSP nanoparticle fillers [12]. The main reason for
this is the incorporation of succinonitrile plasticizers, which increase the amorphous nature
of the matrix, resulting in a decrease in the overall tensile strength of the multifunctional
matrix composite.

The tensile test setup with a 5 kN load cell for the structural electrode is shown in
Figure 3c, while the stress–strain curve is shown in Figure 3d. The strain measurements of
the structural electrode sample are shown in Figure S12. The structural electrode material
exhibited a typical tensile strength of 72.3 MPa. The increase is due to the lamination
of carbon fiber onto the structural electrolyte. Figure S13 displays a mean tensile stress
of 76.6 MPa with a standard deviation of 9.6 MPa. The calculation of Young’s modulus
gives a value of 2.12 GPa. Once again, the structural electrode’s tensile strength is slightly
lower at 91.3 MPa than the previous value reported [12]. The primary reason for this is the
variation in the types of fillers utilized in these research studies. Figure S14 displays the
force–displacement curves for the different structural electrolyte and structural electrode
samples that were tested.
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Figure 3. Mechanical characterization: (a) Experimental setup for the tensile test of structural elec-
trolyte. (b) Typical stress–strain curve of structural electrolyte GF_PEO-SN-NaClO4. (c) Experimental
setup for the tensile test of structural electrodes. (d) Typical stress–strain curve of structural electrode
CF|| GF_PEO-SN-NaClO4.

3.3. Structural Battery Fabrication and Performance

The structural battery was fabricated as described in Section 2 in the 2032-coin cell
configuration (Figure S3), with spread tow carbon-fiber (CF) cathode and sodium metal
anode (CF || GF_PEO-SN-NaClO4 || Na). Figure 4a shows the cell’s charge-discharge
profiles at a 0.1 C rate from 0.2 V to 3 V, with a nominal voltage of 1.9 V during discharge.
The aerial weight of the carbon fibers (55 g m−2) was used for the computation of cell
capacities. The cell exhibited a high discharge capacity of 14 mAh g−1 in the first cycle
because of the stable formation of the solid interface layer (SEI), with a Coulombic efficiency
of 58% [34]. From successive cycles, the Coulombic efficiency improved significantly in
the range of 96–98%. The typical discharge capacity was found to be 7.5 mAh g−1, and the
corresponding energy density at 0.1 C rate was estimated to be 14.2 Wh kg−1. The energy
density of the current work is comparatively lower than our prior study on a PEO-based
multifunctional composite containing active NZSP nanoparticle fillers, which achieved an
energy density of 23 Wh kg−1. This is because NZSP is sodium-rich, and the vacant sites in
its solid-state structure aid in the diffusion of ions, contributing to high ionic conductivity
and higher energy density [12].
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Figure 4. Structural battery performance: (a) Charge-discharge profiles of CF || GF_PEO-SN-NaClO4

|| Na cell for 0.1 C rate. (b) Rate capability tests showing specific capacity Vs cycle number of CF
|| GF_PEO-SN-NaClO4 || Na cell at different C rates. (c) Stability tests showing charge-discharge
energy density and Coulombic efficiency Vs cycle number of CF || GF_PEO-NZSP–NaClO4 || Na
cell for 0.9C rate. (d) EIS of CF || GF_PEO-SN-NaClO4 || Na cell before and after cycling. (e) SEM
image of pure carbon-fiber electrode: (f) SEM image of carbon-fiber electrode after cycling. (g) SEM
image of Na electrode after cycling.

To assess the performance of the cell at different C rates, rate capability tests were
conducted. The cell was charged–discharged for 4 cycles at each C rate, and the energy
density vs cycle number plot is shown in Figure 4b. For 0.1 C, 0.9 C, and 1.2 C, the cell
displayed energy densities of 14.2 Wh kg−1, 5.5 Wh kg−1, and 2.6 Wh kg−1, respectively.
The energy density at 0.1 C rate remained fairly constant from the 13th to the 16th cycle.

These values reflect the current trends in DOI III structural battery design, with re-
ported energy densities ranging from 1 to 50 Wh kg−1 [12]. Table 1 summarizes and
compares the various reported energy densities for DOI III structural batteries with the
values reported in this study, while Figure S15 summarizes the energy density versus
elastic modulus plot of various DOI III structural battery designs [10,35–39]. The primary
difficulty in designing structural batteries is enhancing both their mechanical and electro-
chemical capabilities. In Figure 4c, the discharge profile for a 0.9 C rate is displayed along
with the Coulombic efficiencies measured for each cycle. The cell exhibited good cycling
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performance and could retain 80% capacity at the end of 200 cycles, and the Coulom-
bic efficiency remained high at 98% consistently after the 12th cycle once the structural
electrolyte-carbon-fiber interface was stabilized. The cell capacity degradation plot is
shown in Figure S16. The capacity degradation occurs because of the alteration in charge
transfer resistance (RCT), as seen in the EIS Nyquist plot in Figure 4d. At the start of the
initial cycle, the resistance of the RCT was 980 Ω, and by the conclusion of the 200th cycle,
it had risen to 2200 Ω, which can be attributed to the formation of sodium dendrites. Fig-
ure 4e (Magnification: 650; Landing Energy: 10,000 V) and Figure 4f (Magnification: 5000;
Landing Energy: 10,000 V) compare the SEM images of the carbon-fiber electrodes before
and after cycling, respectively, while Figure 4g (Magnification: 80,000; Landing Energy:
10,000 V) shows the Na electrodes after cycling. The formation of dendrites is evident from
these images. It is small with dense but uniform Na deposition (as shown in Figure 4g).
This helps in avoiding short circuits of the cell and enhances cycling stability. The cycling
stability of the structural battery could be further credited to the formation of a stable solid
electrolyte interphase (SEI) layer. It is expected that the cell energy density could be further
boosted by the treatment of carbon fibers and further stacking of cells, which is essential
for high energy density structural battery architectures, along with using less resistive
materials instead of glass fibers. Further steps in realizing the full structural battery cell
include the usage of suitable carbon fibers coated with sodium-abundant cathode material
instead of Na metal as an active material providing a sodium-ion source. In this case, the
carbon fibers will act both as electrodes and as current collectors. Such an architecture
is expected to provide pathways to design structural batteries capable of operating in
ambient-temperature conditions. Since succinonitrile plasticizers are used in the present
multifunctional composite system with a melting point of 58 ◦C, it is necessary to adapt
low-temperature curing resin systems for the manufacture of multifunctional structural
components using these multifunctional composites [40].

Table 1. Table showing the comparison of this work with reported structural electrolyte type and
typical energy density values for DOI III type structural batteries.

References Electrolyte Type Ion Type

Reported Values

C Rate
Specific Capacity

(Ah kg−1)
Energy Density

(Wh kg−1)

Liu et al. [10] Gel-polymer-type electrolyte Li-ion 0.05C DNA (a) 35

Meng et al. [35] Kevlar reinforced gel type electrolyte Li-ion DNA (a) DNA (a) 1.4

Thakur and
Dong [36]

Solid polymer-type electrolyte coated
on individual carbon fibers Li-ion 0.5C 23.4 7.6

Moyer et al.
[37]

Liquid electrolyte impregnated on
Celgard separator Li-ion 0.1C 30 35

Asp et al. [38] Bi-continuous phase-type electrolyte
with GF plain weave separator Li-ion 0.05C 8.55 23.6

Asp et al. [38] Bi-continuous phase-type electrolyte
with Whatman GF/A separator Li-ion 0.05C 4.13 11.6

Siraj et al. [39] Bi-continuous phase-type electrolyte
with GF plain weave separator Li-ion 0.05C 14.7 41.2

Siraj et al. [39] Bi-continuous phase-type electrolyte
with Whatman GF/A separator Li-ion 0.05C 9.82 25.9
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Table 1. Cont.

References Electrolyte Type Ion Type

Reported Values

C Rate
Specific Capacity

(Ah kg−1)
Energy Density

(Wh kg−1)

Iyer et al. [12]

PEO-based all-solid-state composite
structural electrolyte with NZSP

(Na3Zr2Si2PO12) nanoparticle fillers
embedded with glass-fiber woven

fabric separator

Na-ion 0.1C 10.8 23 *

This work

PEO-based all-solid-state composite
structural electrolyte with
succinonitrile (C2H4(CN)2)

plasticizer fillers embedded with
glass-fiber woven fabric separator

Na-ion 0.1C 7.5 14.2 *

* The energy density values mentioned here are for structural battery half-cells (testing of structural cathode with
sodium metal anode); (a) Data not available.

4. Conclusions

This work developed and characterized multifunctional composites suitable for de-
signing ambient-temperature sodium-ion structural batteries. Some of the key findings are
summarized below:

• The structural electrolyte (GF_PEO-SN-NaClO4) was fabricated using a poly(ethylene
oxide) (PEO)-based matrix with succinonitrile fillers, and it was reinforced with glass
fibers. This is important to achieve high tensile strength electrolytes suitable for
designing structural batteries.

• The mechano-electrochemical characterization of the structural electrolyte showed a
tensile strength of 32.1 MPa and an ionic conductivity of 1.01 × 10−4 S cm−1 at room
temperature. It displayed a wide electrochemical stability window of 0 to 4.9 V and
a high sodium-ion transference number of 0.51. The multifunctional performance
shown by the electrolyte shows its capability to both transport ions (which is neces-
sary for energy storage functionality) and to withstand applied loads necessary for
structural integrity.

• The structural electrode (CF || GF_PEO-SN–NaClO4) component was fabricated
by pressing the intermediate modulus carbon fibers (possessing hard carbon type
microstructures) with the prepared structural electrolyte to boost sodium-ion storage
capabilities. It exhibited a considerable tensile strength of 72.3 MPa.

• To investigate sodium-ion insertion capabilities, the structural battery (CF || GF_PEO-
SN–NaClO4 || Na) was fabricated, and its performance was tested. It provided a
typical energy density of 14.2 Wh kg−1 at 0.1 C rate, tested for cycling performance,
showed good cycling stability, and retained 80% capacity at the end of 200 cycles. The
microstructure analysis of the cycled electrodes using scanning electron microscopy
revealed small dendrite formation, but the small, uniform Na metal deposition avoided
cell short circuits and hence ensured good cycling stability.

The fabricated composites (structural electrolyte and electrode) showed multifunctional
characteristics necessary for the design of ambient-temperature sodium-ion structural batteries.

Supplementary Materials: The following supporting information can be downloaded at: https:
//www.mdpi.com/article/10.3390/polym16192806/s1, Figure S1: Process chain for the preparation
of structural electrolyte; Figure S2: Images showing prepared electrolytes samples; Figure S3: Im-
ages of prepared structure electrode samples; Figure S4: Coin Cell assembly for asymmetrical and
symmetrical cells; Figure S5: Cell assembly for structural battery half-cell; Figure S6: EIS Nyquist
plots of solid polymer electrolytes (SPE) with varying amounts of PEO and SN; Figure S7: Electro-
chemical impedance spectroscopy (EIS) equivalent circuit for the various electrolytes; Figure S8: Ionic
conductivities of electrolytes at different temperatures; Figure S9: Linear sweep voltammetry (LSV)
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curves of PEO-NaClO4 membrane; Figure S10: EIS Nyquist plots of Na || GF_PEO-SN-NaClO4 ||
Na with applied ac perturbation before and after dc polarization; Figure S11: Images from GOM
viewer showing the strain measurement on the surface of the structure electrolyte; Figure S12: Im-
ages from GOM viewer showing the strain measurement on the surface of the structural electrode;
Figure S13: Mean and standard deviation values of tensile strength for the structural electrolyte
and structural electrode using five samples; Figure S14: Force–displacement curves of Structural
electrolyte (GF_PEO-SN–NaClO4) and Structural electrode (CF || GF_PEO-SN–NaClO4); Figure S15:
Reported cell level energy density and elastic modulus of various structural battery architectures
with literature references; Figure S16: Percentage cell capacity retention versus cycle number for the
CF || GF_PEO-SN–NaClO4 || Na cell; title; Table S1: Table showing the ionic conductivities of
various polymer electrolyte compositions at room temperature (25 ◦C).
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Abstract: Energy harvesting systems fabricated from rubber composite materials are promising due
to their ability to produce green energy with no environmental pollution. Thus, the present work
investigated energy harvesting through piezoelectricity using rubber composites. These composites
were fabricated by mixing titanium carbide (TiC) and molybdenum disulfide (MoS2) as reinforcing
and electrically conductive fillers into a silicone rubber matrix. Excellent mechanical and electrome-
chanical properties were produced by these composites. For example, the compressive modulus was
1.55 ± 0.08 MPa (control) and increased to 1.95 ± 0.07 MPa (6 phr or per hundred parts of rubber of
TiC) and 2.02 ± 0.09 MPa (6 phr of MoS2). Similarly, the stretchability was 133 ± 7% (control) and
increased to 153 ± 9% (6 phr of TiC) and 165 ± 12% (6 phr of MoS2). The reinforcing efficiency (R.E.)
and reinforcing factor (R.F.) were also determined theoretically. These results agree well with those of
the mechanical property tests and thus validate the experimental work. Finally, the electromechanical
tests showed that at 30% strain, the output voltage was 3.5 mV (6 phr of TiC) and 6.7 mV (6 phr of
MoS2). Overall, the results show that TiC and MoS2 added to silicone rubber lead to robust and
versatile composite materials. These composite materials can be useful in achieving higher energy
generation, high stretchability, and optimum stiffness and are in line with existing theoretical models.

Keywords: titanium carbide; molybdenum disulfide; silicone rubber; reinforcing efficiency;
electromechanical properties

1. Introduction

Piezoelectric energy harvesting is a novel technique that can convert kinetic energy
into an electric charge using piezoelectric materials. Integrating this technology into com-
posite materials leads to multifunctional possibilities, such as creating flexible, durable,
stretchable, and lightweight materials [1]. Piezoelectric materials commonly involve ce-
ramics like lead zirconate titanate (PZT) and polymer matrices like polyvinylidene fluoride
(PVDF). For rubber composites, dielectric rubbers like silicone rubber are mixed with
piezoelectric fillers like PZT [2,3]. This integration allows the composite to maintain the
flexibility and durability of the rubber while gaining the ability to harvest energy. There
are various applications for piezoelectric rubber composites. They include wearable elec-
tronics, structural health monitoring, energy harvesting mats, and automobile applications.
Wearable electronics are used in power sensors and portable electronics through human
motion [4]. Energy harvesting mats are embedded flooring materials that capture energy
from foot traffic. This mechanical energy, obtained through a foot press, is converted from
footsteps into electric power [5]. However, there are various limitations to using these
rubber composites for energy harvesting. These include poor efficiency, a low coupling
coefficient, low power density, scalability, and integration [6]. Thus, seamlessly integrat-
ing these composites into existing systems and ensuring their compatibility with other

Polymers 2024, 16, 2058. https://doi.org/10.3390/polym16142058 https://www.mdpi.com/journal/polymers130



Polymers 2024, 16, 2058

materials and components is crucial before commercialization. Overall, this piezoelectric
energy harvesting system with rubber composites provides a promising area for research
and development, with potential applications across various industries [7].

The mechanical properties of these piezoelectric rubber composites are crucial for their
performance and multifunctional applications. These properties determine the composite
material’s behavior under mechanical deformation. They also determine the ability of these
composites to maintain their piezoelectric features under cyclic mechanical deformation [8].
Many mechanical parameters, such as the modulus, tensile strength, fracture toughness, and
elongation at break, are critical for the overall performance of the composite. For example,
for piezoelectric rubber composites, achieving a balance between flexibility (low elastic mod-
ulus) and sufficient mechanical strength is essential [9,10]. Moreover, the tensile strength
and elongation at break are critical for applications that involve stretching or bending,
ensuring that the composite can endure mechanical stress without failure. These mechanical
properties are influenced by various factors. These factors include the filler loading, the type
of rubber matrix, filler dispersion, filler–rubber compatibility, and filler–rubber interfacial
interactions [11]. A balance among these factors is required to obtain robust energy harvest-
ing performance. Overall, understanding and optimizing these mechanical properties of
piezoelectric rubber composites is crucial for their effective application in various fields.
These applications include strain sensors, actuators, and smart textiles [12].

The electromechanical properties of piezoelectric rubber composites are character-
ized by the interaction between mechanical deformation and an electrical response. This
piezoelectric effect can be direct or inverse depending upon the required application [13].
The direct effect converts mechanical deformation into an electrical response, such as in
energy harvesting. However, the inverse effect converts electrical energy into mechanical
displacement, as in actuators. Moreover, mechanical properties such as stiffness, flexibility,
stretchability, and fatigue resistance are very important in influencing the electromechani-
cal properties [14]. Various key factors influence the electromechanical properties. These
are the nature of the piezoelectric material, the type of rubber matrix, filler dispersion,
filler–rubber interfacial adhesion, and filler–rubber compatibility [15]. For example, the
filler–rubber interfacial bonding assists in enhancing the stress transfer from the rub-
ber matrix to the filler particles when subjected to mechanical deformation. In addition,
filler–rubber compatibility is very important as it strongly influences the filler dispersion
and interfacial bonding in composites [16]. Moreover, the processing technique for the
fabrication of composites also critically influences the electromechanical behavior. Overall,
the electromechanical properties of piezoelectric rubber composites are critical to their func-
tionality and application potential. These applications include sensors, energy harvesting,
actuators, and health monitoring systems [17,18].

Various studies demonstrate the use of rubber composites for energy harvesting ap-
plications [19–22]. For example, Liu et al. [19] studied composites based on lead zirconate
titanate, graphene, and polydimethylsiloxane as a rubber matrix. The results show that a
high dielectric constant of 30 was achieved. These improved electrical properties helped
in achieving an output voltage of ~40 mV using a universal testing machine and ~3 V
through human motion. In another interesting study by Kumar et al. [20], the composites
were prepared by mixing silicone rubber with barium titanate, carbon black, and multiwall
carbon nanotubes. The composites fabricated exhibited high tensile strength of 0.2 MPa,
hardness of 33, and electrical resistance of 260 Ω. The energy harvesting properties showed
an output voltage of ~1.8 V at an electrical poling value of 10 kV/mm. In another study,
Deng et al. [21] reinforced silicone rubber with carbon nanotubes and achieved great me-
chanical stretchability of ~900%. The authors achieved a gauge factor of 2.1 at 130% and
finally a power density of 21.7 W cm−1. Lastly, Chung et al. [22] reported on compos-
ites that were prepared by mixing poly[styrene-b-isoprene-b-styrene] with carbon black
and multiwall carbon nanotubes. The results showed that a robust stretching ability of
>1000% was obtained. Moreover, a gauge factor of 69.8 at ~450% strain and durability
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of 10,000 cycles were reported. In addition, the best output voltage of 0.5 V, electrical
resistance of 100 Ω, and durability of >25,000 cycles were reported [22].

With these aspects in mind, the present work involves the fabrication of composites.
A comparative study on electromechanical properties like the response time and sensitivity
for silicone-rubber-reinforced titanium carbide (TiC) and molybdenum disulfide (MoS2) is
performed for the first time. Moreover, the reinforcing factor, reinforcing efficiency, and
their multifunctionalities are reported for silicone rubber with TiC and MoS2 as they are
also not well understood yet. Besides this, the study focuses on harvesting mechanical
energy through the piezoelectric principle. The results show a robust improvement in
the stretchability of the composites. For example, the stretchability is 125% (control) and
increases to 153% (6 phr of TiC) and 165% (6 phr of MoS2). The electromechanical results
show that the output voltage is 3.5 mV (6 phr of TiC) and 6.7 mV (6 phr of MoS2). Moreover,
the theoretical models show that the experimental modulus is in fair agreement with the
filled composites up to 6 phr and then deviates. Finally, the biomechanical results show
that the output voltage is the highest for thumb pressing. For example, thumb pressing
results in an output voltage of ~10 mV (6 phr of TiC) and 5.6 mV (6 phr of MoS2). Thus, this
paper is novel as it describes various aspects that are not understood fully in the literature
on TiC- and MoS2-based silicone rubber composites. Therefore, they are reported in the
present work experimentally and validated theoretically.

2. Experimental Section

2.1. Materials and Methods

A transparent room-temperature-vulcanized silicone rubber with the commercial
name “KE-441-KT” was used as a rubber matrix. A curing agent with the commercial name
“CAT-RM” was used. Both the rubber and curing agents were purchased from the Shin-
Etsu Chemical Corporation, Japan. A metal-like ceramic and 3-dimensional (3D) material
named “titanium carbide (TiC)” was purchased from Sigma-Aldrich, Saint Louis, MI, USA.
Two-dimensional (2D) molybdenum disulfide (MoS2) with a particle size of ~2 μm and
chemical purity of >98% was bought from Sigma-Aldrich, USA. TiC and MoS2 were used as
reinforcing fillers and to improve the electrical conductivity. Finally, an anti-adhesive spray
was sprayed on the molds as a mold-releasing agent and was purchased from Nabakem,
Pyeongtaek-si, Korea.

2.2. Preparation of Rubber Composites

The preparation of rubber composites is a very important step in influencing the
mechanical and electromechanical properties of the composites. This fabrication step was
optimized from a previous study and used without further modification [23]. The steps of
preparation were as follows.

(1) As detailed in Table 1 below, different amounts of the filler and silicone rubber
were taken and mixed for nearly 10 min through the solution mixing technique.

Table 1. Table of formulations.

Sample Amount of SR (phr) Amount of TiC (phr) Amount of MoS2 (phr)
Amount of Curing

Agent (phr)

Control * 100 - - 2

TiC-based composites 100 2, 4, 6, 8 ** - 2

MoS2-based
composites 100 - 2, 4, 6, 8 ** 2

* Here, the control sample refers to the unfilled sample, which did not contain any filler and only a vulcanized
silicone rubber matrix was present. ** These values correspond to the composite samples containing 2 phr, 4 phr,
6 phr, and 8 phr of both TiC and MoS2 as fillers in silicone rubber.

(2) Then, a known amount of curing agent was added and mixed for 1 min. The final
composites were placed inside the molds and kept for 24 h for the vulcanization process.
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This vulcanization process was performed in a room-temperature vulcanization system
at 25 ◦C.

(3) The final vulcanized composites were taken out of the molds and tested for their
properties and application prospects.

2.3. Characterization Techniques

The mechanical property tests were performed under different types of strain, which
were the compression and tensile modes. These tests were undertaken under a load cell of
1 kN using a universal testing machine (UTS, Lloyd instruments, Bognor Regis, UK). The
static and cyclic compressive tests were performed on cylindrical samples with a diameter
of 20 mm and thickness of 10 mm. The compressive tests were performed at a strain rate of
4 mm/min, pre-load of 0.5 N, and up to the maximum compressive strain of 35% for static
and 30% for cyclic tests.

Other static tests were performed under uniaxial tensile strain at a pre-load of 0.1 N. The
strain rate was 200 mm/min and dumbbell-shaped samples were used with a thickness of
2 mm, gauge length of 20 mm, and width of 4 mm. These mechanical tests were performed
following the DIN 53 504 standard [24]. The electromechanical properties were also tested
using the UTS machine on cylindrical samples under compressive cyclic deformation. These
tests were performed at 10–30% cyclic strain using cylindrical samples. The mechanical
and electromechanical long-term stability was tested at 30% compressive cyclic strain using
the UTS machine. The output voltage generated through piezoelectricity was recorded
using a multimeter (model 34401A, Agilent Technologies Inc., Santa Clara, CA, USA). The
assembly of the energy harvesting set-up is provided in Scheme 1. Finally, the biomechanical
properties were studied through real-time monitoring using a thumb press, index finger
press, and middle finger press. For real-time monitoring, a cylindrical sample was used and
the output voltage generated through piezoelectricity was recorded using the multimeter, as
detailed above. Finally, the filler dispersion was studied using SEM (model S-4800, Hitachi,
Tokyo, Japan). The fractured surface of the composite was sectioned into 0.2-mm-thick
samples using a surgical blade. These sections were then mounted on an SEM stub and
sputtered with platinum for 2 min before recording the SEM micrographs.

Scheme 1. Assembly of energy harvesting devices and insights into their properties.
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3. Results

3.1. Mechanical Properties under Compressive and Tensile Strain

The mechanical properties of composite materials are fundamentally important for
various engineering applications. These mechanical properties help us to understand a
composite material’s behavior under external forces or loads [25]. Moreover, the testing
of these properties is very important depending on the nature of the strain under which
they are tested. Most often, these strains are compressive or tensile strains, and different
mechanical parameters, like the compressive modulus, tensile strength, or elongation at
break, are tested [26]. The behavior of the composite materials under a mechanical load
is often described through stress–strain curves. Moreover, understanding the mechanical
properties is essential in optimizing the type of material, the fabrication process, and the
prediction of the overall performance [27]. Thus, the mechanical properties provide the
basis for the analysis and design of materials as per the application demands.

Figure 1a,b present the stress–strain curves for the prepared composites. The results
show that the stress was higher for increasing strain until the compressive strength. Under-
standing this behavior involves examining how the material deforms under applied forces
or compressive strain. The results show that the TiC and MoS2 act as reinforcing agents and
their addition leads to an increase in the mechanical properties. Here, the rubber matrix is
a continuous phase that holds these reinforcing fillers within the composite material. These
reinforcing properties of the composites are mainly proposed to be due to filler–rubber
interaction [28,29]. Such reinforcing effects of TiC and MoS2 contribute to improved me-
chanical properties and thus make them useful for high-load-bearing applications. The
main mechanism of these reinforcing properties is to transfer the load from the matrix
to the stronger, stiffer reinforcement [30]. These reinforcements are TiC and MoS2 as the
fillers and SR as the rubber matrix. The efficiency of load transfer depends on the interface
between the matrix and the reinforcement. The further reinforcement aspects are presented
in Figure 1c through the compressive moduli of the composites. All values are reported
in Table 2 below. The results show that the reinforcing effects of the MoS2- and TiC-filled
composites are close and nearly the same under compressive strain. However, the control
sample without fillers has the lowest compressive modulus. The good compressive moduli
of the MoS2- and TiC-filled composites are due to their improved reinforcing effect in the
rubber matrix. These reinforcing effects can help in arresting crack propagation within
the matrix [31]. The TiC and MoS2 particles are proposed to deflect cracks, increasing the
composite’s toughness to that of the control sample without fillers.

Table 2. Summary of mechanical properties.

Sample Details
Compressive Modulus

(MPa)
Tensile Modulus

(MPa) Tensile Strength (MPa) Fracture Strain (%)

Control 1.55 ± 0.08 0.56 ± 0.03 0.54 ± 0.04 133 ± 7

TiC—2 phr 1.68 ± 0.09 0.66 ± 0.05 0.61 ± 0.05 125 ± 6

TiC—4 phr 1.79 ± 0.08 0.71 ± 0.07 0.78 ± 0.05 165 ± 11

TiC—6 phr 1.95 ± 0.07 0.65 ± 0.05 0.82 ± 0.07 153 ± 9

TiC—8 phr 1.79 ± 0.07 0.61 ± 0.05 0.61 ± 0.06 123 ± 6

MoS2—2 phr 1.83 ± 0.09 0.53 ± 0.04 0.52 ± 0.04 139 ± 8

MoS2—4 phr 1.85 ± 0.08 0.68 ± 0.05 0.74 ± 0.07 144 ± 8

MoS2—6 phr 2.02 ± 0.09 0.66 ± 0.04 0.85 ± 0.09 165 ± 12

MoS2—8 phr 1.8 ± 0.07 0.68 ± 0.04 0.69 ± 0.07 129 ± 7
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Figure 1. (a,b) Compressive stress–strain curves of TiC and MoS2 composites; (c) compressive moduli
of TiC and MoS2 composites; (d,e) tensile stress–strain of TiC and MoS2 composites; (f) tensile moduli
of TiC and MoS2 composites.

The mechanical properties can be further studied through stress–strain curves under
tensile strain. Figure 1d,e show that the composites filled with MoS2 and TiC help in
enhancing both the tensile strength and elongation at break as compared to the control
sample without fillers. At nearly 6 phr, both fillers exhibit the best tensile strength and
elongation at break and fall at 8 phr in the rubber composites. Thus, the inclusion of TiC
and MoS2 significantly increases the mechanical properties. The degree of improvement
in the mechanical properties depends on the type, orientation, and volume fraction of the
fillers in the rubber matrix [32]. The higher reinforcing effect of MoS2 and TiC makes the
composites stiff, rendering them less prone to deformation under a load. Moreover, these
reinforcing agents further improve the ability of a composite to absorb energy and resist
fracture, thereby making the composites tough. These tougher composites help to enhance
the mechanical properties through mechanisms like crack bridging and deflection [33,34].

The stiff and tougher composites are also examined for their tensile moduli, as pre-
sented in Figure 1f. The results agree with those of the compressive modulus, in which
the filled composites exhibit higher tensile moduli than the control sample. All values
are reported in Table 2 below. Fillers like TiC and MoS2 can help to redistribute the stress
concentrations within the matrix, reducing the likelihood of failure under applied loads.
Thus, TiC and MoS2 are expected to exhibit higher reinforcing effects than the control
composite without fillers. However, the tensile modulus falls after 6 phr for TiC and is
almost the same for the MoS2-filled composites. This is expected due to the partial aggre-
gation of TiC, while there is almost a saturation effect with the MoS2-filled composites.
Therefore, the reinforcing properties of composites are integral to their performance and
versatility in rubber composites [35]. Here, the reinforcing effect of fillers like TiC and
MoS2 leads to promising mechanical properties. Moreover, understanding and optimizing
the interaction between the matrix and reinforcing fillers is important. Thus, engineers
can design composites tailored to meet specific demands across various industries [36].
Moreover, under long cycling conditions, some cracks are developed, thereby leading to
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poorer properties. The mechanism of such crack propagation configurations for these
composites is provided in Scheme 2.

 

Scheme 2. Crack propagation configurations for different composites.

3.2. Mechanical Properties under Compressive Cyclic Loading

Compressive cyclic loading is very useful in studying fatigue properties and involves
applying repeated compressive forces to a composite rubber material. This type of cyclic
loading can lead to material fatigue, which is progressive and localized structural damage.
The fatigue life is the number of cycles that a material can withstand before failure occurs
under cyclic loading [37,38]. It is influenced by several factors, including the magnitude of
the stress, the stress range, and the frequency of the cycles. This fatigue behavior generally
occurs when a material is subjected to cyclic loading [39]. This type of compressive
loading is common in many engineering applications, including structural components and
automotive parts, including vibrational loads. Thus, in addition to the static tests described
in Figure 1, cyclic loading tests are also important to understand the mechanical stability
of the composites. Here, Figure 2a–c show the compressive load at the different strain
magnitudes for 6 phr filler loading in the TiC-reinforced composites under compressive
cyclic loading. The compressive load increases with increasing compressive strain for both
fillers. For example, the compressive load is 40 ± 3 N (10%-TiC), 87 ± 5 N (20%-TiC) and
224 ± 16 N (30%-TiC). Similarly, the compressive load is 36 ± 3 N (10%-MoS2), 84 ± 6 N
(20%-MoS2) and 170 ± 14 N (30%-MoS2). This compressive process involves the application
of forces or strains that act to compress or shorten a material. This process is opposite to
tensile loading, which pulls and stretches the material [40,41].

Moreover, cyclic loading refers to the repeated application and removal of loads over
time and it can be symmetric or asymmetric. The results show that the compressive load is
higher with increasing strain from 10% to 30%. The high load at higher strain is related to
the packing fraction of filler particles in the rubber matrix [42]. For example, the packing is
lower at 10%, higher at 20%, and highest for 30% strain. Moreover, a significant increase in
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compressive load by an order of magnitude was witnessed when the compressive strain
increased from 20% to 30%. This can be postulated as the attainment of the optimum
packing fraction of filler particles at 30% compressive strain. The results also show a higher
compressive load at the first cycle and it then stabilizes in successive cycles. Therefore, the
stabilized successive cycles suggest stable mechanical behavior and are beneficial for the
durability and fatigue properties under a continuous compressive cyclic process [39,43].

Figure 2. Mechanical properties under compressive cyclic strain at increasing strain from 10 to 30%
for (a–c) TiC-based composites; (d–f) MoS2-based composites.

Similarly, Figure 2d–f show the behavior of the compressive load with increasing
compressive cyclic strain at 10–30% for the MoS2-reinforced composites. The results show
that the compressive load was higher with increasing compressive strain. These results are
proposed to be due to the influence of the packing fractions of filler particles in the rubber
composites [42]. Moreover, as discussed above, the compressive load was significantly
higher when it increased from 20 to 30% strain. These features are proposed to be due
to the favorable packing, which results in a higher compressive load at 30% compressive
strain. This behavior is especially important in applications where materials experience
fluctuating loads, such as in bridges, buildings, and various mechanical components.
Therefore, understanding the mechanical properties under compressive cyclic loading is
essential [44,45]. These tests are useful in designing and maintaining components that
experience repeated stress. It involves a complex interplay among the material properties,
microstructural changes, and load conditions.

3.3. Electromechanical Properties under Compressive Cyclic Loading

As discussed already, compressive cyclic loading involves applying repeated com-
pressive forces to a composite material or device. This type of loading can affect both
the mechanical and electrical properties of electromechanical materials. The electrome-
chanical properties in composite materials are related to both electrical and mechanical
behaviors [46,47]. These properties are crucial in understanding how these rubber compos-
ite materials respond to repeated compressive loads. These electromechanical behaviors
refer to the interaction between electrical and mechanical states in a composite material or
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device. The electroactive materials that exhibit this coupling include piezoelectric materials,
electrostrictive materials, and magnetostrictive materials [48,49]. These properties are
particularly significant in applications such as sensors, actuators, and various electronic
components that experience cyclic mechanical stress.

With the above points in mind, Figure 3a–c present the behavior of the output voltage
under increasing compressive cyclic strain from 10% to 30% for the 6 phr TiC. The results
show that the output voltage was higher for higher compressive loads up to 20% strain
and then decreases at 30% and above. This electromechanical behavior of TiC was slightly
different from that of the compressive loads in Figure 2. This difference is proposed to be
due to the electrical response, which causes the output voltage to be different from the me-
chanical behavior [50]. This electrical response is optimum at 20% compressive strain. The
testing also involves applying repeated compressive loads to measure changes in the me-
chanical and electrical properties over time. Thus, both electrical and mechanical stability
are important for electromechanical tests. Therefore, understanding the electromechanical
properties under compressive cyclic loading is crucial in designing and maintaining reliable
electromechanical devices [51,52].

Figure 3. Electromechanical properties under compressive cyclic strain with increasing strain from
10 to 30% for (a–c) TiC-based composites; (d–f) MoS2-based composites.

Similarly, Figure 3d–f show the electromechanical behavior for the MoS2-filled com-
posites at 6 phr. These tests were performed under compressive cyclic loading by increasing
the strain from 10 to 30%. Therefore, a higher output voltage at 30% compressive strain was
witnessed. These results are proposed to be due to the optimum packing fraction of the
MoS2-filled composite at 30% strain, which results in an improved electrical and mechanical
response. The results agree well with Figure 2, in which the mechanical behavior increases
with increasing compressive strain. Overall, the electromechanical properties of materials
under compressive cyclic loading are essential in achieving good performance that inte-
grates electrical and mechanical properties [53]. The results also show that the selection of
the appropriate filler and rubber materials and their optimum processing techniques are
critical to obtaining robust electromechanical performance. The usefulness of these studies
for various industrial applications extends to piezoelectric sensors, actuators, and energy
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harvesting devices [54]. The uses of these materials also include medical and sensing
monitoring, where they can experience repeating mechanical stress. Finally, piezoelectrical
energy harvesting in these composites involves the conversion of a mechanical load into a
useful output voltage under compressive cyclic loading [55].

3.4. Response Time of Composites

The addition of fillers in the rubber matrix adds various functionalities to these
composite materials. One of the critical functionalities of these rubber composites is their
response time [56]. The response time refers to how quickly a material reacts to an applied
force, deformation, or external stimulus, which is crucial in applications requiring timely
and precise reactions. This response can be apparent in various ways depending on the type
of application, such as deformation, vibration damping, or electrical signal generation [57].
The key factors influencing the response time include the material composition, method of
fabrication, filler dispersion, and load parameters or type of deformation.

Among them, the type of mechanical response refers to the immediate, reversible
deformation to external stimuli. Moreover, filled rubber composites generally exhibit
viscoelastic behavior [58]. This behavior results from time-dependent deformation that
includes both elastic and viscous components, leading to hysteresis and energy dissipation.
However, the response rate studied in this work is related to electromechanical features,
i.e., the influence of the output voltage against external stimuli [59]. Therefore, Figure 4a–c
show the response times of composites filled with 6 phr of TiC under increasing strain
of 10–30%. The results agree with the electromechanical results in Figure 3. For example,
the response time was shortest at 20% compressive strain, as expected. This feature is
proposed to be due to the optimum packing fraction of the filler particles at this strain [42].
These values further show that our results are consistent with each other. The mechanism
behind these electromechanical responses refers to the generation of an electric charge in
response to mechanical deformation [59]. Moreover, the process also involves the ability
of the composite material to store or dissipate electrical energy in the form of an output
voltage. Various factors affect the response time, and the type of filler is one of the most
crucial factors [60]. The material type is well known to alter the response time by changing
the composite’s mechanical and electrical properties.

Figure 4d–f present the response times for the 6 phr of MoS2-based composites under
10–30%. These results also show the shortest response time at 20% strain. These results
could be influenced by the viscoelasticity behavior, which can influence the mechanical
response. Moreover, the quality of filler dispersion, which influences the mechanical and
electrical response, is important [61]. These factors are influenced by the magnitude of the
compressive strain, which correlates with the optimum packing fraction of filler particles
at 20% strain. Such features indicate a short response time at 20% strain. It is also proposed
that larger or more rapidly applied loads typically result in quicker, more pronounced
responses. However, in our case, we test the response time under the same magnetic
load under a 1 kN load cell and a similar strain rate. This assists us in understanding
the influence of the filler type and strain on the response behavior. The response time
is an important factor for various applications [16]. For example, the response time is
critical for effective energy dissipation and noise reduction. Moreover, the response time is
beneficial for sensor applications, where a rapid electrical response to mechanical stimuli
is critical. Therefore, the response time is essential in developing efficient and reliable
rubber-composite-based multifunctional products [62].

Experiments were performed to obtain the optimum packing fraction for the filler par-
ticles in the composites. The results showed that the optimum packing fraction was 30% for
the compressive cyclic mechanical tests, 20% for the response time in the electromechanical
tests, and 30% for the electromechanical stability tests. The role of the packing fraction is
related to filler networking and percolation. At low filler content and strain, the packing
fraction is low, and, at higher filler content, the filler starts to aggregate. This aggregation
leads to a reduction in the mechanical and electromechanical properties. However, at
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certain filler content and strain, the properties are the best, which refers to the optimum
packing fraction or filler percolation at this filler content and strain.

Figure 4. Response times of the composites at 6 phr filler loading, derived from electromechanical prop-
erties at different strains from 10 to 30%, for (a–c) TiC-based composites; (d–f) MoS2-based composites.

3.5. Mechanical and Electromechanical Stability Tests

Achieving mechanical and electromechanical stability is critical in terms of using
the composites in sensors and energy harvesting applications. Such tests help to assess
how these rubber composite materials respond to mechanical forces, electrical inputs, and
environmental changes over time [63]. These tests ensure that these composite materials
can withstand mechanical stresses and strains without failure. These tests are also useful
for safety and reliability in various applications, like structural integrity for automotives
and as a source of energy harvesting [64]. Moreover, stability tests ensure the consistent
performance of these composites under mechanical stress and electrical inputs for crucial
precision applications. Most importantly, stability tests ensure the reliability of energy
production due to these composites’ high dielectric and piezoelectric properties [65].

With the above points in mind, mechanical and electromechanical stability tests
were performed and are presented in Figure 5. Cylindrical samples were subjected to
30% compressive strain at 6 phr for the TiC- and MoS2-based composites. The results
show that the mechanical and electromechanical stability is good, and this makes these
composites useful for multifunctional applications. The key aspects of mechanical stability
and electromechanical stability include fatigue resistance [66]. For example, it ensures the
ability to endure repeated loading cycles without significant degradation. The results in
Figure 5a–d show that the composites have robust degradation resistance. For example,
their initial and final cycles show negligible degradation under continuous compressive
cycling [67]. Moreover, the electromechanical properties include the interaction between
mechanical deformation and electrical behavior (Figure 5b,d). Various factors influence
the fatigue resistance of composites. These factors are the nature of the filler and rubber
matrix used, the fabrication method, and the type of strain. Other notable factors are
the piezoelectric effect, dielectric properties, and electrical conductivity [68]. Among
them, the dielectric properties, such as the ability of a composite material to store and
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dissipate electric energy, are most critical. Similarly, the mechanical stability is mainly
influenced by the filler dispersion and its orientation, the type of polymer matrix, the filler
concentration, interfacial bonding, and the method of processing [69]. Almost all of these
factors are critical in influencing the mechanical stability. Hence, the favorable mechanical
stability depicted in Figure 5a,c shows that the composites prepared in this work have
a balance of these factors. Overall, optimizing these properties can be achieved through
appropriate material selection, design, and testing. Through these factors, engineers can
create advanced composites tailored to meet specific requirements.

Figure 5. Mechanical and electromechanical stability at 30% compressive cyclic strain for (a,b) TiC-
based composites; (c,d) MoS2-based composites.

The main mechanism involved in ensuring mechanical and electromechanical stability
is the high fracture toughness of the fillers used, as reported by Alam et al. [70]. Higher
fracture toughness impacts the composites by providing high crack resistance, high dura-
bility, and safety. Most often, higher crack resistance leads to better mechanical stability.
Moreover, this property is essential in maintaining the structural integrity under mechani-
cal loads. In addition, improved fracture toughness allows for the better distribution of
mechanical and electrical stresses within the material, reducing the likelihood of localized
failure points and enhancing the overall stability. Thus, the composites studied in this work
exhibit high mechanical and electromechanical stability, as shown in Figure 5.

3.6. SEM for Study of Filler Dispersion

It is well established that SEM is a powerful tool for the examination of the surface
morphology and filler dispersion in composites. The fillers are added to the rubber matrix
to improve its mechanical and electrical properties. Moreover, the dispersion of these
fillers within the composite matrix significantly affects such properties [61]. Uniform filler
dispersion leads to improved performance and consistency. However, the agglomeration or
poor dispersion of filler particles can result in weak points and reduced effectiveness [71].
Moreover, SEM helps in assessing the uniformity of dispersion at the micro- and nanoscale,
which is vital in achieving the desired electrical and mechanical properties.

With these points in mind, Figure 6a–c provide the SEM micrographs of the control
sample without any filler. SEM is performed on these unfilled samples at both low and
high resolutions. The study of the microstructure and surface characteristics of unfilled
composites is crucial. It helps in understanding their mechanical properties, failure mecha-
nisms, and performance under different conditions [72]. SEM is also used in studying the
topological features of composites. SEM shows that the surface topology is smooth and
influencing properties such as friction, wear resistance, and adhesion are absent. Moreover,

141



Polymers 2024, 16, 2058

the SEM of the unfilled composites shows the absence of surface defects, cracks, and voids,
which might affect the composite material’s performance. Similarly, Figure 6d–f show the
dispersion of TiC particles at 6 phr in the SR matrix. Generally, the filled composites are
engineered to combine the beneficial properties of the matrix material with those of the
fillers. The dispersion, distribution, and interaction of the fillers within the matrix critically
influence the overall performance of the composite [73]. SEM analysis helps in understand-
ing these factors, which are crucial in optimizing the composite material’s properties for
specific applications. The low-resolution images show that the TiC particles are uniformly
distributed within the rubber matrix. These features result in the improved mechanical
and electromechanical properties seen in Figures 1–5 in the above sections. Moreover, in
the high-resolution images, the interfacial adhesion between TiC and the rubber matrix
was analyzed. The SEM images show good interfacial adhesion and therefore good filler–
rubber compatibility. Moreover, there was no evidence of surface defects, cracks, or voids
in the filled composites. The SEM images also show that no fracture surfaces were found,
providing insights into how TiC influences crack propagation and the failure mechanisms.
These features indicate robust resistance against fatigue. These results further support
the good mechanical and electromechanical stability of the composites under continuous
compressive mechanical deformation, as shown in Figures 3 and 5 above.

 

Figure 6. Filler dispersion of different composites at different magnifications: (a–c) control sample;
(d–f) TiC-based composites, (g–i) MoS2-based composites.
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Similarly, Figure 6g–i show the SEM of the MoS2-filled composites at 6 phr loading.
The results show that the MoS2 particles are uniformly distributed within the rubber
matrix. They therefore support the good properties and stability against fatigue of the
tested samples. The results also show how MoS2 influences the stress within the composite,
contributing to the overall toughness or brittleness of the composite [9]. Moreover, the
high-resolution image justifies the good interfacial interactions between the MoS2 particles
in the rubber matrix. Moreover, there was no evidence of surface defects, cracks, or voids
within the filled composites. Therefore, these results further validate the good filler–rubber
compatibility that results in robust performance.

3.7. Prediction of Modulus through Theoretical Modeling

The validation of experimental data through theoretical models is well documented
in research. The validation of the modulus of a filled rubber composite is crucial in
designing materials with specific mechanical characteristics for diverse applications like
energy harvesting. The prediction of the modulus through different models is useful
for several reasons [74]. These are as follows: (a) it helps in designing composites with
tailored mechanical properties for specific applications of interest, (b) it ensures that the
composite will perform as expected under operational conditions, and finally (c) it ensures
cost-effectiveness by reducing the need for extensive experimental testing by providing
reliable theoretical predictions. Various theoretical models are used to predict the modulus.
Among them, Guth-Gold–Smallwood equations and the Halpin–Tsai model are highly
useful for filled rubber composites [75,76]. These models strictly depend on the aspect ratio
of the filler, the modulus of the control sample, and finally the filler volume fraction in the
composites. For example, the equation of the Guth-Gold–Smallwood model [75] is

ETiC = Eo (1 + 0.67fTiCφTiC) (1)

EMoS2 = Eo (1 + 0.67fMoS2φMoS2) (2)

Similarly, the Halpin–Tsai model [76] that is useful for prediction is

ETiC = Eo [(1 + 2 fTiCφTiC)/(1 − φTiC) (3)

E MoS2 = Eo [(1 + 2 f MoS2φ MoS2)/(1 − φ MoS2) (4)

Here, “E” is the predicted modulus of the composite, “Eo” is the modulus of the
control sample, “f” is the aspect ratio of the filler, and “φ” is the volume fraction of the
composite. The results presented in Figure 7a,b show that the models agree well with
the literature up to 6 phr and then deviate from the experimental values. This deviation
could be due to the partial aggregation of the filler particles in the experimental data.
Due to aggregation, the properties fall after 6 phr loading for both the TiC- and MoS2-
filled composites. Several factors influence accurate modulus prediction. These are filler
dispersion, the filler morphology, the properties of the rubber matrix, the volume fraction
of the fillers, and interfacial bonding [77]. Among them, the filler properties include the
modulus, shape, size, and aspect ratio of the filler considered. Similarly, Figure 7c,d show
that the model agrees well up to 6 phr for TiC and 8 phr for the MoS2-filled composites.
The results indicate that the experimental data are influenced by uniform filler dispersion
up to 6 phr for TiC and then slight aggregation occurs at 8 phr for the TiC-filled composite.
Moreover, the MoS2-filled composites show fair agreement with the predicted models
until 8 phr loading. However, the model assumes uniform filler dispersion and perfect
interfacial bonding.

These features are difficult to achieve experimentally at higher loadings like 8 phr of TiC,
which results in deviations in the experiments from the predicted models. Filler dispersion
requires uniform filler distribution with minimum aggregates to achieve good predictions.
Finally, the strong interfacial bonding between the matrix and fillers ensures efficient stress
transfer, enhancing the composite’s modulus [78]. Overall, predicting the moduli of rubber
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composites through theoretical modeling is essential in designing materials with the desired
mechanical properties. By understanding and applying various models, researchers and
engineers can develop composites that meet specific performance requirements.

 

Figure 7. Theoretical models for prediction of composites: (a,c) TiC-based composites; (b–d) MoS2-
based composites.

3.8. Calculation of Reinforcing Factor and Reinforcing Efficiency

The reinforcing factor and reinforcing efficiency measure the increase in the stiffness
or modulus due to the addition of fillers in rubber composites. The reinforcing factor
is typically expressed as the ratio of the composite’s modulus to that of the pure rubber
matrix [79]. For example,

R.F. =
EF

Eo
(5)

Here, R.F. is the reinforcing factor, EF is the modulus of the filled composite, and Eo is
the modulus of the unfilled rubber. Figure 8a,b show the behavior of the R.F. of the TiC
and MoS2-based composites. The results indicate that the R.F. increases with increasing
filler content until 6 phr and then falls. The increasing R.F. indicates that the addition of
the filler provides reinforcement in the composite. The fall in the R.F. after 6 phr could
be due to the partial aggregation of the filler particles in the composite. Various factors
affect the R.F. in composites, such as the type of filler and rubber matrix and morphological
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features like the shape, size, and aspect ratio of the filler [28]. Filler dispersion is also
proposed to influence the R.F. of composites. The main mechanism behind the reinforcing
effect of fillers is filler–rubber bonding, which enhances the stress transfer from the rubber
matrix to the fillers. The calculation of the R.F. is useful as it helps in designing composites
with tailored mechanical properties for specific applications of interest. However, there
are some challenges [80], such as (a) developing more accurate models to predict the
reinforcing factors considering complex interactions between the fillers and the matrix;
(b) exploring new types of fillers and their hybrid systems to obtain high reinforcement;
(c) obtaining sustainable and eco-friendly fillers that reduce the environmental impact
without compromising the performance; and (d) developing a new method of fabrication to
obtain better filler dispersion and improved interfacial adhesion and compatibility between
the filler particles and rubber matrix.

Figure 8. (a,b) Reinforcing factors of the composites; (c,d) reinforcing efficiency of the composites.

In the same way, the reinforcing efficiency was determined by the following equa-
tions [81]:

R.E.at compressive strain =
σ(30%)filled − σ(30%)unfilled

wt% of filler
(6)

R.E.at tensile strain =
σ(100%)filled − σ(100%)unfilled

wt% of filler
(7)

Here, R.E. is the reinforcing efficiency, σ (30%) is the stress of the filled composite at
30% compressive strain, σ (100%) is the stress of the filled composite at 100% tensile strain,
and wt% is the weight percentage of the filled rubber. Hence, Figure 8c,d shows the R.E. of
the filler particles in the composite. The results indicate that the R.E. depends upon the type
of filler and the filler loading in the composites. For example, a higher R.E. indicates that the
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fillers are more effective in enhancing the modulus of the composite. Generally, a filler with
a high reinforcing effect exhibits a higher R.E. Moreover, increasing filler content generally
degrades the R.E. This is proposed to be due to the inverse proportionality of the filler
content to the R.E. The R.E. quantifies the effectiveness of fillers in enhancing the mechanical
properties of a composite [82]. As stated, it considers both the volume fraction of fillers
and the resulting improvement in the modulus. Moreover, the R.E. provides insights into
how well the fillers contribute to the composite’s stiffness relative to their concentration.
Therefore, the R.E. is a vital metric in evaluating and optimizing the performance of rubber
composites. By understanding and calculating these parameters, we can design composites
with enhanced mechanical properties tailored to specific applications.

3.9. Real-Time Monitoring of Human Motion

The real-time monitoring of human motion involves monitoring mechanical defor-
mation through employing smart technology. When coupled with energy harvesting
technologies, this monitoring can capture and convert kinetic energy from human activity
into electrical energy. This technology can be applied in various fields, such as sports
training, physical therapy, or fitness practices [83]. The main aim of such technology is
to enhance performance, prevent injuries before they occur, and promote correct move-
ment patterns.

The various applications for real-time monitoring technology include sports moni-
toring, health monitoring, fitness tracking, and physical therapy. With the above aspects
in mind, Figure 9a–f present the behavior of energy generation through different types of
human motion, like thumb pressing and finger pressing. The results show that thumb press-
ing is more efficient than finger pressing for all composites. This is due to the large contact
area of the thumb, which provides a larger magnitude of strain than finger pressing [84].

Figure 9. Real-time monitoring of the composites: (a,b) thumb pressing; (c,d) index finger pressing;
(e,f) middle finger pressing.
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Moreover, the TiC-based composites exhibit a higher output voltage than the MoS2-filled
composites. These results agree with the electromechanical properties in Figures 3 and 5
above. The main mechanism behind this technology involves piezoelectricity. For example,
these composite materials generate an electrical charge in response to mechanical stress.
Common applications include smart wristbands, thumb pressing, smart rings, and smart
textiles. This technology has wide-ranging usefulness. For example, it reduces the depen-
dence on batteries and external power sources, promoting sustainable energy solutions.
Moreover, it enables continuous health monitoring, thereby providing valuable data for
medical diagnosis and fitness tracking [85]. However, there are some challenges with this
technology, such as poor efficiency, data accuracy, and durability. Overall, this technology
represents a promising route for wearable technology and sustainable energy solutions. By
capturing and converting kinetic energy from daily activities, these systems can power a
wide range of devices, enhancing their functionality and sustainability [86].

4. Conclusions

Composites based on TiC, MoS2, and silicone rubber were successfully fabricated
through solution mixing and their multifunctional aspects are detailed below.

(1) TiC and MoS2 act as reinforcing agents, thereby improving the mechanical prop-
erties of the rubber composites. For example, the compressive modulus was 1.55 MPa
(control) and increased to 1.95 MPa at 6 phr of TiC and 2.04 MPa at 6 phr of MoS2. In the
same way, the stretchability was 125% (control) and increased to 153% at 6 phr of TiC and
165% at 6 phr of MoS2.

(2) The electromechanical properties were also greatly improved when using these
composites. For example, at 30% strain, the output voltage was 3.5 mV at 6 phr of TiC and
6.7 mV at 6 phr of MoS2.

(3) The models employed in the present work agree well until 6 phr and then deviate
from the experimental values. This deviation could be due to the partial aggregation of the
filler particles in the experimental data. The reinforcing factor and reinforcing efficiency
show that TiC and MoS2 as fillers exhibit outstanding reinforcing effects on the silicone
rubber matrix, thereby improving the mechanical properties of the composites.

(4) Real-time monitoring reveals the biomechanical properties. The tests show that the
output voltage is the highest for thumb pressing. For example, thumb pressing results in
an output voltage of ~10 mV at 6 phr of TiC and 5.6 mV at 6 phr of MoS2.
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Abstract: This review provides the latest insight (2020 to 2025) for composite-based physical
activity monitoring sensors. These composite materials are based on carbon-reinforced
silicone rubber. These composites feature the use of composite materials, thereby allowing
the creation of new generation non-invasive sensors for monitoring of sports activity. These
physical sports activities include running, cycling, or swimming. The review describes a
brief overview of carbon nanomaterials and silicone rubber-based composites. Then, the
prospects of such sensors in terms of mechanical and electrical properties are described.
Here, a special focus on electrical properties like resistance change, response time, and
gauge factor are reported. Finally, the review reports a brief overview of the industrial
uses of these sensors. Some aspects are sports activities like boxing or physical activities
like walking, squatting, or running. Lastly, the main aspect of fracture toughness for
obtaining high sensor durability is reviewed. Finally, the key challenges in material
stability, scalability, and integration of multifunctional aspects of these composite sensors
are addressed. Moreover, the future research prospects are described for these composite-
based sensors, along with their advantages and limitations.

Keywords: graphene; carbon nanotubes; sensors; sports monitoring; durability

1. Introduction

The physical activity monitoring sensors are a hot research topic due to their ability to
track and measure various physical activities. These physical activities are running, cycling,
or swimming in living beings [1,2]. These sensors have various gadgets like temperature
sensors, global positioning systems (GPS), or strain gauges. Here, the temperature sensors
provide insights about external weather conditions during sports activity. The GPS sensors
use satellite signals to obtain geographical locations [3]. They are often used to track
remote outdoor sports activities during hiking or cycling. Moreover, the strain gauges
assist in measuring the change in strain or mechanical deformation of wearable and flexible
materials. For example, smart clothing monitoring or intense sports activity [4,5]. In some
cases, the biosensors are helpful in studying the electric impedance of biological systems.
These systems can provide sweating, hydration levels, and muscle fatigue or injuries during
sporting. Finally, the pressure sensors help to measure the change in air pressure during
hiking or other change in altitude during climbing [6]. Therefore, these composite based
sensors can be useful by configuring various monitoring activities that test fitness goals,
and other optimized training routines [7].
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These physical activity sensors have numerous advantages for living beings, includ-
ing humans, aquatic animals, and pulse monitoring in plants [8–10]. For example, the
composite-based sensors provide quantitative data about the sports activity involved. Here,
the athlete wears the sensor to track progress and make informative decisions about their
fitness and health. These wearable sensors offer real-time monitoring, thereby allowing
the users to receive immediate feedback and control the biological fatigue. Overall, these
sensors help in studying the long-term monitoring of sports activity and the well-being
of the athlete [11,12]. It, therefore, provides valuable information on exercise monitoring
and helps in identifying risk factors. However, despite the multifunctional uses of these
sensors, they have limitations as well. Some of the major limitations are that these sensors
have issues like accuracy and reliability. These factors depend on various factors like sensor
type, calibration, or environmental factors [13]. Another limitation includes their comfort,
breathability, and ability to wear for long time. This causes discomfort to wear, or skin
irritation, and finally, the final cost of the sensor is an issue [14]. Therefore, these limitations
need further attention in terms of their commercialization. The overview of the present
work is summarized in Scheme 1 below.

 

Scheme 1. Overview of present work. Inner ring summarizes properties of explored sensors, middle
ring explores their applications, and outermost ring explores the prospects of this work for different
commercial uses.
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Despite various configurations of physical activity sensors, their performance is
strongly influenced by the nature of materials used. These sensors are widely fabricated
through stretchable and flexible elastomers like silicone rubber [15]. These silicone rubbers
are useful due to their ease of processing and ease of vulcanization. Silicone rubber is a
versatile material that is widely used as a synthetic elastomer. It consists of silicon, carbon,
hydrogen, and oxygen. Due to its exceptional properties, it is widely used in various
industrial applications [16]. Based on vulcanizations, there can be room-temperature,
low-temperature, and high-temperature silicone rubbers [17,18]. Other flexible substrates
like polyimide can withstand repeated bending and stretching without compromising
sensor performance [19]. The key features of silicone rubber are thermal stability, flexibility,
elasticity, chemical resistance, and electrical insulation [20].

These features can be understood more efficiently. For example, the silicone rubber
is stable under a large temperature range, that is, from −60 ◦C to 250 ◦C. Thus, it can
withstand a large range of temperatures without degrading. This also makes it useful for
prolonged exposure to heat [21]. Silicone rubber has excellent flexibility in a large range of
temperatures. These aspects make it useful for flexible substrates in stretchable sensors.
Moreover, it has high elastic recovery, thereby maintaining its shape under mechanical loads.
The silicone rubber is also highly stable to chemicals, including water, oils, and organic
solvents. The used solvents make them useful for challenging environments [22]. Moreover,
medical-grade silicone rubber can be useful for various implant medical applications.
Finally, silicone rubber has excellent electrical insulating properties, making it useful for
electrically insulating coatings and electrical cables [23]. Overall, silicone rubber has high
weather and UV resistance, making it useful for various indoor applications.

There are various applications for silicone rubber, such as automotive, medical and
healthcare, electronics, and construction applications [24]. For example, silicone rubber
is extensively used in automobile applications like gaskets, seals, hoses, and thermal
insulations. For electronic purposes, it can be helpful for electronic insulators such as
cable components [25]. Finally, silicone rubber is useful for making baby products and
personal care items due to its non-toxic nature. Overall, the unique properties of silicone
rubber make it an indispensable material in modern manufacturing and technology [26].
With continuous research on silicone rubber, it will likely find even more applications,
further demonstrating its versatility. Despite this, the sensor should have an electrode
with high electrical conductivity and thermal stability. For this, inorganic nanomaterials
like carbon black, graphene, carbon nanotubes, carbon nanofibers, and fullerene are often
added [27–29]. They act as a reinforcing filler material in the rubber matrix and are
described in detail in the coming sections.

[i] Carbon black: Carbon black is a fine black product obtained from the incomplete
combustion of heavy petroleum. It is widely acknowledged that carbon black can
reinforce rubber matrix and has thus been used as filler for more than a century [30].
It is widely used in tires and strain sensors due to its high reinforcing and electrical
properties. The main properties of carbon black are small particle size, high surface
area, and favorable surface chemistry. These properties can be detailed as the particle
size of carbon black ranges from 10 to 500 nm [31]. The smaller the particle size, the
better the reinforcement offered to the rubber matrix. Similarly, the larger surface
area provides better reinforcing properties by improving the filler–rubber interfacial
area. Similarly, the higher structure carbon blacks have more branches and voids that
result in improved properties like reinforcing properties and electrical and thermal
properties [32]. Moreover, the oxygen-carrying functional groups simulate its surface
activity. This activity is enhanced by interfacial interactions between filler and rubber
matrix. Carbon black has various applications as a reinforcing agent in tires, strain
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sensors, and automotive components like vibration-damping components [33,34].
Overall, carbon black plays a crucial role in enhancing the reinforcing properties of
the rubber matrix, making it useful for various applications like automotive or strain
sensing.

[ii] Graphene: Graphene is a single layer of sp2 hybridized carbon atoms arranged in
a two-dimensional honeycomb lattice. Graphene is also known as the mother of all
carbon allotropic forms like carbon nanotube and graphite [35]. It is well known for
its wonderful mechanical, electrical, and thermal properties. These unique properties
make it an ideal filler candidate to make the rubber matrix useful for strain-sensing
applications [36]. For example, the addition of graphene in rubber matrix composites
makes them ultra-strong and able to withstand high mechanical deformation. Their
high electrical properties also make them useful for superior electrical conductivity.
This is due to high electron mobility of graphene [37]. For sensor applications, the
piezoresistive effect and short response time of graphene enhance the strain sensitivity.
This allows them to detect even minor stimuli. Graphene provides fatigue resistance
and promotes repeated bending and stretching without performance degradation [38].
Moreover, graphene also reduces noise and improves the accuracy of strain measure-
ments, thereby making the strain sensor robust and exhibit high performance. This
noise can be mechanical, electrical, material-inherent, or contact noise. Here, the me-
chanical noise can be sourced from mechanical vibrations and shocks, thereby leading
to unstable energy outputs. Then, electrical noise is due to internal parasitic compo-
nents in the sensor, and it distorts output signal integrity. Then, the material-inherent
noise is sourced from non-uniform filler dispersion for composite-based sensors. This
type of noise can lead to inconsistent signal generation or random charging during
loading/de-loading cycles. Finally, the contact noise originates from a variable contact
area, pressure, or surface property under cyclic mechanical deformations. These com-
posites have various applications, such as health monitoring, wearable electronics,
and robotics [39]. Therefore, adding graphene to strain sensors paves the way for
innovative applications in various fields, including structural health monitoring.

[iii] Carbon nanotubes: Carbon nanotubes with cylindrical morphology are also known as
robust fillers used in reinforcing rubber matrix. They can be single-wall (SWCNT) or
multi-wall carbon nanotubes (MWCNT). When added to a rubber matrix, the carbon
nanotubes offer a great combination of mechanical, electrical, and thermal proper-
ties [40]. Therefore, the carbon nanotubes enhance the performance and sensitivity of
strain sensors, enabling their use in various advanced applications. Moreover, these
carbon nanotubes exhibit a high aspect ratio, i.e., high length-to-diameter ratio. This
high value helps enhance interaction with the polymer matrix and improves load
transfer [41]. The role of carbon nanotubes used in strain sensing involves improved
sensitivity. This is based on short response time, high durability, signal stability and
high flexibility. These factors can be understood as the networks of carbon nanotubes
in rubber matrix altering under mechanical strain, altering the resistance and improv-
ing the detection of even small deformations [42]. The carbon nanotubes improve
mechanical properties and ensure that sensors can withstand repeated bending and
stretching cycles that are crucial for robust wearable applications.

Finally, the carbon nanotube networks assist in achieving stable electrical signals,
thereby reducing noise and improving output signals more accurately [43]. These carbon
nanotubes added in the rubber matrix are useful for various applications. These are health
monitoring, wearable electronics, and medical uses such as implants. Overall, the ability
of carbon nanotubes assists in improving sensitivity, durability, and signal stability [44].
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Moreover, these composites help in enabling the development of flexible and miniaturized
sensors. These features make them a vital component in advancing strain sensor technology.

[iv] Carbon nanofibers: Carbon nanofibers are also cylindrical in morphology like carbon
nanotubes, with a diameter ranging from 10–100 nm and lengths up to several microm-
eters. Therefore, they have a large aspect ratio with the combined properties of carbon
nanotubes and traditional carbon fibers [45]. Their properties include high tensile
strength, thereby contributing strong mechanical reinforcement to the rubber matrix.
Moreover, they offer an optimum balance to strength, flexibility, and stretchability.
These are critical for strain-sensing measurements [46]. Carbon nanofibers also offer
high electrical conductivity, thereby contributing a strong piezoresistive effect that is
crucial for strain sensing. Thus, the change in resistance is critical under the change in
mechanical strain, enabling high sensitivity for strain sensors [47]. Moreover, the high
thermal conductivity of carbon nanofibers makes them ideal for heat dissipation in
rubber composite under mechanical strain [48]. Therefore, carbon nanofibers make
the composites thermally stable under large mechanical deformations. As discussed
already, carbon fibers have a great impact on strain sensitivity when used in sensing
applications. Some other crucial prospects are enhanced piezoresistive sensitivity,
high durability, and electrical signal stability [49]. Therefore, they are important for
applications such as structural health monitoring, wearable electronics, and robotics.

[v] Fullerenes: Fullerenes are a well-known form of carbon in which the carbon atoms are
arranged in spherical, ellipsoidal, or tubular structure. The most commonly studied
fullerene is C60, a molecule that is composed of 60 carbon atoms arranged in a hollow
sphere [50]. Fullerenes offer properties that make them useful for various advanced
applications, such as strain sensors. For example, a fullerene with a robust structure
helps composites achieve high mechanical strength due to their stable and symmetrical
structure [51]. Like other carbon forms, fullerenes offer a good piezoresistive effect,
making them suitable for sensing applications. In other cases, fullerenes can be
chemically modified to improve their compatibility with different polymer matrices.
This process helps in improving their dispersion and interaction within the composite
material [52]. From a sensing perspective, fullerenes offer large strain detection that
occurs from resistance change under mechanical strain. Moreover, they offer good
mechanical reinforcement, flexibility, mechanical stability against fatigue, and noise
reduction. The noise reduction and consistent signals help in obtaining error-free
and more accurate data [53]. Therefore, their ability to improve sensitivity, durability,
and signal stability. Also, they enable the development of flexible and miniaturized
sensors, making them a valuable component in advancing strain sensor technology.

The addition of these materials makes the electrode electrically conductive and can
offer a quick response to external stimuli. Moreover, these composite materials need to be
biocompatible, non-toxic, and lightweight. They also need to have high fatigue resistance
to be useful for sensing prototypes [54]. Thus, combining these robust composite materials
during fabrication helps in achieving diverse and innovative physical activity monitoring
sensors for in demand applications [55,56]. Therefore, this review paper describes the
prospects of the recent literature on physical activity monitoring sensors. This review study
reports the sensing of various physical activities like sports activities of human beings,
including boxing, tennis playing, running, squatting, etc. [57,58]. It also summarizes the
prospects of sports sensors on finger pressing or finger bending, etc.

The first section includes a brief introduction about these sensors and the material
used during their fabrication. Finally, the advantages and challenges of these sensors are
discussed in view of commercialization. Then, the next step was to describe the fabrication
procedure of such sensors from assembly to full real-time monitoring. After discussing
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their fabrication, some critical mechanical and electrical properties were discussed. These
mechanical properties are useful for long-term durability and resistance to mechanical
failure or fatigue under continuous mechanical deformation. However, the electrical prop-
erties report the understanding of the resistance change, response time, and gauge factor in
physical activity monitoring sensors. Then, the final part of the review is focused on the
industrial applications of these sensors. This part focuses on the different functionalities of
various types of sensors for monitoring various types of physical activities. The studied
sensors include a review study on physical monitoring sensors for various uses. For exam-
ple, we report the sensing of sports activities like boxing or physical activities like walking,
squatting, or running. The other parts of this review include important investigations on
energy generation for self-powered devices under different mechanical loads. Finally, the
main aspect of fracture toughness for higher durability in sensors was reviewed. The study
shows that the use of materials with fracture toughness is ideal for the use of composites
for fabricating sensors with high durability.

Critical Overview of Rubber Composite-Based Sensors

The rubber composite-based sensors have emerged as a vital class of flexible, stretch-
able, and wearable sensing materials. These sensors are gaining increasing attention in
the fields of soft robotics, healthcare monitoring, and human–machine interfaces. These
sensors leverage the mechanical resilience and elasticity of rubber matrices. These matrices
are combined with the electrical conductivity of embedded fillers such as carbon black,
graphene, carbon nanotubes, or metal nanoparticles. The synergy between mechanical
and electrical properties enables rubber composites to exhibit external stimuli. These are
mechanical strain, external pressure, or temperature and result in measurable electrical
signals. Despite their promising features, the development of rubber composite-based
sensors faces several challenges. Among these challenges, the filler dispersion, long-term
stability, sensitivity, and hysteresis are in focus. Moreover, repeatability remains critical in
determining sensor performance, and the scalability and cost-effectiveness of fabrication
techniques continue to impact their commercial viability.

This review aims to evaluate the current advancements critically about the key mate-
rial systems and fabrication strategies. Moreover, the present review discusses the sensing
mechanisms and application domains of rubber composite-based sensors. It also addresses
the limitations and open research questions, providing insights into potential pathways for
future development in this rapidly evolving field. These sensors have found applications
in wearable health monitoring, such as monitoring sports injuries. The other applications
include heart-beat monitoring, soft robotics, prosthetics, and electronic skins. Moreover,
with the advancements in nanotechnology, 3D printing and self-healing materials are
expected to improve the performance of these sensors. There is also a growing interest
in multifunctional composites that can sense multiple parameters simultaneously. These
parameters are pressure, temperature, and systems with wireless or self-powered function-
alities. Overall, these rubber composite-based sensors are at the forefront of flexible and
wearable electronics. This is due to their unique combination of mechanical flexibility and
tunable electrical properties. However, addressing issues of long-term stability and envi-
ronmental robustness is essential. Fixing these issues through self-healing and choosing
the right material during fabrication is important. Finally, their transition from laboratory
prototypes to real-world applications will need to overcome challenges. These challenges
are filler dispersion, filler rubber compatibility, and the great interface between filler and
rubber matrix.
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2. Filler Characterizations

2.1. Structural Features of the Carbon Nanomaterials

The morphology of the carbon nanomaterials, namely carbon black, carbon nan-
otubes, and graphene, plays a crucial role in influencing the properties of the composites.
Therefore, understanding their morphological features is important to obtain properties
of interest [59]. Starting with carbon black, Figure 1a shows that carbon black particles
consist of quasi-spherical primary particles with diameters typically ranging from 10 to 500
nm. These primary particles fuse together to form larger aggregates, which are the basic
morphological units of carbon black [60]. These aggregates can further cluster into loosely
bound agglomerates, which can be broken down during processing. The carbon black
particles can be useful as a source of reinforcement and electrically conductive additives in
rubber composites [61].

Figure 1a shows the morphological features of carbon nanotubes. As described al-
ready, the carbon nanotubes are cylindrical tubes composed of rolled-up sheets of graphene.
These carbon nanotubes can be single-walled or multi-walled, depending upon the number
of layers rolled into a tube [62]. Typically, single-walled CNT has an approximate diam-
eter of 1 nm, while multi-walled CNT have diameters from a few nm up to 10 nm. In
addition, carbon nanotubes exhibit a high length-to-diameter ratio, which is the aspect
ratio, sometimes exceeding 1000 [63]. This high aspect ratio contributes to the exceptional
mechanical and electrical properties of composites. Carbon nanotubes also have various
commercial uses such as reinforcing agents, electronic devices, energy storage gadgets like
supercapacitors, and strain sensing [64].

Similarly, Figure 1a shows the morphological features of graphene. As already stated,
graphene is a two-dimensional single sheet of carbon atoms that are arranged in hexagonal
lattices. Graphene has an extremely high surface area, and this feature makes it useful
as a source of reinforcement in rubber matrices [65]. In some cases, the functionalization
of graphene sheets is performed to make it compatible with the rubber matrix, and im-
proved interfacial interactions are expected. The improved interface makes the composite
robust, and high reinforcing properties are expected [66]. Therefore, graphene can be
useful in flexible electronics, sensors, and energy storage applications. Overall, the unique
morphologies of these carbon nanomaterials are fundamental to their diverse use. For
example, they are useful in improving properties for a wide range of applications [67].
Also, carbon black’s aggregated structure, carbon nanotubes’ high aspect ratio, and tubular
form contribute to their respective roles in enhancing materials and devices. Moreover,
graphene’s two-dimensional planar structure assists in achieving high properties for the
application of interest.

Raman spectra are well known as a powerful tool in studying carbon nanomaterials.
The Raman spectra assist in providing insights into structural and electronic properties [68].
These properties are described by analyzing the vibrational modes of the carbon atoms.
Raman spectra in Figure 1b show that the Raman spectra of carbon black exhibit a D-band
at 1350 cm−1 [64]. This band originated from breathing modes of sp2 carbon atoms in
rings and indicates defects and disorder in the structure of carbon black. The intensity of
the D-band increases with the amount of disorder and defects in the structure of carbon
black [69]. Another characteristic G-band located at 1580 cm−1 corresponds to the in-plane
vibration of sp2 carbon atoms in the graphitic lattice. The intensity of the G-band provides
the degree of graphitization; a higher intensity suggests more graphitic or crystalline
regions [70]. Similarly, Figure 1b shows the Raman spectra of carbon nanotubes. The
D-band is positioned at 1350 cm−1, like other carbon materials. It indicates the presence
of defects, disorder, and amorphous carbon in the carbon nanotubes [71]. Similarly, the
G-band position is at 1580 cm−1 and provides information about the electronic structure
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and the degree of graphitization. Moreover, there is another characteristic 2D band at
2700 cm−1. It signifies sensitivity to the electronic properties and can be used to distinguish
between single-walled and multi-walled CNTs [72]. Similarly, Raman spectra of graphene
were reported in Figure 1b. The results show that D-band and G-band are like other carbon
materials. Moreover, the 2D band was also noticed at 2700 cm−1. It is a characteristic peak
for the number of graphene layers stacked in the graphene flake [73]. For example, a sharp
2D band is characteristic of single-layer graphene.

 

Figure 1. (a) SEM of carbon nanomaterials such as CB, CNT, and GR. Here, CB shows oval-shaped
morphology, CNT shows tube-like morphology, and GR shows sheet-like morphology; (b) Raman
spectra of carbon nanomaterials, showing a D-band at 1350 cm−1, G-band at 1580 cm−1, and 2D band
at 2700 cm−1. However, the 2D band is absent for CB and the 2D band in GR changes with a change
in the number of graphene layers stacked; (c) XRD of carbon nanomaterials showing a broad peak
around 2θ of 24◦ to 26◦ corresponds to the (002) plane of graphite. Reproduced with permission from
Elsevier [64].

XRD is well known as a powerful tool that provides the crystallography structure and
physical properties of a material. Therefore, it is frequently used to characterize the crystal
structure of carbon nanomaterials. Figure 1c provides the XRD of carbon black, and the
pattern shows that it is amorphous [64]. It can be stated that the XRD pattern is broad and
presents featureless peaks. This broad peak around 2θ of 24◦ corresponds to the (002) plane
of graphitic materials. This feature indicates a short-range order but without a long-range
crystalline order [74]. Similarly, the XRD of carbon nanotubes exhibits a prominent peak
around 2θ of 26◦, corresponding to the (002) plane of graphite. Carbon nanotubes can be
briefly useful in electronics, reinforcing agents, and sensors. Finally, the XRD of graphene
shows a noticeable peak around 2θ of 26◦ that relates to the (002) plane of graphite [75].
However, the difference in peak width and intensity is related to the number of graphene
layers stacked in the crystalline domain.
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2.2. Structural Characterizations

FTIR is regarded as a powerful tool for obtaining the molecular composition and
structure of the materials. FTIR is used for studying carbon nanomaterials like graphene
or silicone rubber, as studied in the present review. Figure 2a shows the FTIR spectra of
graphene [76]. The results show C=C stretching vibrations around 1580 cm−1, justifying
the presence of a graphitic structure. It is known to have originated from the stretching
vibrations of sp2 hybridized carbon atoms in the graphene lattice [77]. Further, the O-
H stretching was located around 3500 cm−1 and proposed from functionalization with
hydroxyl groups. It can enhance the hydrophobicity and result in higher surface activity
of graphene.

Figure 2. (a,b) FTIR of carbon nanomaterials and their composites. FTIR of silicone rubber shows
functional groups like C-H, Si-CH3, Si-O-Si; FTIR of FLG shows functional groups like O-H, C=C,
C-O and adsorption of CO2; FTIR of iron oxide shows functionalities like Fe-O; FTIR of TiO2 shows

160



Polymers 2025, 17, 1085

functional groups like O-H, Ti-OH, Ti-O, and Ti-O-Ti; finally, FTIR of composite sample shows
functionalities like C-H, C=C, Si-CH3, Si-O-Si; (c,d) XPS of unfilled and graphene-filled silicone rubber
compote samples. Results reveal that silicone rubber contains Si-O-Si and Si-C bonds, indicating
silicone polymer networks. Deconvolution results show interactions between graphene and silicone
rubber. These interactions can be physical adsorptions or chemical bonding, such as Si-O-Si linkages
Reproduced from open access article [76].

C=C stretching is located around 1700 cm−1 and indicates the oxidation of
graphene [78]. It is proposed to originate from the synthesis method or functionaliza-
tion process. Similarly, Figure 2b reveals the FTIR of silicone rubber and their composites
with respective characteristic absorption bands. They are proposed to originate from the
functional groups in silicone rubber. The spectra reveal Si-O-Si stretching vibrations around
1100 cm−1. They are originated from stretching vibrations of the siloxane backbone [79].
Another Si-CH3 stretching vibration at around 1270 cm−1 is known to have originated from
the methyl group attached to silicon in the rubber. The C-H band at around 2970 cm−1

was proposed to originate from C-H bonds in methyl groups. Thus, FTIR is proposed to
be useful for analyzing and validating the chemical composition and structure of both
graphene and silicone rubber [80].

XPS is a powerful tool for investigating the surface chemistry of the materials. Analyz-
ing carbon nanomaterials like graphene in silicone rubber composites provides elemental
composition. XPS also provide chemical states, interactions, and knowledge about addi-
tives [81]. Figure 2c,d show the XPS results of silicone rubber and graphene-filled silicone
rubber composites. The results show that the elemental compositions identified are car-
bon, silicone, and oxygen for both samples. The XPS results further show the presence
of functional groups like hydroxyl and carbonyl groups on the surface of graphene [82].
These interactions can be physical adsorptions or chemical bonding, such as Si-O-Si link-
ages [83]. The results further validate the composite processing’s absence of contaminants
or residual solvents.

3. Properties

3.1. Mechanical Properties

Understanding the mechanical properties of physical activity monitoring sensors is
very important. The composites based on elastomers and electrically conducting fillers
are often the best candidates [84]. They exhibit good mechanical properties suitable
for fabricating physical activity monitoring sensors. These composites are stretchable
and flexible and exhibit high sensitivity and reliability [85]. Moreover, they have robust
durability in various industrial applications like physical activity monitoring sensors. The
other useful mechanical parameters are elasticity, modulus, fracture strain, and hysteresis
losses. [86,87]. Moreover, a balance of these mechanical properties is critical to obtaining
robust performance for physical activity monitoring sensors. For example, these monitoring
sensors exhibit good stretchability and can help in accurately detecting and measuring
small changes [88]. They also exhibit an optimum compressive modulus, which helps in
exhibiting greater sensitivity to small changes in strain. Their higher tensile strength is
critical for enabling the reliability and durability of strain sensors under various loading
conditions [89]. Moreover, their lower hysteresis losses as heat dissipation losses help
achieve accurate and repeatable measurements. Finally, the composites with high fatigue
resistance ensure long-term reliability and durability [90]. Therefore, mechanical properties
are critical for physical activity monitoring sensors.

Figure 3A presents stress–strain curves for different composites to be useful for sen-
sors [91]. The results show two types of behavior. One is an increase in stress with
increasing compressive strain. Another is an increasing stress at all percentage strains
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with increasing MWCNT content in the composite. Firstly, the higher stress resulting
from higher strain could be because of higher packing fractions of the ingredients of the
composite at higher compressive strain [92,93]. Moreover, the stress increases almost
linearly up to 10%, then increases exponentially until a compressive strain limit of 35%.
The exponential increase after 10% is due to optimum strain, after which there are higher
packing fraction effects. In addition, the higher stress by increasing MWCNT content could
be due to higher inter-interfacial interactions [94]. These interactions resist the composites
under external mechanical force under the loading phase of strain. During the unload-
ing phase, the interactions re-establish and achieve equilibrium during cyclic mechanical
deformations [95].

 

Figure 3. (A) Stress–strain profiles under compressive strain. Results show that compressive stress
increases with increasing MWCNT + TiC content. Moreover, stress increases almost linearly up to
10%, then increases exponentially until a compressive strain limit of 35%. (B) Compressive modulus
of different composites. Results show that the compressive modulus increases with increasing content
of MWCNT + TiC. (C–F) Different samples under cyclic compressive loads. Output mechanical load
was stable with negligible losses from the initial to final cycles. (G) Stress–strain under tensile strain.
Stress was higher at higher strain, reaching a maximum before fracture. (H–J) Tensile strength, tensile
modulus, and fracture strain of different composites. These mechanical properties increase with
increasing MWCNT + TiC content, reaching the maximum at 4 phr of MWCNT + TiC. However,
fracture strain decreases after 3 phr of MWCNT. Reproduced with permission from reference [91].
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Similarly, the compressive modulus in Figure 3B increases with increasing MWCNT
content, reaching a maximum at 4 phr MWCNT + 5 phr TiC sample. This can be influenced
by a higher “reinforcing effect” of MWCNT in the composite. Moreover, the higher modulus
is due to efficient and robust interfacial interactions in the composites [96]. Finally, the
high properties are due to optimum fabrication methodology, dispersion, orientation,
and high aspect ratio of MWCNT [97]. These factors strongly influence the improved
compressive modulus with increasing MWCNT content in composites. These aspects are
important for achieving high performance for physical activity monitoring sensors for
mechanical stability and durability [98,99]. Among the various main mechanical factors,
mechanical stability is critical for physical activity monitoring sensors. Thus, Figure 3C–F
shows the mechanical stability under compressive cycling for different composites. The
results reported by Manikkavel et al. [91] show that under continuous compressive cyclic
strain, the output mechanical load was stable with negligible losses from the initial to
final cycles. This behavior supports their use of physical activity monitoring sensors [100].
These sensors require higher mechanical stability and critical fatigue resistance against
mechanical failure. This can be correlated to better load transfer, thereby making the
composite more resistant to mechanical deformation [101]. Moreover, the desired modulus
and sensitivity can obtain better performance for physical activity monitoring sensors.

Figure 3G reports stress–strain curves under tensile strain. Like previous results in
Figure 3A, the stress was higher at higher strain, reaching a maximum before fracture.
This could be a result of the breakdown of interfacial interactions in in-rubber structures.
These features are also due to other interactions within the composites under increasing
tensile strain [102]. Other parameters, like tensile modulus, tensile strength, and fracture
strain, can be derived from these stress–strain curves and reported in Figure 3H–J. Most
of the results agree well with the stress strain in which the modulus and tensile strength
increase while fracture strain falls after 3 phr MWCNT 5 phr TiC. The improved mechanical
properties with filler addition are well known, and there are several reasons for such
behavior. For example, the higher “reinforcing effect” of MWCNT in composite helps
in achieving higher mechanical properties [103]. Higher interfacial interactions with the
addition of MWCNT in the composites assist in achieving higher mechanical properties.
Finally, good fabrication technology, filler dispersion, and the high aspect ratio of MWCNT
in composite help in achieving higher mechanical properties [104].

Finally, the fall in fracture strain after 3 phr MWCNT + 5 phr TiC in Figure 3J could
be due to the partial aggregation of filler particles in composite materials. It is essential
to understand the modulus of the composites for their usefulness as physical activity
monitoring sensors [105]. Moreover, the tensile strength is crucial for composite materials.
It provides important information about the quantity of stress a composite can withstand
before mechanical failure or fatigue [106]. Moreover, the fatigue behavior is important for
understanding the reliability and durability of sensing devices. Finally, the fracture strain
is useful to understand the ultimate elongation the composite can withstand before failure.
This is one of the most important aspects of the use of composites for various physical
activity sensing applications [107].

3.2. Electrical Properties

The physical activity monitoring sensors are generally based on elastomers that are
lightweight and stretchable under external mechanical deformations [108]. These physical
activity monitoring sensors have key factors like resistance change, response time, and
gauge factors while evaluating their performance [109]. These factors are crucial for
understanding the performance of a strain-sensing device. The strain sensors work on the
principle of piezoresistance in which the resistance change happens in response to applied
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strain [110]. Such a resistance change is usually proportional to the applied strain and
depends upon the material’s piezoresistive coefficient. Then, the response time refers to the
ability of the strain sensor device to respond to external stimuli [111]. Generally, a faster
response time is required for dynamic applications. Therefore, the response time is related
to mechanical properties, sensor design, and the electronics of the strain sensor. Finally,
the gauge factors measure the sensitivity and quantify the resistance change against the
strain [112]. Technically, it is defined as the ratio of relative change in resistance (ΔR/R)
to the applied strain (Δε). Thus, these above factors are useful in understanding the
performance of strain sensors. For example, using materials with higher piezoresistive
coefficients can enhance the resistance change per unit strain, thereby influencing the
sensitivity. Overall, researchers need to develop a strain sensor with optimum performance,
such as desirable resistance change, faster response time, and optimum gauge factor [113].

Considering these aspects, Park et al. [91] fabricated composites by adding different
propositions of MWCNT and fixed 5 phr of TiC into silicone rubber. Finally, these compos-
ites were studied for their use in strain sensing by reporting resistance change, response
time, and gauge factors [114]. Figure 4A–C report the resistance change by increasing the
MWCNT content in the SR matrix. The piezoresistive effect can be understood by compos-
ites based on SR matrix and MWCNT and TiC. This helps in achieving higher change in
electrical resistance in response to mechanical strain [115]. This can be understood in more
detail as the formation of electrically conductive pathways in composite by MWCNT and
TiC into SR matrix. Thus, as the composite undergoes compressive mechanical deformation,
there is a change in resistance [116]. Finally, it results in enhancing the piezoresistive effect
and amplifying the change in resistance for a given level of strain. Another mechanism
for achieving higher piezoresistivity is related to filler percolation phenomena [117]. For
example, increasing the MWCNT content beyond the threshold helps the composite ma-
terial transition to a more conductive state. Finally, this assists in making the composite
more sensitive to changes in strain-induced resistance [118]. Moreover, the with change
in resistance, the sensitivity of the composite can be adjusted by changing the content of
MWCNT in the SR matrix. This can be adjusted by tuning MWCNT content for desirable
performance. This tuning allows for optimization factors like sensitivity, linearity, and
mechanical properties of the final composite [119,120]. Overall, the mechanical stability
is important in affecting the fatigue and durability properties of these composites. For
example, the mechanical stability of these composites helps to withstand mechanical strain
without failure, ensuring reliable performance as a strain sensor over extended usage [121].

In addition to change in resistance, the response time is of utmost importance to study
strain sensors. Figure 4D–F present the influence of increasing MWCNT content on the
response time of the composites. The results show that the response time decreases with
increasing MWCNT content. This behavior is proposed because of the higher electrical
conductivity of the composites with an increase in MWCNT content [122]. The transmission
of electrical signals or the sensing of changes in electrical properties results in a smaller
response time. This can be understood more efficiently as the higher electrical conductivity
helps in faster transmission of electrical signals [123]. For example, the resulting electrical
response under mechanical deformations can be detected more quickly in materials with
higher conductivity. Moreover, the sensing performance is improved with composite with
higher electrical conductivity [124]. For example, the time taken to detect changes in
resistance due to mechanical deformation can be reduced in more conductive materials.
In many cases, the higher electrical conductivity helps in reducing electrical noise or
interference in composite materials [125]. It helps to ensure faster and more reliable signal
processing and data transmission. It is useful where accurate and timely detection of
signals is critical, such as in medical devices [126].
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Figure 4. (A–C) Relative resistance change for different samples. Results show a higher change
in resistance by increasing MWCNT + TiC in composites. Effective piezoresistive exhibit can be
understood by composites based on SR matrix and MWCNT and TiC. (D–F) Response time for
different composites. Response time decreases with increasing MWCNT content. For example,
response time of loading phase at 2 phr MWCNT + 5 phr TiC was around 0.502 s, and it decreased
to 0.202 s at 3 phr MWCNT + 5 phr TiC. (G–I) Gauge factor of different samples. Gauge factor was
1.19 at 25% strain and increased to 5.6 by increasing compressive strain to 35%. Reproduced with
permission from reference [91].

Finally, the gauge factor and linearity of the composites are understood by the results
reported in Figure 4G–I. It is well known that the gauge factor depends critically on the
magnitude of strain and electrical conductivity of the composite studied. This is expected
due to an increase in the packing fraction of the additives in the composite during fabrica-
tions. The higher packing fraction influences the resistance change, and thereby the higher
gauge factor was witnessed [127,128]. In another case, with increasing MWCNT content,
the gauge factor and linearity are also better. It is also due to higher electrical conductivity
by increasing MWCNT content in the composite. The higher electrical conductivity im-
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proves the charge carriers within the composite and allows more efficient transmission of
electrical signals [129].

Thus, the process finally influences the change in resistance, thereby leading to better
linearity and higher gauge factors. Moreover, higher electrical conductivity helps in
enhancing sensitivity to external stimuli. Finally, it enhances the accuracy and reliability
of strain-sensing applications [130]. In another case, these strain sensors should exhibit a
linear response, where the resistance change is directly proportional to the applied strain
over a wide range of strain values. Here, the higher electrical conductivity can contribute
to improved linearity by minimizing non-linear effects such as mechanical hysteresis
losses [131]. For example, Park et al. [91] show that the linearity was 0.81 for 1 phr MWCNT
with 5 phr TiC, and it increases to 0.91 for 3 phr MWCNT with 5 phr TiC. Therefore,
electrical conductivity plays a crucial role in enhancing the gauge factor and linearity of
composites used in strain-sensing applications.

4. Applications

4.1. Physical Activity Monitoring Sensors Under Tensile and Compressive Strain

In composite materials that are used in strain sensing, the change in resistance can vary
based on composition, structure, and electrically conductive properties [132]. For example,
under compression strain, the distance between conductive pathways of filler, such as
MWCNT, changes in the composite. This leads to a change in resistance and, thus, different
sensing performance [133,134]. This case is similar to graphene-based composites, in which
the electrically conductive pathways became denser, resulting in resistance change and
thus better-sensing properties. Similarly, the change in resistance for CNT and graphene-
based composites is higher, thereby resulting in resistance change and lower sensing
capacity [135]. Therefore, specific resistance change is based on the type of strain primarily
driven by changes in the conductive pathways within the material. Park et al. [136] report
a strain sensor fabrication by solution mixing of silicone rubber with carbon nanotube. This
mixing was performed for 10 min following the addition of the vulcanizing agent and kept
at room temperature for 24 h for vulcanization. After vulcanization, the final composites
were tested for properties under tensile and compressive strain.

Figure 5a shows the outline of the wearable sensor in the human body. The real-
time sensing responses can be performed under thumb pressing, finger pressing, finger
bending, and wrist bending [137]. For strain sensors utilizing composite materials, those
used in wearable devices can induce varying responses in terms of resistance change [138,
139]. Figure 5b shows the relaxation and loading under tensile strain from a universal
testing machine. These strain types can be understood more extensively as thumb or
finger pressing states, as when pressure is applied with the thumb, it results in localized
compression on the sensor surface. This compression can result in a decrease in resistance
change, thereby increasing conductive pathways in composite elements [140]. Then, the
finger bending or wrist bending results in inducing complex strain on the sensor surface.
The dimensions of cylindrical and dumbbell samples are presented in Figure 5c. Finally,
Figure 5d shows relaxation and loading under compressive strain. Generally, the bending
process results in variable compressive or tensile strain across the sensor, resulting in varied
response in resistance.
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Figure 5. (a) Relative resistance change for various human motion sensing. Change in resistance was
higher during thumb pressing, mimicking compression strain on cylindrical sample. However, it
was highest for finger bending that mimics tensile strain. (b) Sample subjected to tensile load. These
researchers performed strain sensing using cylindrical samples for compressive tests and dumbbell
samples for tensile testing. (c) Details of sample geometry. Cylindrical samples were 10 mm thick
and 20 mm wide. Tensile test’s dumbbell sample has a thickness of 2 mm and a gauge length of
20 mm. (d) Sample subjected to compressive load. Relaxation and loading mechanisms are reported.
Reproduced with permission from Wiley [136].

4.2. Sensing of Physical Activity Like Boxing
4.2.1. Overview of Deep Learning and Data Analytics for These Sensors

This review introduces the use of deep learning for use in physical activity monitoring
sensors. Here, the integration of deep learning and data analytics with composite-based
sensors has opened new frontiers in intelligent sensing systems. These sensors use flexible
and use multifunctional materials such as rubber composites and electrically conducting
fillers. They generate rich, complex data streams in response to various physical stimuli,
including pressure, strain, temperature, and motion. Moreover, exploitation of the data
from physical activity like walking, running, etc. is performed for accurate sensing. The
other functionalities involve the recognition, decision-making, and advanced data-driven
approaches. Here, deep learning, a subfield of machine learning based on artificial neural
networks, can be explored. It has proven especially powerful in handling large, high-
dimensional datasets. It can automatically extract hierarchical features from raw sensor
signals. Then, it enables robust classification, regression, and anomaly detection without
manual feature engineering. This is particularly valuable for wearable and soft sensors,
where signal patterns may be non-linear, noisy, and highly dynamic. Finally, comple-
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menting this, data analytics techniques are used. These are statistical modeling, signal
processing, and real-time data fusion. They enhance sensor functionality by improving
accuracy and enabling sensor calibration. Finally, they help in supporting multi-sensor
integration. These technologies transform composite-based sensors from passive signal
generators into smart systems. For example, deep learning is capable of adaptive learning,
real-time feedback, and predictive analytics. This integration is crucial for applications
such as human motion analysis. The other applications are health monitoring, soft robotics,
and structural health diagnostics.

4.2.2. For Real-Time Monitoring for Boxing Sensor

The real-time sensing of physical activity involves the integration of smart materi-
als as sensors to monitor physical sports activities such as human motion [141]. They
are useful for various industrial applications, such as sports performance analysis and
healthcare monitoring [142–144]. Thus, integrating smart materials that are active in piezo-
electricity [145], piezoresistivity [146], or capacitive elements [147] within the sensor is
useful for sports activity monitoring. These sensors are useful for measuring changes in
relative resistance under mechancial stimuli and transmit data through connections for
real-time analysis [148]. These sensors are wearable in clothing, footwear, and hand gloves
as reported in Figure 6a [149]. The author reports the monitoring of human motions or
sports activities like boxing for biomechanical analysis. The viscosity, modulus, and tensile
strength can be improved by mixing SiO2 micro-particles into liquid metals [149]. These
aspects allow the sensor used for sports monitoring with high sensitivity with increasing
gauge factors. Here, the gauge factors increase from 5.72 at 100% strain to 23.91 at 300%
strain. After printing, the sensor was fabricated onto the textile glove for real-time monitor-
ing of the prototype. These sensory arrays are integrated with tactile gloves for evaluating
boxing motions like jab, swing, uppercut, etc. [149]. This can be further understood in
Figure 6b. Such analysis involves an analysis of sports performance optimization or injury
prevention mechanisms. Finally, the real-time data can be obtained from WiFi, Bluetooth,
or cloud-based platforms for analysis and visualization. Finally, the signal processing
algorithms are employed to understand sensor data. The real-time feedback from physical
activity and performance metrics has an accuracy of up to 90.5% [149].

A physical activity like boxing can be monitored with a physical activity sensor
with an accuracy of >90% [149]. These sensors represent a powerful tool for promoting
advanced research for sports like monitoring jabs, uppercuts, or swings in boxing. These
sensors can harness sensor technology, data analytics, and health monitoring solutions [150].
Moreover, these sensors are equipped to sense various advanced sports systems, mechanical
motions, or physiological parameters of human health [151]. Moreover, such sensors can
capture data on movements, behaviors, and inertial applications. The inertial sensors
include accelerometers, global positioning systems, and health monitoring like changes in
heartbeat during sports activity [152,153]. Therefore, Xiao et al. [149] report the monitoring
of physical activity like boxing through such sensors. Figure 7a shows the monitoring of
change in relative resistance during jab, uppercut, and swing operations during boxing
using the composite-based physical activity sensor. The reported real-time monitoring
results show that the change in relative resistance was higher for the uppercut, medium
for the jab, and lower for the swing. The higher resistance change of the uppercut could
be proposed due to the higher magnitude of strain that results from higher mechanical
deformation and, thus, higher resistance change [154]. For example, a smart tactile glove
can be used to evaluate the recognition of a particular activity through an algorithm, as
seen in Figure 7b. The final punch was divided into a training set (90%) and a testing set
(10%) by adopting the Convolutional Neural Network (CNN) model. Figure 7c reports
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the real-time monitoring of resistance change against various types of hand motions like
finger bending. These reported results show that the resistance to change was highest for
the middle finger and lowest for thumb bending, as suggested by Zhang et al. [155]. The
results are consistent and reproducible concerning the type of bending.

Figure 6. (a) Fabrication of sensor and their prospects. Device was developed by 3D printing of
liquid metals on silicone rubber with the brand name “Ecoflex”. (b) Wearable sensor, deep learning,
and real-time monitoring of boxing. With future advancements, deep learning and data analytics will
play an increasingly central role in unlocking the full potential of composite-based sensor systems.
Reproduced with permission from open access article [149].

It is well known that the resistance changes sensors often rely on piezoresistive mech-
anisms. For example, under mechanical motions of bending or pressing, the electrical
resistance changes proportionally depending upon the magnitude of mechanical stim-
uli [156]. This change in resistance can be measured and correlated with specific human
motions like finger pressing or bending during boxing [149]. The wearable sensors em-
bedded in gloves can detect changes in resistance corresponding to repetitive motions
like jabs, uppercuts, or swings in boxing. Figure 7d shows the signal processing steps
that include data collection. The collected data can be transmitted through the wireless
platform, processing scaling transformation of data, and final validation of the results.
Finally, Figure 7e shows the optical image of real-time boxing, and Figure 7f shows the
confusion map of the classified results. By capturing and quantifying changes in resistance,
these sensors can provide valuable insights into movement patterns and sports activities
like boxing. Moreover, the change in resistance is the fundamental principle of motion
sensing [157]. It, therefore, allows for the detection, quantification, and interpretation of
various sports activities like boxing.

169



Polymers 2025, 17, 1085

 

Figure 7. (a) Different configurations in boxing. This sensor was fabricated by 3D printing liquid
metals on silicone rubber. Mechanical properties like modulus and tensile strength were improved by
mixing SiO2 and micro-particles into liquid metals as reported. (b) Filtering process of data. Whole
data sample was used in 150 sets, and 30 sets for each punch were reported. (c) Resistance change of
different human motions during boxing activity. (d) Data collection and result prediction process.
(e) Target class and accuracy of the system. Reported results indicate that boxing indication shows an
accuracy of >90%. Overall, resistance to change during different human motions enables real-time
monitoring of physical activities. (f) Classification test confusion matrix of boxing recognition derived
from the tactile glove. Reproduced with permission from open access article [149].
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4.3. Monitoring Human Motions Like Squatting, Walking, or Running

Physical activity can be monitored by enabling the real-time tracking of human mo-
tions like squatting, walking, or running. The sensor involved helps in providing insights
into biomechanics and performance metrics and is often helpful to avoid possible in-
jury [158]. As discussed already, the sensors used in physical activity monitoring involve
various useful technologies. These technologies are like accelerometers, gyroscopes, or
in some cases equipped with global positioning systems. These sensors are generally
integrated with various wearable devices like smartwatches or fitness trackers [159]. The
tracker’s examinations of parameters like joint angles, acceleration, velocity, and force
distribution are useful for potential improvements during monitoring [160]. Yeo et al. [161]
reported human motion monitoring like squatting, walking, or running. The detailed pro-
tocols of the motions are presented in Figure 8a. The figures detail the squatting, walking,
and running protocols for a season and respective timings during data collection. These
movements are like squatting, walking, or running [162]. The raw ECG quality, as shown
in Figure 8b, shows the overall output from the different human motion protocols. The
total protocols of one set of the activities involved are reported in Figure 8c. The final
results can be monitored by filtering the data to remove noise-related errors and analyzed
to target applications like squatting, walking, or running. Moreover, the sensors can pro-
vide feedback on movement patterns and ensure they adhere to prescribed exercises [163].
One key advantage of these sensors is their ability to provide real-time feedback to users.
This quality helps the user to immediately correct the feedback and helps to adjust and
achieve their goals more effectively. Irrespective of the many advantages of such sensors
for monitoring human motions, they also have some limitations. For example, accuracy
issues, data interpretation complexities, and user comfort concerns. Moreover, ensuring
data privacy and security is crucial, especially when dealing with monitoring [164,165].

4.4. Self-Powered Energy Harvesting Under Different Mechanical Loads

This self-powered green energy harvesting is promising and hoped for a polluted
environment and thus studied extensively. There are various ways of harvesting mechan-
ical energy like vibrations, motion-induced, strain-based, or under different mechanical
loads through piezoelectricity [166]. These can be understood more efficiently as when
the composites were subjected to external vibration mechanical loads from sources like
machinery, vehicles, or natural sources that can generate energy through piezoelectric or
electromagnetic mechanisms [167,168]. These piezoelectric materials can be lead zirconate
or polyvinylidene fluoride that generate energy in response to external mechanical stimuli
or vibration sources. However, electromagnetic composites that contain electromagnetic
materials generate energy through the motion-induced variation of magnetic fields within
the composite structure [169]. Motion-induced energy harvesting involves the generation
of voltage through human or vehicle motions. The energy generation in such cases uses
mechanisms like piezoelectric, triboelectric, or electromagnetic induction for energy har-
vesting [170]. The triboelectric mechanisms involve the use of the contact and separation
of dissimilar materials within the composite structure. This prototype finally assists in
generating electrical charges through the triboelectric effect [171]. The electromagnetic
induction mechanisms involve energy generation when composite material is subjected to
different magnetic fields due to relative motions, as described by Lai et al. [172].
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Figure 8. (a) Squatting, walking and running protocols. Respective data, like electro-cardio graphs
(ECG) obtained through these sensors from physical activities, can be collected by involving al-
gorithms. These algorithms analyze sensor data to recognize and quantify specific movements.
(b) Output of ECG from different human motions. (c) Total protocols of one set of the activities
involved. Normalized ECG peaks provide respective respiration rate from protocols. Final re-
sults evaluate mechanical stability of sensor during real-time monitoring with reduced noise and
remarkable ECG signal quality. Reproduced with permission from open access article [161].

In the present review, energy harvesting through piezoelectric principles is reported.
The main mechanism of energy harvesting through the piezoelectric principle involves
generating output voltage under the mechanical deformation of these composites. This in-
volves the addition of piezoelectric materials in an elastomeric matrix [173]. The composites
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were then deformed under mechanical loads on the prototype used for energy generation.
Then, the dipoles in the substrate containing these piezoelectric composites are polarized.
Thereby, the further mechanical deformation helps further opposite change separation and
finally migrated to electrodes through capacitance [174–176]. Finally, this charge can be
harvested from the electrode, and the output voltage in the form of electrical energy can be
obtained. Park et al. [176] report the setup for harvesting energy under different mechanical
loads. Figure 9A reports the setup for obtaining output voltage through piezoelectric mate-
rials. The different magnitudes of mechanical loads range from 0.5 N to 4.5 N provided
through a universal testing machine as shown in Figure 9A. Figure 9B reports the output
voltage under different loads, and Figure 9C shows the maximum voltage generated under
particular compressive force.

The relationship between the output voltage and mechanical force can be linear up
to a certain mechanical force, like up to 3.5 N, or non-linear after a certain mechanical
force like 4.5 N [176]. This change in output voltage under different mechanical forces
depends critically on the type of materials used during fabrication, the composition of the
ingredients, and the magnitude of mechanical force [177,178]. However, the composite
material can exhibit piezoelectric or piezoresistive properties as per need. For example, they
can generate an output electrical response under mechanical stress or strain as suggested
by Kumar et al. [179]. Finally, Figure 9D shows the electro-mechanical behavior under
cyclic mechanical force of 2.5 N and durability tests in Figure 9E. The results show that the
output voltage was stable during the initial cycles, like in Figure 9D, but started degrading
after ~500 cycles, as reported in Figure 9E in durability tests. There are various reasons for
the degradation of the output voltage after 500 cycles. The main reason is crack formation
in the composite electrode and substrate. These cracks can lead to changes in the material
properties, such as reduced piezoelectric or piezoresistive coefficients like those reported
by Manikkavel et al. [180].

This results finally results in a degraded output voltage. The fatigue leading to
microstructural damage in mechanical or electrical components. Under repetitive loading-
unloading cycles, the fatigue-related degradation can result in a decrease in the output
voltage generated [181]. Here, the voids or fabrication defects in the composites and
electrical contact degradations at the substrate-electrode interface region [182]. Therefore,
proper materials with high fracture toughness must be selected to obtain high durabil-
ity of the composites for obtaining promising performance and overcoming mechanical
failure of the composites [183]. Thus, the role of improving fracture toughness in compos-
ites for obtaining good durability with minimum losses is described in Figure 10 in the
coming section.

4.5. Current–Voltage Curves, Real-Time Monitoring, and Durability of Composites

It is well known that improving fracture toughness is crucial for obtaining good
electro-mechanical stability and mechanical deformation. The high fracture toughness of
the composite enables the composite material to resist crack development and propaga-
tion [184]. Such resistance to crack propagation helps in improving mechanical integrity
under cyclic loading and thus good durability. Moreover, if materials with high fracture
toughness are used, they will prevent mechanical failure under mechanical cyclic load-
ing [185]. This will be especially useful for accurate and continuous monitoring of the
composites for strain-sensing applications. Higher fracture toughness helps to ensure the
accuracy and consistency of strain measurements over time [186]. This is because the me-
chanical degradation of the strain sensor is expected to be negligible, thereby maintaining
the accuracy of the durability tests under constant cyclic loading.
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Figure 9. (A) Optical image of set-up. Loading tip was around 2 cm in diameter, and copper elec-
trodes were attached to the flexible electrode for collecting the output voltage through a multimeter.
(B,C) Output voltage under different forces. These reported results show that output voltage keeps
increasing with increasing mechanical force up to 3.5 N before lowering down at 4.5 N force. (D) Out-
put voltage under cyclic loading. (E) Durability examinations at a load of 2.5 N. Voltage was stable
during the initial cycles but started to degrade after 500 cycles. This degradation is due to crack
formation in the electrode and at filler–rubber interface failure. Reproduced with permission from
Wiley [132].
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Here, Alam et al. [187] report the piezoresistive behavior of the composites with higher
fracture toughness in Figure 10. Figure 10a reports the behavior of the current–voltage
(I–V) curve for the composite used in strain sensing. It can be understood as variations
in electrical resistance or piezoresistance with a change in the magnitude of the applied
strain [188]. These I-V curves depict the correlation between applied strain and resulting
electric current in the composite sample. The other prospects in I-V curves involve their
linear nature at small strain magnitude following Ohm’s law. However, at higher strains,
the I-V nature is non-linear and leads to a change in slope and threshold voltage [189].
These I-V curves are useful as they can assist in estimating strain sensitivity, gauge factor,
hysteresis, and linearity in strain-sensing applications. Figure 10b,c show the change
in relative resistance concerning unidirectional and cyclic strain. Moreover, the relative
resistance was higher at higher cyclic strains. This can be understood through an increase
in inter-particle distance between electrically conductive fillers at higher tensile strain [190,
191]. Moreover, as such piezoresistive materials exhibit an enhanced sensitivity to a higher
magnitude of tensile strain. For example, as the material undergoes more significant
stretching, its electrical resistance changes more noticeably at a given strain [192]. The
main mechanism behind such effects involves the re-orientation of electrically conductive
pathways within the composite material. This leads to a more pronounced change in
relative resistance at higher levels of tensile strain [187].

The importance of fracture toughness was further validated by Alam et al. [187]
by real-time monitoring of finger bending at different angles in Figure 10d. The main
mechanism involves transferring mechanical deformation into relative resistance change
with finger bending [193,194].

For example, as the finger bends, the sensor undergoes strain, causing changes in
its electrical properties, such as resistance. The results show that the relative resistance
changes with an increase in finger bending. Such changes can be studied and converted
into meaningful data to represent the extent of finger bending. Finally, the durability
of the strain sensor prototype is reported in Figure 10e. There are various aspects of
improving durability by tuning mechanical stiffness. For example, the composite materials
used in fabricating strain sensors are subjected to external mechanical load to obtain a
stable piezoresistive response. However, it is subjected to mechanical failure after a certain
number of cycles. Thus, Alam et al. [187] report the concept of improving fracture toughness
to obtain stable and long durability with minimum voltage losses. For that, the MWCNT
was added to the electrode in hybrid to MoS2 to obtain highly stable durability cycles [187].
The main mechanism behind this higher mechanical stability involves the reduction in the
curing process of silicone rubber. It results in the development of uniform crosslink density
and thus uniform and better mechanical properties [187]. The literature summary about
the sensors and their properties are summarized in Table 1.
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Figure 10. (a) Current–voltage (I-V) profiles of the samples under 0–155% strain. These I-V curves
provide crucial insights into the nature of electrical behavior under change in mechanical loading.
(b) Resistance change under uniaxial tensile strain. Results show that resistance to change increases
to as high as 1719% at 155% strain. (c) Relative resistance change under tensile strain. (d) Real-time
monitoring of sample by finger bending at different angles. These piezoresistive sensors can detect
changes in shape or curvature as the finger is bent. (e) Durability cycle of sample. Study shows that
adding MoS2 in hybrid with MWCNT improves fracture toughness and thereby excellent durability
with negligible losses for up to 3000 cycles. Reproduced with permission from Elsevier [187].
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Table 1. Literature summary on different aspects of composite-based sensors.

Materials Used
During Fabrication *

Modulus
Elongation
at Break

Electrical
Properties

Response Time Gauge Factor Reference

MWCNT, SR 6.5 MPa 210% 0.5 kΩ - ~1.4 at 125% [18]

LIG, PI, PDMS - - 250 Ω - 75 at 5% [19]

NCB, PDMS 15 ms 20.97 at 35% [27]

CNF, PDMS - - 10 kΩ/sq ~100 ms 11.11 at 50% [46]

CNF, PDMS - - - ~50 ms 417 at 100% [47]

CNT, GNP, SR 11 MPa - 0.7 kΩ - - [60]

CNT, GNP, CB, SR 7.5 MPa 250% - - 7.8 at 100% [64]

CB, f-GNP, SR 4 MPa 170% 5 kΩ - - [87]

MWCNT, TiC, SR 3.87 MPa 210% - 100–300 ms 23.9 at 22% [91]

MWCNT, f-PDMS - - - 12.88 ms 22.64 at 225% [98]

CNS, TPU - 200% 30 kΩ - 57.94 at 100% [107]

CFM, GO/PAN - 50% - <300 ms 10,688 at 15% [109]

PVA, Bn, PEI, MXene - - - 120 ms - [111]

SnS2, PDMS - - - - 3933 at 1.2% [112]

CNT, UHPC, 166.3 MPa - 12.95 kΩ - 28 [117]

MWCNT, Ecoflex - 1300% - - 6.86 at 100% [120]

Alumina, Kapton - 120% - - 2.6 × 108 at 70% [128]

MWCNT, SBR 12 MPa 200% - - 48.62 at 187% [132]

MWCNT, SR 3.5 MPa 220% - 200 and 125 ms 3.7 at 40% [136]

MWCNT, GNP, SR 9 MPa 175% - 32.04 at 100% [139]

PAA-PVA hydrogels - 30% - - 2.03 at 15% [141]

CIP, CB, PDMS 80% 96 and 50 ms 7.74 at 80% [156]

MWCNT, MoS2, SR 0.9 MPa 325% 25.95 at 155% [187]

SNW, TPU 360% >16,000 at 360% [190]

CCB, PVDF, ENR 60% 4 MΩ 1560 at 40% [191]

CCB, Graphene, SR 7.7 MPa 200% 1.89 × 104 at 44% [195]

MWCNT, Thinner, SR 1.14 MPa 200% - 540–110 ms 0.94 at 40% [196]

* Abbreviations: MWCNT = multi-wall carbon nanotubes, SR = silicone rubber, LIG = laser-induced graphene,
PI = polyimide, PDMS = polydimethylsiloxane, NCB = nano carbon black, CNF = carbon nano fibers, CNT = car-
bon nanotubes, GNP = graphene nanoplatelets, CB = carbon black, f-GNP = functionalized graphene nanoplatelets,
TiC = titanium carbide, CNS = carbon nano structures, TPU = thermoplastic polyurethane, GO/PAN = graphene
oxide polyanaline, PVA = polyvinyl alcohol, PEI = polyetherimide, UHPC = ultra-high-performance concrete,
SBR = styrene butadiene rubber, CIP = carbonyl iron particles, MoS2 = molybdenum disulfide, CCB = conducting
carbon black, PVDF = polyvinylidene fluoride, ENR = epoxied natural rubber.

5. Conclusions

The present review article reports the prospects of carbon nanomaterials-reinforced
silicone rubber composites. The use of these composites for industrial applications like
physical activity monitoring sensors is reviewed for the years 2020 to 2025. The literature
shows that the carbon-based material can be very promising for adding to silicone rubber
during composite fabrications. For example, they improve the mechanical, electrical, and
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thermal properties of silicone rubber when used. These improved properties make these
composites useful for industrial applications like sensors. The review provides further
insight that the sensors studied through the literature survey show that these carbon
materials not only make the composites based on them robust but also feasible for their
multi-functionality. Moreover, silicone rubber acts as a great supporting rubber matrix
because of its easy processing and electro-active properties. Finally, the literature survey
shows that sensors based on silicone rubber and carbon materials exhibit high sensitivity,
optimum relative resistance, high gauge factor, and, finally, robust durability. Therefore,
the present review article allows the reader to understand the advantages of using these
composites for various industrial uses as sensors or energy harvesting.

5.1. Advantages and Challenges

This review presents the robustness of the sensing technique and the role of filler,
rubber matrix, and their properties in influencing the performance output. The review
further insights that the use of frequently used carbon nanomaterials is novel for achieving
high performance. These frequent materials are carbon black, carbon nanotubes, and
graphene. Moreover, silicone rubber arises as the best rubber matrix to achieve such
high performance. The advantages and challenges of these composites are discussed
briefly below.

For carbon black prospects, there are various advantages to using carbon black, such
as its cost-effectiveness and high surface area. Thus, it is traditionally used as a filler to
reinforce the rubber matrix, as reported by Xu et al. [197]. These high mechanical properties
make it useful in sensing with high performance. However, there are some challenges,
such as the aggregation of carbon black particles when mixed with a silicone rubber matrix.
Another challenge is its limited sensitivity, which leads to a poor gauge factor compared
to carbon nanotubes and graphene, as reported by Song et al. [195]. Similarly, for the
carbon nanotubes prospects, there are various advantages of using carbon nanotubes in
sensing applications. They include high sensitivity and high gauge factors due to excellent
electrical properties and high aspect ratio as reported by Pei et al. [198]. However, there are
some challenges, such as achieving uniform dispersion. However, the functionalization
of carbon nanotubes can be used to achieve good filler–rubber compatibility. Therefore,
it helps to achieve uniform dispersion, but the process is challenging and involves acids
and other hazardous materials like those presented by Peng et al. [199]. Moreover, it is
relatively expensive compared to traditional fillers like carbon black. Finally, obtaining the
proper orientation of carbon nanotubes is critical for optimum mechanical performance.

Then, for graphene prospects, the graphene exhibits various extraordinary mechanical
and electrical properties, making it ideal for sensing applications. Its high reinforcing
properties enhance durability and performance under mechanical strain, as suggested by
Guo et al. [200]. However, there are many challenges, such as production and scalability,
integration, and re-staking among the graphene layers due to van der Waals forces [201].
Therefore, new methods need to be developed to synthesize large-scale graphene pro-
duction to exploit their outstanding properties and robust sensing. Silicone rubber is
extensively used in sensing applications due to its excellent flexibility, biocompatibility,
and high durability. It also serves as an excellent matrix material for fillers like carbon
nanomaterials and creates robust sensors, as reported by Kumar et al. [196]. However,
there are some challenges, like the dispersion of fillers, balance between conductivity and
flexibility etc. Some other challenges are its low sensitivity, hysteresis losses, mechanical
stability, and integration in sensing devices, as noted by Chen et al. [202]. Moreover, the
medical silicone rubber grade exhibits toxicity that is added by the curing agents and fillers
used in reinforcing the rubber matrix. Therefore, the right strategy must be followed to
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obtain balance properties like optimum stiffness, low toxicity, and high gauge factor or
sensitivity for sensing applications, as indicated by Rahmani et al. [203].

5.2. Future Prospects of the Composites

The carbon nanomaterial-reinforced silicone rubber-based composites hold promise
to revolutionize the sensing field. These applications include healthcare, environmental
monitoring, structural health monitoring. Moreover, wearable technology is also promising
perspective of these sensors, as suggested by Haghi et al. [204]. The unique mechanical and
electrical properties of these composites provide a promising route for obtaining robust
composites with high sensing capacity. For carbon nanotube prospects, carbon nanotube-
based composites develop more sensitive and accurate wearable healthcare devices. These
devices are useful for tracking vital signs such as heart rate and blood pressure [205].
Moreover, the advanced integrated system of fitness trackers can be useful to monitor
physical activity, strain, and stress on muscles and joints. These composites are also useful
for designing flexible electronics. For example, electronic skins can mimic human touch and
pressure sensitivity for use in robotics, as reported by Palumbo et al. [206]. Finally, these
composites are useful for environmental monitoring, including air and water quality. For
example, the creation of more sensitive air and water quality sensors capable of detecting
trace amounts of pollutants in air and water, as reported by Nasture et al. [207]. Graphene
holds promising insights to develop high-performance sensors. These sensors include
strain sensors, pressure sensors, chemical sensors, and biological sensors, as suggested by
Li et al. [208]. In addition, graphene is promising to create self-powered sensing systems
like energy harvesting or energy storage like batteries. The use of graphene also helps
to achieve transparent and flexible electronics [209]. For example, the development of
touchscreens, displays, and flexible circuits is available using graphene-based composites.

For carbon black prospects, carbon black holds promising solutions for cost-effective
gadgets for sensing and reinforcing aspects of composites. For example, by using it in
conductive rubber composites, flexible and stretchable sensors with improved mechanical
properties can be created [210]. Moreover, carbon black can be useful in creating sensors
for automotive applications, such as tire pressure monitoring and strain detection in
vehicle components. Therefore, these composites are useful for multifunctional aspects in a
wide range of applications, such as electronics, tires, and health monitoring sensing [211].
Silicone rubber reinforced with carbon nanomaterials also holds promising prospects. The
first use of silicone rubber was in medical implants. This involves the development of
biocompatible sensors for long-term monitoring of physiological parameters within the
body, as reported by Kim et al. [212]. Moreover, they can be useful for wearable health
monitoring. For example, it can achieve enhanced capability for real-time data collection
and analysis for proactive health management based on silicone rubber. In addition, silicone
rubber is also useful for environment sensing, structural health monitoring, and finally,
robotics, as reported by Horne et al. [213]. Therefore, the composite reviewed in this paper
has vast and promising prospects. The combination of these materials offers significant
improvements in sensitivity, flexibility, durability, and biocompatibility, as reported by
Han et al. [214]. These features articulate the way for advanced sensors in healthcare,
environmental monitoring, and structural health monitoring.

5.3. Overview of Cost-Effectiveness, Biocompatibility, and Scalability for These Sensors

As discussed in this review paper, the composite-based sensors hold a promising front
for high-performance sensors. These aspects are due to their flexibility, adaptability, and
low mechanical modulus. However, their practical adoption requires overcoming factors
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such as cost-effectiveness, biocompatibility, and scalability. These aspects are crucial for
commercial viability, particularly in fields like wearable electronics.

(a) Cost-effectiveness: For the sensors reviewed in this paper, a key advantage of rubber
composite sensors is their potential for low-cost production. Generally, most of
the materials, such as silicone rubber and polyurethane, are relatively inexpensive
and abundant in nature. This makes the fabrication of these sensors at large scale
feasible. Moreover, many commonly used conductive fillers (e.g., carbon black or
graphite) offer a cost-effective option. These cheap fillers are alternatives to high-cost
nanomaterials like graphene or metallic nanoparticles. However, cost challenges can
arise when advanced fillers such as monolayer graphene or silver nanowires are used
to achieve high performance. Another challenge is the use of complex fabrication
techniques such as laser patterning and 3D printing. Overall, balancing performance
with economic feasibility remains a central focus, especially for applications like
single-use sensors.

(b) Biocompatibility: This review summarizes the importance of biocompatibility for the
use of these sensors for wearable applications. For example, biocompatibility is essen-
tial for applications involving direct contact with human skin or implantation. Many
rubber matrices, such as medical-grade silicone and thermoplastic polyurethanes
(TPUs), are inherently biocompatible and useful with low-to-no toxicity. Moreover,
they have a long history of use in biomedical devices. The choice of fillers, however,
significantly affects biocompatibility. For example, the carbon-based fillers like CNTs
and graphene in higher concentrations could make the composite toxic. Low content
of fillers generally shows acceptable biocompatibility when embedded in a stable ma-
trix. However, concerns remain about potential cytotoxicity if the fillers are released
due to material degradation. To overcome this challenge, encapsulation layers and
surface treatments are often employed to mitigate for long-term safety.

(c) Scalability: This review work gives insight into the prospects of scalability for these
sensors. Here, the scalability is a major factor influencing the transition from research
prototypes to market-ready products. Recently, simple processing techniques such as
solution casting, screen printing, and roll-to-roll manufacturing have had a promising
effect on scalability. For example, these techniques enabled the scalable production
of rubber composite films and sensors. Therefore, these methods are well-suited for
producing large-area or batch-fabricated devices. Nonetheless, challenges in maintain-
ing uniform filler dispersion and ensuring integrating sensors into complex devices.
These devices are useful as wearables or smart textiles and can limit scalability. Addi-
tionally, multi-step processes or post-fabrication treatments can increase complexity
and reduce throughput.

5.4. Overview of Composite Sensors Compared to Alternatives Like Textile-Based or
Capacitive Sensors

(a) Composite sensor: The present review describes the use of composite-based nano-
invasive sensors and their use to monitor physical activities. These composite sensors
are made by combining two or more different materials. These materials contain
polymers and electrically conductive fillers like carbon nanotubes, graphene, or metal
particles. This review paper further insight that these composites-based sensors can
sense physical changes. These physical activities can be running, jumping, or walking
via the piezoresistive principle. For example, the pressure, strain, and temperature
originate from physical activities, and the sensor performs the change through changes
in electrical properties. The key features of these sensors include high flexibility, light
weight, tunable sensitivity, and multimodal sensing. For example, the tuning of the
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sensitivity of these sensors can be performed through filler content. Moreover, their
capacity for multimodal sensing involves their sensitivity to changes in pressure,
strain, or temperature. Finally, their light weight makes them useful for soft and
wearable applications. However, there are some limitations to these sensors, like
uniform filler dispersion, signal draft, or hysteresis losses, and finally, the durability
is a great issue.

(b) Textile-based sensors: Textile sensors are greatly useful and made from conductive
threads or coatings integrated into the fabrics. These sensors are also piezoresistive,
where sensing is achieved through a change in resistance. The key features of these
sensors are their seamless integration with garments, their light weight, and their
ease of wearing. Due to these features, these sensors are comfortable to wear, scalable,
washable, and washable. Moreover, they have high flexibility and are easy to fabricate.
However, some challenges involve lower durability, higher sensitivity, and sensitiv-
ity to the environment. The sensitivity to the environment includes the change in
temperature or humidity in the surrounding environment, which results in a change
in resistance. Moreover, these sensors have limited multifunctionality and have less
ability to detect multiple stimuli.

(c) Capacitive sensors: Capacitive sensors work by studying change in capacitance
caused by mechanical deformations. These types of sensors are frequently used in
touchscreens and pressure sensors. The key features of these sensors include fast
response time, high sensitivity, and moderate flexibility. The advantages of using these
sensors include high precision, non-contact sensing, and low power consumption.
Due to their low power consumption, these sensors are frequently useful for military
applications. However, these sensors have some limitations, such as sensitivity
to humidity, limited flexibility, and sensitivity to external noise. Moreover, these
sensors have limited multimodal sensing, moderate durability, and moderate-to-
tough fabrication processes.
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Abstract: This review explores the impact of various additives on the mechanical properties
of polylactic acid (PLA) filaments used in Fused Deposition Modeling (FDM) 3D printing.
While PLA is favored for its biodegradability and ease of use, its inherent limitations in
strength and heat resistance necessitate enhancements through additives. The impact of
natural and synthetic fibers, inorganic particles, and nanomaterials on the mechanical prop-
erties, printability, and overall functionality of PLA composites was examined, indicating
that fiber reinforcements, such as carbon and glass fibers, significantly enhance tensile
strength and stiffness, while natural fibers contribute to sustainability but may compromise
mechanical stability. Additionally, the inclusion of inorganic particulate fillers like calcium
carbonate improves dimensional stability and printability, although larger particles can
lead to agglomeration issues. The study highlights the potential for improved performance
in specific applications while acknowledging the need for further investigation into optimal
formulations and processing conditions.

Keywords: PLA; mechanical properties; additives; carbon fiber; glass fiber; additive
manufacturing; graphene; CNT

1. Introduction

The increasing demand for functional prototypes and end-use parts has driven the
rapid development of Additive Manufacturing (AM) technologies, with Fused Deposi-
tion Modeling (FDM) or Fused Filament Fabrication (FFF) being one of the most popular
methods. FDM relies on filaments, which are fed through a heated extruder and de-
posited layer-by-layer to create 3D objects. Choosing the right filament material is crucial
for successful printing and achieving the desired final product properties. Over recent
years, there has been growing interest in biopolymers as sustainable FDM alternatives to
petroleum-based materials [1].

Among biopolymers, polylactic acid (PLA) stands out for its widespread production from
renewable resources (240,000 tons annually) and its biodegradability and biocompatibility [2].

These qualities make PLA attractive for various applications, including commodity
goods, medical devices, and FDM 3D printing [2]. PLA can be synthesized through several
pathways, including condensation of lactic acid or ring-opening polymerization of lactide
(its cyclic dimer) in the presence of tin octanoate or zinc stearate catalysts (Figure 1) [3].
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Figure 1. Main reaction pathways for polylactic acid (PLA) synthesis.

There is a noticeable upward trend in the total number of publications on PLA, as
extracted from the Clarivate ISI Web of Science database (Figure 2), indicating increasing
interest and research activity in this biodegradable polymer. Although the number of
publications specifically involving PLA and 3D printing/FDM is less than the total PLA
publications, it also shows a rising trend. This suggests that the use of PLA in 3D printing
is gaining traction within the research community, especially since 2015. The growing
number of publications could reflect advancements in PLA applications, improvements
in 3D printing technology, and a broader recognition of the importance of sustainable
materials. The same increasing trend could be seen in the number of studies involving 3D
printing with custom-made (non-commercial) PLA filaments.
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Figure 2. Number of publications involving PLA indexed in the Clarivate ISI Web of Science database
(accessed on 2 January 2025).

PLA’s popularity in FDM stems from several advantages. First, its low melting
temperature (150–180 ◦C) allows for easy printing and good layer adhesion, enabling intri-
cate designs [4]. However, PLA also has limitations for FDM applications compared
to other polymers, including those from the polyester class, such as polyhydroxybu-
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tyrate (PHB), polybutylene succinate (PBS), polyethylene terephthalate glycol (PETG)
or poly(acrylonitrile-co-butadiene-co-styrene) (ABS), as outlined in Figure 3 [5].

Layer adhesion

Ease of printing

Biodegradability

Tensile strength

Flexural strength

Impact strength

Young modulus

Vicat Softening
temperature

Glass transition
temperature

Melting
temperature

PLA PHB PBS ABS PETG

Figure 3. Main properties of commonly used fused deposition modeling (FDM) polymers in pure
form (relative comparison) based on data from [6].

Compared to ABS or PETG, PLA has lower strength and heat resistance. Its heat
deflection temperature (HDT) is 53–56 ◦C, meaning PLA parts can deform under elevated
temperatures [5]. Additionally, PLA exhibits good tensile strength but lacks flexibility,
making it unsuitable for load-bearing applications. Furthermore, PLA’s high thermal
expansion coefficient can cause warping and deformation during printing.

Additionally, PLA is not as strong or durable as other FDM materials to organic
solvents (e.g., acetone, ethyl acetate, toluene, dichloromethane, aliphatic ketones), as the
printed parts either dissolve or delaminate when exposed to these compounds. Also, more
challenging alkaline/acidic conditions and humid environments can pose a problem, which
may affect the longevity and performance of printed objects.

PLA’s inherent limitations can be addressed through the incorporation of various
fillers and additives into filaments. These can improve mechanical properties, thermal
resistance, and printability.

While PLA is often praised for being an eco-friendly material in 3D printing, a deeper
examination reveals a more nuanced picture. Typical PLA composite filaments for FDM
applications go beyond just the reinforcing materials (like fibers or powders). They also
include a surprising array of additional ingredients [7]. These additives, although necessary
to achieve desired properties, can raise concerns about the overall environmental impact
and efficiency [8–12]. The most important additives used in PLA filaments are the following:

• Coupling Agents: These improve the adhesion between the reinforcing material and
the PLA matrix. Examples include silanes and maleic anhydride grafted polymers,
with typical loading ratios of 0.5–3 wt. %

• Impact Modifiers: These additives enhance the toughness and impact resistance of the
composite. They can be elastomeric polymers (e.g., thermoplastic polyurethane, TPU),
core–shell particles, or other toughening agents, usually added in 5–15 wt. % ratios.

• Processing Aids: Lubricants (fatty acids or waxes at 0.5–3 wt. % loading) and plasticiz-
ers (e.g., poly (ethylene glycol) (PEG) at typical loadings of 5–10 wt. %) improve the
flow and printability of the filament during printing.

• Nucleating Agents and Antioxidants: These additives promote crystallization, im-
prove thermal properties, and prevent degradation of the PLA during processing
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and use. Examples include talcum powder, calcium carbonate (1–5 wt. %), phenolic
antioxidants, and UV absorbers (0.1–3%).

• Processing, since crystallinity results in poor dimensional stability due to shrink-
age and

• Warpage in FDM processes.
• Flame Retardants: While these enhance safety, they often require high loading percent-

ages, impacting printability and potentially adding weight (e.g., aluminum trihydrox-
ide at 10–13 wt. %).

• Colorants: These add desired colors to the filament and printed parts without signifi-
cantly affecting mechanical properties.

Despite the advancements, challenges remain in using additives with PLA for FDM
printing. These challenges include compatibility issues between the additives, the filler
material, and the PLA itself. Additionally, optimizing printing parameters and ensuring
scalability of the manufacturing process are ongoing areas of research [3]. While these
additives can improve mechanical performance, they may also lead to lower adhesion
between layers compared to pure PLA. This is because faster solidification and larger voids
can occur during printing with additives [13].

Future research should focus on overcoming these compatibility challenges and ex-
ploring the potential of PLA formulations with natural components for FDM printing [3]. A
key area is achieving better dispersion of additives within the PLA matrix, which is crucial
for optimal mechanical properties and avoiding defects in printed parts [3]. It is also im-
portant to consider the cost-effectiveness of additives, as some can be expensive and hinder
biodegradability or the commercial viability of PLA filaments for certain applications [14].

Despite challenges like uneven printing, clogging, and filler–matrix distribution,
natural fiber-reinforced PLA composites hold promise in addressing these issues [15],
making the 3D-printed materials suitable for a wider range of applications [5,16]. For
instance, adding cellulose-based fibers up to 30 wt. % can significantly increase PLA’s
stiffness and impact strength without impacting the density and environmental footprint
of the material [17,18].

Researchers are pushing the boundaries of PLA’s performance by exploring a wider
range of fillers and reinforcements beyond natural fibers. This includes incorporating
various synthetic fibers and particulate materials like metallic particles, ceramics, polymers
or biomass-derived particles (e.g., sawdust). Metallic particles can enhance thermal con-
ductivity, wear resistance, and electrical conductivity of PLA composites [19,20]. Certain
iron or cobalt fillers can impart new properties in PLA, such as magnetic properties, which
could be useful in sensor-based applications. However, achieving homogeneous dispersion
and mitigating potential increases in weight and brittleness depending on the metal used
are ongoing challenges. Similarly, ceramics can improve wear resistance, flame retardancy,
and stiffness, but ensuring good dispersion and avoiding negative effects on printability
and mechanical properties (the stress concentrator effect) require further research [21].
Both polymeric additives and biomass particles can significantly enhance the properties of
PLA, making it more suitable for functional applications. Polymeric additives can improve
toughness, and could strengthen the adhesion between PLA and reinforcing fibers [22].

Biomass particles, such as wood or micronized plant materials, can significantly
increase strength, making PLA composites suitable for demanding applications [23,24].

Nanomaterial fillers offer even more exciting possibilities due to their high surface
area-to-volume ratio. These materials have the potential to significantly improve properties
like strength, flame retardancy, and barrier properties within PLA composites [25,26].
However, safe handling and proper integration of these materials within the PLA matrix
necessitate further investigation.
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This paper aims to provide an overview of the potential of PLA filaments filled
with various reinforcing agents for FDM/FFF printing. The focus will be on how the
incorporation of natural and synthetic fibers (like glass and carbon fibers), inorganic
particles (such as calcium carbonate), organic biomass particles, nanomaterials or polymers
can enhance the properties of PLA filaments. The advantages and disadvantages of these
fillers/additives are discussed, focusing on their impact on mechanical strength, heat
resistance, printability, and overall functionality of the printed parts. By examining the
current state of research on filled PLA filaments, this paper aims to emphasize future
developments in this field and promote the use of PLA for a wider range of FDM/FFF
printing applications.

2. Reinforcing Agents for PLA FDM/FFF Applications

2.1. Fibers

In the realm of FDM 3D printing, PLA filament manufacturers have embraced the use
of fiber reinforcements to elevate the material’s mechanical properties and, in some cases,
its environmental footprint. These reinforcements come in two main categories: synthetic
and natural fibers.

Synthetic fibers, including carbon fiber, glass fiber, and Kevlar, are popular choices
for reinforcing PLA due to their exceptional strength and stiffness. This translates to
significantly enhanced mechanical properties in the resulting composites. They typically
exhibit improvements in tensile strength, modulus, and impact resistance. For example,
carbon fiber reinforcement can lead to a remarkable 150% increase in tensile strength, while
glass fiber can boost the modulus by a range of 50–100%. Additionally, these synthetic fibers
enhance the thermal stability and heat deflection temperature of PLA. Notably, carbon
fiber can significantly improve thermal conductivity, making the composite suitable for
high-temperature applications [27].

However, incorporating synthetic fibers presents a challenge in the filament extrusion
process. Specialized equipment and techniques become necessary to ensure uniform fiber
dispersion and prevent clogging during FDM printing.

Natural fibers like kenaf, hemp, flax, and bamboo are gaining traction as sustainable
alternatives to synthetic fibers. Their biodegradability, renewability, and often lower cost
align well with the eco-friendly nature of PLA. While not as dramatic as synthetic fibers,
natural fibers enhance the tensile strength and modulus of PLA composites. Kenaf and
hemp fibers, for instance, can increase tensile strength by 20–50%, with flax and bamboo
offering similar improvements.

The sustainability benefits of natural fibers are undeniable. They are renewable,
biodegradable, and have a lower environmental impact compared to their synthetic coun-
terparts. Additionally, natural fibers are less expensive, making composites more affordable.
They also offer a weight advantage, which can be crucial in applications where weight
reduction is a priority.

However, natural fibers come with their own set of challenges. Their hygroscopic
nature, meaning they tend to absorb moisture, can affect the mechanical properties and
dimensional stability of the composites. This can be a significant drawback in applications
where moisture resistance is critical. Furthermore, the properties of natural fibers can
vary depending on factors like source, growing conditions, and processing methods. This
variability can translate to inconsistencies in the performance of the final composites. Like
synthetic fibers, incorporating natural fibers into PLA filaments can pose challenges during
the extrusion and FDM printing processes, requiring careful attention to ensure uniform
dispersion and prevent clogging. Some strategies that mitigate clogging are as follows:
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• Using a large nozzle: Fibers can be larger than standard PLA fillers, so using a larger
nozzle (e.g., 0.6 mm or 0.8 mm) can help prevent clogging.

• Printing at a higher temperature: Printing at a slightly higher temperature than
standard PLA (around 200–220 ◦C) can help the fibers flow more easily through
the nozzle.

• Reducing retraction: Minimizing retraction distance and speed can help prevent the
filament from being pulled back into the nozzle, which can cause clogging.

• Adjusting printing speed: Printing at a slower speed can give the filament more time
to melt and flow through the nozzle, reducing the risk of clogging.

• Drying the filament: Especially natural fibers can absorb moisture from the air, which
can cause inconsistent extrusion and clogging.

2.1.1. Carbon Fiber

Carbon fiber-reinforced PLA (CFR-PLA) is one of the most popular composites. There
are two main types of carbon fiber reinforcement: chopped and continuous. Chopped
fibers, the most common option, are short lengths dispersed within the PLA, offering
easier printing but with a lower reinforcement potential. Continuous fibers, embedded in a
polymer sheath, provide the highest level of strength and stiffness but require specialized
printers due to potential clogging and higher processing temperatures. The choice between
these options depends on your priorities [28]. Chopped fibers are ideal for affordability and
moderate improvements, while continuous fibers offer the best performance but necessitate
a more advanced printing setup.

Typical fiber loadings range from 5% to 20% by weight. For instance, a study reported
that 15% carbon fiber loading in PLA increased the tensile strength by over 100% compared
to pure PLA [29]. Other studies conversely report reduced tensile strength but increased
Young’s modulus and elongation at break, for example, from 1.04 GPa and 6.26%, to
1.26 GPa and 7.81%, respectively [30,31]. The main weakness in these PLA-CF composites
lies in the fiber–matrix interface, with fiber pull-out being the primary failure mode due to
interface destruction. This effect is more pronounced at higher fiber loads reported to the
PLA matrix [32].

The mechanical properties of 3D-printed carbon fiber PLA composite are significantly
influenced by the FDM process parameters. The following parameters have been found to
have a significant impact on the mechanical properties of CFR-PLA, as referenced from the
literature [32–34]:

• Nozzle geometry: Square nozzle geometry increases tensile strength and reduces void
geometry (with up to 7%) in carbon nanofiber-reinforced polylactic acid composites
during FDM printing [35]. Also, this geometry enhances the fracture toughness
with less inter-bead voids and larger bonded areas in carbon fiber-reinforced PLA
composites [36].

• Printing Layer Height and print orientation: The layer height has a significant effect
on the mechanical properties of CFR-PLA. A lower layer height (0.1–0.2 mm) can
result in improved tensile strength and Young’s modulus, while a higher layer height
(0.4–0.6 mm) can lead to a decrease in mechanical properties [37]. A study mentions
that a print orientation of 45◦ presents superior mechanical strengths [38]. Opti-
mal process parameters for enhancing the impact strength of carbon fiber-reinforced
PLA during FDM printing include layer thickness of 0.04 mm and shell thickness of
1.2 mm [39].

• Extrusion Width: The extrusion width has a significant impact on the mechanical
properties of CFR-PLA. A wider extrusion width (0.4–0.6 mm) can result in improved
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tensile strength and Young’s modulus, while a narrower extrusion width (0.1–0.2 mm)
can lead to a decrease in mechanical properties [32].

• Printing Temperature: The printing temperature has a significant effect on the mechan-
ical properties of CFR-PLA. A higher printing temperature (230–250 ◦C) can result in
improved tensile strength and Young’s modulus, while a lower printing temperature
(200–220 ◦C) can lead to a decrease in mechanical properties and lower dispersability
of the fiber in the polymer melt [40]. Several studies indicate that the maximum tensile
properties for carbon fiber-reinforced PLA are attained at a nozzle temperature of
230 ◦C [41,42]. Higher nozzle temperatures in the FDM process increase the crys-
tallinity of printed PLA, promoting its nucleation, thus enhancing mechanical proper-
ties and rheological properties [13].

• Printing Speed: The printing speed has a significant impact on the mechanical proper-
ties of CFR-PLA. A slower printing speed (10–20 mm/s) can result in improved tensile
strength and Young’s modulus, while a faster printing speed (50–100 mm/s) can lead
to a decrease in mechanical properties [38].

• Infill Percentage: Increasing the infill ratio in FDM printing increases the mechanical
properties of both polylactic acid and carbon fiber-reinforced polylactic acid, with
a maximum tensile strength of 35.65 MPa for PLA [43]. A higher infill percentage
(50–70%) can result in improved tensile strength and Young’s modulus, while a lower
infill percentage (20–30%) can lead to a decrease in mechanical properties [44].

2.1.2. Glass Fiber

The addition of glass fibers (GFs) to 3D-printed PLA composites significantly enhances
their mechanical and thermal properties. Optimal fiber content and innovative printing
methods can further improve these properties, making GF-reinforced PLA composites
suitable for a wide range of engineering applications. However, considerations such as
moisture sensitivity and layer adhesion need to be addressed to fully leverage the benefits
of glass fiber reinforcement.

• Mechanical Strength Enhancement: The addition of glass fibers significantly improves
the tensile and flexural strength of PLA composites. For instance, composites with 30%
glass fibers show superior mechanical properties compared to neat PLA. Continuous
glass fiber reinforcement in PLA composites can achieve high flexural strength and
modulus, reaching up to 312 MPa and 21.5 GPa, respectively [45–47]. The mechanical
properties of PLA composites are optimized at specific glass fiber contents. For
example, tensile strength and flexural strength are maximized at 20–30% glass fiber
content, while impact strength peaks at 45% [45,48].

• Thermal Stability: GF addition enhances the thermal stability of PLA composites. Com-
posites with 30% glass fibers exhibit excellent thermal stability, making them suitable
for applications where thermal resistance is crucial. The heat deflection temperature
and linear-expansion coefficient are significantly improved with the addition of short
glass fibers [49]. Glass fiber-reinforced polylactic acid composites with isothermal heat
treatment significantly improve mechanical properties and thermal stability, enabling
their use in applications like automotive, aerospace, and electronics [50]. A study
reported that PLA-GF composite filaments are thermally stable until 311 ◦C [51].

• Layer Adhesion and Printability: The incorporation of glass fibers can improve the
printability and dimensional stability of PLA composites, although it may also lead to
faster solidification and larger voids, which can affect layer adhesion [13,46].

• Hygromechanical Properties: Glass fiber-reinforced PLA composites exhibit anisotropic
behavior, with better performance in the longitudinal direction compared to the trans-
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verse direction. Moisture uptake can lead to a reduction in mechanical properties,
particularly in the transverse direction [52].

• Chemical and structural stability: While glass fiber reinforcement in PLA (10–30%
loading) significantly improves its strength and stiffness for demanding 3D printing
applications, a study revealed interesting effects on weatherability. Compared to neat
PLA, glass fiber-reinforced PLA (GF-PLA) showed improved mechanical properties
even after exposure to sunlight and moisture (weathering). This is because the PLA
itself degrades due to weathering, becoming weaker and developing cracks. Glass
fibers, however, are much more stable and help the composite maintain its struc-
tural integrity. Even after extensive weathering, GF-PLA retains some mechanical
advantages over neat PLA, thanks to the reinforcing effect of the relatively stable glass
fibers [53].

Glass fibers often undergo a surface treatment, typically with a silane coupling agent,
to improve adhesion with the PLA matrix. This enhances the stress transfer between the
fibers and the polymer, leading to better mechanical properties in the final composite.
Regarding the GF type and FDM process parameters, the most pronounced effects on the
properties of the 3D-printed composites can be summarized as follows:

• The type and orientation of glass fibers in 3D-printed PLA composites significantly
influence their mechanical and thermal properties. E-glass fibers are the most common
and widely used due to their affordability, good balance of mechanical properties, and
compatibility with various resins (including PLA). They offer good tensile strength,
stiffness, and dimensional stability when incorporated into PLA filaments. Glass fibers
for FDM/FFF applications typically come in diameters ranging from 6 microns to
20 microns. Thinner fibers offer better dispersion within the PLA matrix but may
require higher loading percentages to achieve desired strength improvements. Con-
versely, thicker fibers can provide greater reinforcement but might be more challenging
to disperse uniformly and could create printing issues like nozzle clogging.

Continuous glass fibers enhance longitudinal tensile strength but suffer from poor
transverse properties due to anisotropic behavior. Short glass fibers (around 250 μm)
improve thermal stability, making them ideal for thermally demanding applications. The
presence and type of voids formed during 3D printing also play a crucial role in determining
the composite’s strength. Comparatively, 3D-printed composites may exhibit reduced
mechanical performance compared to injection-molded ones due to differences in fiber
orientation [46].

• Influence of Layer Thickness and Orientation: Thinner layers and specific orientations
(e.g., flat orientation) improve tensile and flexural strengths. On-edge orientation with
+45◦/−45◦ raster angles enhance mechanical strength and modulus [44].

• Extrusion rate and Temperature: Lower extrusion rates and higher printing tempera-
tures improve mechanical properties by enhancing layer adhesion and reducing voids.
The impact strength of the composite was found to decrease with increasing extrusion
rate, from 2.5 kJ/m2 to 1.5 kJ/m2 when the extrusion rate was increased from 10 mm/s
to 30 mm/s. A higher extrusion rate of 50 mm/s resulted in an impact strength of
1.2 kJ/m2 [54,55]. The printing temperature has a significant impact on the mechanical
properties of GF PLA composites. A study found that increasing the printing tempera-
ture from 190 ◦C to 230 ◦C resulted in a significant improvement in tensile strength
and modulus of the composite. However, excessive printing temperatures can lead
to warping and delamination of the composite. One study found that the printing
temperature range of 230 ◦C to 240 ◦C resulted in a decrease in tensile strength by
1.02% and a decrease in elastic modulus by 3.32% [56]. Bed temperature also plays a
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role, with higher bed temperatures (50–70 ◦C) improving crystallinity and mechanical
properties [57].

• Infill Density: The infill density of the composite affects its mechanical properties. A
study found that increasing the infill density from 10% to 50% resulted in a significant
improvement in tensile strength and modulus of the composite [58]. Another study
reported that an infill density of 30% yielded the highest tensile strength and modulus
values [59]. A study found that samples with 50% and 75% infill density exhibited
higher overall toughness compared to 100% infill density samples [51].

While glass fibers enhance tensile and flexural strength in PLA, they can make the
printed parts more brittle, reducing their ability to withstand sudden impacts. Additionally,
the abrasive nature of glass fibers can roughen the surface finish and accelerate wear on
the printer’s nozzle, requiring more frequent replacements [48].

2.1.3. Plant Fibers

Lignocellulosic fibers are derived from plant biomass (such as stems, leaves, seed
husks and so on) and mainly consist of cellulose, hemicellulose, and lignin in various
proportions. These natural fibers (NFs) are renewable, biodegradable, and have a low
environmental impact. The most used lignocellulosic fibers in conjunction with PLA for
FDM 3D printing include, for example, wood pulp fibers, cotton (lyocell), bamboo, sisal,
jute, flax, sugarcane bagasse, ramie, henequen and hemp [60], although several other
leaf-based materials are also considered (e.g., pineapple leaf fibers, microalgae). Typical
fiber loadings used in 3D-printed PLA-based composites usually range from 1 to 10 wt.
% [61].

NFs such as hemp, sisal, jute, flax, cotton or kenaf exhibit a range of mechanical and
thermal properties that make them suitable for diverse applications. Hemp (Cannabis
sativa) boasts high tensile strength (550–900 MPa) and good flexural strength (20–30 MPa),
along with low moisture absorption (2–5%) and thermal conductivity (0.03–0.06 W/mK).
Similarly, sisal (Agave sisalana) exhibits high tensile strength (400–600 MPa) and com-
parable thermal properties, including low density (1.3–1.5 g/cm3) and high thermal
resistance (220–250 ◦C). Flax (Linum usitatissimum) shares these advantageous proper-
ties, with tensile strength reaching 500–700 MPa and extremely low moisture absorption
(0.5–1.5%). Kenaf (Hibiscus cannabinus) also demonstrates impressive tensile strength
(400–600 MPa) and thermal properties, low conductivity and high resistance up to 250 ◦C.
In contrast, jute (Corchorus capsularis) and cotton (Gossypium spp.) exhibit moderate to
low mechanical strength, with jute offering a tensile strength of 300–400 MPa and cotton
200–300 MPa, and both also suffer from high moisture absorption (10. . .20%) and lower
thermal stability [62–66].

Lignocellulosic fibers are a natural, renewable, and readily available resource that
offers several advantages as a reinforcement material for PLA in FDM 3D printing, such as
sustainability, being a biodegradable and eco-friendly alternative to synthetic fibers like
glass or carbon fiber, contributing to a more sustainable manufacturing process [67]. They
also contribute to the overall composite weight reduction, having a lower density compared
to many other reinforcing materials, leading to lighter-weight composites (ranging from 1.1
to 1.2 g/cm3, depending on the fiber type and content, neat PLA having an average density
of 1.24 g/cm3). However, they also present some challenges, such as moisture absorption;
lignocellulosics are hygroscopic, meaning they absorb moisture from the environment. The
moisture absorption rate can vary from 1% to 15% by weight. This can negatively impact
the dimensional stability and mechanical properties of the composite. The properties of the
fibers can vary depending on the type of plant, harvesting time, age of the plant, processing
methods, and growing conditions. This variability can affect the consistency of the final
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composite material [68]. Some strategies for mitigation of these shortcomings are presented
in the descriptive flow diagram from Figure 4 [69,70].

Figure 4. Flow diagram of challenges and mitigation strategies associated with the use of plant fibers
in FDM applications.

Inhomogeneous fiber–matrix distribution in natural fiber-reinforced PLA composites
for 3D printing remains a major challenge, along with uneven printing and clogging [71].
Plant fibers typically have lower surface energy than synthetic fibers, which can be modified
through treatments to improve bonding with PLA. Surface treatments can be applied to
lignocellulosic fibers to improve their compatibility with the PLA matrix and enhance the
performance of the composite. Common surface treatment methods include [72]:

• Alkali Treatment: This treatment removes impurities, lignin and hemicellulose from
the fiber surface, promoting better bonding with the PLA matrix and potentially
improving mechanical properties [73].

• Bleaching and pulping: Natural fibers in their raw state harbor various impurities like
waxes, oils, and lignin. These substances act as barriers, hindering the formation of
strong bonds between the fiber and the PLA matrix. Pulping and bleaching processes
effectively remove a significant portion of these impurities, particularly lignin. Lignin,
a natural binder in plant cell walls, creates a weak interface with PLA. By eliminat-
ing lignin, pulping and bleaching create a cleaner fiber surface, allowing for better
adhesion with the PLA matrix. These processes can slightly roughen the surface of the
fibers. This increased surface area allows for better mechanical interlocking with the
PLA, leading to a stronger bond and improved stress transfer between the fiber and
the matrix [74,75]. Pulping and bleaching hemp fibers towards delignified short fibers
significantly improves their compatibility with poly(lactic acid) and results in a 52%
increase in tensile strength [76].

• Silane Coupling Agents: Silane coupling agents can create a chemical bond between
the fibers and the PLA matrix, leading to improved interfacial adhesion and stress
transfer, ultimately enhancing the mechanical properties of the composite [77].

• Enzymatic modification: Enzymatic-Assisted Modification of Thermomechanical
Pulp Fibers Improves Interfacial Adhesion with Poly(lactic acid) via grafting of less
hydrophilic moieties to the lignocellulose fiber surface, e.g., laccase-assisted grafting
of octyl gallate (OG) or lauryl gallate (LG) onto the fiber surface [78].
Studies have shown that the inclusion of NFs in PLA can significantly influence the
mechanical, thermal, and physical properties of the resulting composites [77].
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• Mechanical Properties: Lignocellulosic fiber reinforcement can improve the tensile
strength, modulus, and impact resistance of PLA composites. A study on the tensile
behavior of 3D-printed PLA-based composites reinforced with natural henequen
fibers found that the tensile strength and modulus increased with increasing fiber
loading up to 5 wt. % [32]. Another study on lignocellulose nanofiber/polylactic acid
(LCNF/PLA) composites reported that the tensile strength and modulus increased
with increasing fiber loading up to 10 wt. % [79]. Research has shown increases in
tensile strength by 20–50% and modulus by 30–50% with the incorporation of wood
fibers like kenaf and hemp [80]. The addition of natural fibers, such as wood, hemp,
or flax, can improve the stiffness and strength of PLA composites. For example, a
study found that the addition of 30 wt. % industrial hemp fibers to PLA increased
the Young’s modulus by 10.9 Gpa and the tensile strength by 82.9 Mpa [73]. Natural
fibers can also improve the toughness of PLA composites by increasing their resistance
to crack propagation and improving their impact resistance [81]. The strength of
3D-printed kenaf/PLA composites increases to 3 wt. % but decreases significantly
to 5 and 7 wt. % due to voids, and extrusion temperature affects the structure of the
filaments [82].

• Wear and friction: NF-reinforced PLA composites exhibit reduced wear rates and fric-
tion coefficients, enhancing their suitability for tribological applications. Incorporation
of natural fiber mats into the PLA matrix significantly improves wear behavior, result-
ing in a 10–44% reduction in friction coefficient and over 70% reduction in specific
wear rate [83].

• Thermal Properties: The thermal stability of PLA composites with NFs can be slightly
affected compared to neat PLA. Some studies report a decrease in the glass transi-
tion temperature (Tg) due to the presence of the fibers [84]. However, the thermal
degradation temperature may not be significantly impacted.

• Physical Properties: NF reinforcement can decrease or increase the density of the com-
posite compared to neat PLA, depending on fiber loading and type. Additionally, the
hygroscopic nature of these fibers can affect the moisture absorption of the composite,
potentially leading to dimensional changes.

• Chemical and moisture stability: PLA composites are more sensitive to high tempera-
tures than to water. The mechanical properties, such as Young’s modulus, decrease
significantly at elevated temperatures (80 ◦C), but the addition of natural fibers helps
reduce this decrease [85].

Specifically, the typical mechanical and thermal stability properties of several natural
fiber-reinforced PLA printed composites are given in Table 1.

Table 1. Comparison of mechanical properties of PLA composites reinforced with different types of
natural lignocellulose fibers [data compiled from [86–88]] *.

Fiber Type
Tensile Strength

(MPa)
Tensile Modulus

(Gpa)
Flexural

Strength (MPa)
Impact

Resistance
Thermal
Stability

Flax 50 5 60 High Good
Jute 40 3 40 Medium Medium
Sisal 30 2 30 Low Low

Kenaf 45 4 50 Medium Medium
Ramie 35 3 35 Low Low

Cotton (lyocell) 25 2 25 Low Low
* For comparison’s sake, the values corresponding to the mechanical properties were chosen as the median value
for the respective composite type at the closest to 5 wt. % fiber loading.
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Several fibers’ structural properties and FDM process parameters play a crucial role in
achieving good printability and the desired properties in NF-reinforced PLA composites [8,9]:

• Typically, fibers used in 3D printing are short fibers, often between 0.3 and 3 mm in
length. Longer fibers can improve tensile strength but may cause issues with print-
ability and nozzle clogging. The diameter of plant fibers can vary widely depending
on the type of fiber. Common ranges are from 10 to 100 μm. Also, higher aspect ratio
generally leads to better reinforcement. Typical aspect ratios for fibers used in 3D
printing are between 50 and 200 [89].

• Printing Temperature: A higher printing temperature can improve the flowability
of the PLA matrix and facilitate better fiber dispersion. However, excessively high
temperatures can lead to thermal degradation of the wood fibers. The extrusion tem-
perature for PLA-based composites containing lignocellulose fibers in FDM printing
generally ranges between 200 ◦C and 220 ◦C. This temperature range plays a crit-
ical role in influencing the color, physical attributes, and mechanical properties of
composites with heat-treated wood fibers, primarily due to changes in the chemical
composition of lignocellulosic materials [77]. Research indicates that the PLA matrix
in wood–plastic composite (WPC) parts remains amorphous during the FDM printing
process, as the crystallization rate of PLA is too slow to achieve full crystallinity [90].

• Infill Pattern and density: The infill pattern can also affect the properties of the
composites. A study on the 3D printing of PLA-based composites reinforced with
natural lyocell fibers found that the tensile strength and modulus increased with the
use of a concentric infill pattern compared to a grid or tri-hexagonal pattern [91]. Infill
density significantly influences the improvement of mechanical strength in 3D-printed
PLA composites with natural fiber reinforcement. Good tensile strength was observed
at 25% of infill for flax fiber-reinforced 3D-printed composites [86]. Optimal load
bearing is reported more often at filament crossing angles of −45/+45◦ [92].

• Build orientation: Generally, NF-PLA composite parts printed with the fibers aligned
along the loading direction (e.g., on-edge orientation) exhibit higher flexural strength
and modulus compared to parts printed with fibers perpendicular to the loading
direction (e.g., flat orientation). The build orientation also influences the surface finish
and the need for post-processing steps. For instance, printing a part with a smooth
surface finish on the exterior layers can improve the flexural properties by reducing
surface defects that could initiate cracks or failures. Additionally, post-processing
techniques like annealing or heat treatment can be applied more effectively when
the build orientation is considered, further enhancing the flexural properties of the
composite part [93].

Also, Mansingh et al. [94] investigated the potential of fabricating fully biodegradable
composites using an innovative 3D printing technique, with a particular focus on applica-
tions in food and medical product packaging. The weight percentage (wt. %) of powdered
raw Pineapple Leaf Fiber (PALF) and alkali-treated PALF in the 3D-printed green composite
presented a notable influence on its mechanical and thermal properties. Notably, the incor-
poration of 3 wt. % alkali-treated PALF yielded the optimal reinforcement, resulting in the
highest tensile strength (42.9 MPa) and flexural strength (51.9 MPa). In contrast, composites
reinforced with raw PALF exhibited superior ductility, achieving a maximum elongation at
break of 6.89%. Additionally, the density of the 3D-printed composites increased propor-
tionally with the wt. % of PALF content. The crystalline structure and chemical bonding
characteristics of the composites were characterized through Fourier Transform Infrared
(FTIR) spectroscopy and X-ray Diffraction (XRD) analysis. Microstructural analysis further
revealed the presence of impurities, voids, and fiber degradation within the 3D-printed
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composites. These findings underscore the influence of fiber treatment and composition on
the performance and structural integrity of the green composites.

Several other studies involving the usage of fibers and PLA for 3D printing applica-
tions are summarized in Table 2.

Table 2. Composite filaments and 3D-printed materials involving PLA and fibers.

Reinforcement/Additive Description Properties Applications Reference

Cellulose nanofiber (CNF)

The CNF/PLA compounds
were obtained by blending a
PEG surface-modified CNF
aqueous suspension with
microscale PLA powder,

followed by air-drying using
various mass ratios of CNF to
PLA, 0.25:99.75, 0.5:99.5, and

1:99, respectively.

Tensile strength 50.7 MPa,
Young modulus E, 3.73 MPa

Environmentally friendly
method which

significantly reduced the
use of chemical reagents

and shortened the
processing time.

[95]

steam-exploded coconut
fiber (F) and PLA or

PLA/PBS

PBS content: 0 or 20 wt. %;
F content: 3, 6 or 10 wt. %

Impact strengths of PLA97/F3 and
PLA77/PBS20/F3 were

approximately 8.5% and 7.4% higher
than those of the original PLA and
PLA/PBS, respectively. During the
degradation test, both PLA97/F3
and PLA77/PBS20/F3 exhibited
higher tensile strengths than the

original materials.

[96]

short lyocell fibers

Lyocell fibers (FCP400) with a
nominal length of 400 μm,

loading reported to PLA: 10%,
20%, 30%

By combining fiber fibrillation,
matrix modification, and

post-printing annealing, we achieved
an excellent balance of tensile

strength (85 MPa), Young’s modulus
(7.2 GPa), and strain at break

(3.2%)—the highest reported values
for such composites.

performance structures
using 100% bio-derived

materials
[91]

Lignocellulose
nanofiber/polylactic acid
(LCNF/PLA) composite

Cellulose raw material used
was hardwood bleached kraft
pulp (HBKP) with a degree of
polymerization (DPv) of ~750;
cooking active alkali charges
of 10%, 13%, 16%, and 19%

(calculated by sodium oxide)
with a liquor-to-chip ratio

of 1:4.

The flexural strength of the
CNF/PLA composite increased from
92.7 MPa to 151.2 MPa by combining
10% CNF (without lignin) with PLA.
The flexural strength of LCNF/PLA

composite with internal lignin
content of 3.7% (0.37% of the total

mass) was increased from 151.2 MPa
to 234.5 MPa, which is 153.0% higher

than that of pure PLA.

[79]

Carbon nanotubes (CNTs)
were coated on short glass

fibers (SGFs)

CNT-coated SGFs through a
one-step flame synthesis

technique. SGF- and
CNT-SGF-reinforced

composite filaments were
fabricated with filler loadings

of 1, 5 and 10 wt. %

Specimens using SGF- (≥5 wt. %)
and CNT-SGF (1–5 wt. %)-reinforced

PLA filaments exhibited higher
Young’s modulus and tensile

strength values due to the enhanced
interface adhesion. Furthermore, the

FDM printing raster angles (±45◦
and 0◦/90◦) did not noticeably affect
the tensile properties of the samples

made of the same material.

[97]

2.2. PLA Reinforced with Particles

Some common examples of particle reinforcements for Polylactic Acid (PLA) used in
FDM 3D printing, along with their properties and typical loading weights, are as follows:

• Calcium Carbonate (CaCO3): This is a widely used mineral filler for PLA. It is inexpen-
sive, abundant, and can improve the stiffness, dimensional stability, and printability
of PLA. For example, adding 20–30% by weight of CaCO3 particles can increase the
modulus and heat deflection temperature of PLA while also improving layer adhesion.
A specific product is Omyacarb TF-100, a fine ground calcium carbonate with a median
particle size of 1.3 microns, which can be added at 20–30% by weight. A study in
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the Journal of Polymers and the Environment found that adding 20% CaCO3 to PLA
increased its flexural modulus by 50% and reduced its thermal expansion coefficient
by 30%.

• Carbon Black: Carbon black particles can be used to improve the electrical conductiv-
ity and mechanical properties of PLA. They are typically added at a loading weight of
1–10%. For example, a research paper in the Composites Science and Technology jour-
nal reported that adding 5% carbon black to PLA increased its electrical conductivity
by several orders of magnitude and its tensile strength by 20%.

• Talcum (Magnesium Silicate): Talc is a soft, lamellar mineral that can act as a reinforc-
ing agent and nucleating agent in PLA. It improves stiffness, impact strength, and
heat resistance of PLA. For instance, adding 10–20% by weight of talcum particles can
enhance the dimensional stability and surface finish of printed parts. An example is
Luzenac Talc, which has a median particle size of 1.5 microns and can be added at
10–20% by weight.

• Nanoclay: Nanoclays, such as montmorillonite, are commonly used to improve the
barrier and mechanical properties of PLA. They act as nano-scale reinforcements,
increasing stiffness, strength, and heat resistance. For example, Cloisite 30B, an
organic-modified montmorillonite nanoclay, can be added at 5–10% by weight to PLA
to improve its gas barrier properties and mechanical strength. For instance, adding
3% nanoclay to PLA increased its tensile strength by 25% and its flexural modulus by
35% [98].

• Silicon dioxide (SiO2): Silicon dioxide particles, also known as silica, can be used to
improve the toughness and impact resistance of PLA. They are typically added at
a loading weight of 1–5%. For instance, a research paper in the Journal of Applied
Polymer Science reported that adding 3% silica to PLA increased its impact strength
by 50% and its elongation at break by 100%.

• Metal Powders: Metal particles, such as copper or brass, can be added to PLA to create
metallic-looking prints with improved mechanical properties. These particles increase
the weight, density, and stiffness of the printed parts. For example, adding 5–15% by
weight of brass powder with a particle size of 35–45 microns can create a brass-infused
PLA with a metallic sheen.

2.2.1. PLA with Calcium Carbonate

CaCO3 is a naturally occurring mineral that exists in several crystalline forms, in-
cluding aragonite, calcite, and vaterite [99,100]. These polymorphs have different crystal
habits, particle sizes, and surface areas, which can influence the final properties of the PLA
filaments [101]. The use of CaCO3 particles in PLA filaments can improve their mechan-
ical properties, such as tensile strength and flexural strength, by acting as a reinforcing
material [101,102]. Additionally, CaCO3 can enhance the thermal stability and resistance
to degradation of PLA filaments [101]. Also, this type of composite is researched as a
potential biomaterial (ceramic-coated scaffolds), showing potential for further evaluations
in bone tissue engineering applications [100]. Regarding the structural and morphological
characteristics of calcium carbonate, several parameters influence the properties of the
3D-printed composites [103]:

• Morphology: The morphology of the CaCO3 particles, such as spheroidal (granular)
or rod-like (Figure 5), can also impact the mechanical properties of PLA filaments.
Rod-like particles, for example, have been found to have a more pronounced influ-
ence in improving mechanical properties compared to spherical particles. Particles
with higher specific surface areas tend to agglomerate more within the PLA matrix,
leading to a decrease in mechanical properties [104]. A critical value for the specific
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surface of calcium carbonate in correlation to PLA was not determined, but as an
orientative value, it is around 7 m2/g for polyolefin matrices, beyond which increased
agglomeration causes a significant decrease in strength and impact resistance [105].

• Amorphous calcium carbonate (ACC) derived from various sources, such as limestone
(LS), chalk, or animal origins like white eggshells (WESs), has been explored as a
filler material for polylactic acid (PLA) composites. These fillers are particularly
beneficial due to their potential to enhance the mechanical properties of PLA-based
materials. Notably, the particle size of the ACC plays a significant role in the resulting
composite’s performance. Studies have shown that fillers with a particle size of 32 μm
tend to exhibit superior tensile strength compared to those with a larger particle
size of 63 μm. This suggests that smaller particles contribute more effectively to
the reinforcement of the PLA matrix, likely due to their higher surface area, which
facilitates better interaction with the polymer matrix. In addition to tensile strength,
the tensile modulus of PLA composites is significantly influenced by the filler content.
For amorphous calcium carbonate-based fillers, the tensile modulus increases as the
filler content rises, indicating enhanced stiffness and structural integrity. The highest
tensile modulus was observed at a filler content of 20 wt. % for both 32 μm and
63 μm particle sizes, suggesting that this concentration represents an optimal balance
between filler loading and the material’s mechanical properties. When comparing the
toughness of different ACC sources in PLA composites, it was found that limestone
(LS)-based fillers provided superior toughness compared to those derived from white
eggshells (WESs). This difference in toughness is likely due to variations in the
microstructure and the intrinsic properties of the fillers, which influence the energy
absorption capacity of the composite materials. Overall, the use of amorphous calcium
carbonate fillers, particularly from limestone, shows promising potential in improving
the mechanical performance of PLA composites, offering a viable option for enhancing
the material’s strength and durability for various applications [106].

Figure 5. Collection of observed morphologies of synthesized CaCO3 polymorphs (aragonite (a),
calcite (b), commercially available calcite (c), and vaterite (d)) observed under SEM [distributed
under the terms and conditions of the Creative Commons Attribution (CC BY) license https://
creativecommons.org/licenses/by/4.0/, accessed on 13 June 2024, from [104]].
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The processing parameters for printing PLA-CaCO3 composites, referenced from the
literature, are as follows [107–109]:

• Nozzle Temperature Optimal Range: 190 ◦C to 210 ◦C. Higher temperatures can
improve the dispersion of CaCO3 particles within the PLA matrix, improving the
mechanical properties.

• Printing Speed: 50 to 80 mm/s. Slower speeds can lead to better particle dispersion
and improved mechanical properties.

• Infill Density: 50% to 80%. Higher densities can enhance the mechanical properties of
the printed part, especially with higher CaCO3 loads.

• Infill Pattern: Use a grid or honeycomb pattern for better stress distribution and to
take advantage of the improved stiffness of PLA-CaCO3 composites.

• Layer Height: 0.1 to 0.3 mm. Fine layers can improve the surface finish and mechanical
properties, especially with high-quality prints.

A low-permeability polylactic acid (PLA) coating to calcium carbonate (CaCO3) micro-
particles was successfully applied, which encapsulated co-precipitated bovine serum
albumin-fluorescein isothiocyanate (BSA–FITC), utilizing the solvent/oil/water (S/O/W)
emulsion technique (Figure 6) [110,111]. This effectively sealed the micro-particle pores and
significantly decreased the shell permeability. The incorporation of an additional polyvinyl
alcohol (PVA) layer significantly improved the stability of the coated microparticles and
refined the size distribution of the resultant PLA/CaCO3 particles. The formulation of the
particles was optimized with a PVA concentration of 2.5%, which was found to be the most
effective for achieving a stable and uniform particle size distribution. To gain a deeper un-
derstanding of particle formation, the varying mass ratios of CaCO3 microparticles to PLA
were systematically examined across different samples. Bovine serum albumin-fluorescein
isothiocyanate (BSA–FITC) was observed within the PLA particles across all formulations,
with the CaCO3/PLA mass ratio ranging from 0.1 to 1.2. At CaCO3/PLA mass ratios
below 0.8, the polymer-coated microparticles exhibited increased resistance to ethylenedi-
aminetetraacetic acid (EDTA) treatment, thereby maintaining the integrity of their bioactive
cargo. In contrast, at a CaCO3/PLA mass ratio of 1.2, the PLA-coated particles displayed
increased susceptibility to EDTA due to the thinner PLA coating on each CaCO3 particle
and the presence of pores in the PLA shell. This compromised the stability of the bioactive
content within the particles. Based on these findings, a CaCO3/PLA mass ratio of 0.8 was
determined to be optimal, as it provided the highest protein payload while maintaining
the stability of the microparticles against dissolution. This ratio offers a favorable balance
between bioactive content retention and the structural integrity of the particle coating.

Figure 6. Fabrication of PLA CaCO3 hybrid micro-particles [reproduced with permission from [111].

Both PLA and CaCO3 are biodegradable materials [112], making them highly suitable
for biomedical applications. Given that CaCO3 is a natural component of bone, this mi-
crocapsule system holds potential for the storage and controlled delivery of bone growth
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factors or other pharmaceutical agents aimed at treating bone-related diseases. Addi-
tionally, the system could provide enhanced mechanical support during cargo delivery.
Advanced delivery strategies, such as targeted drug delivery, could be realized by in-
corporating magnetic nanoparticles into the PLA shell. This modification would enable
magnetic navigation, allowing precise delivery of drug-loaded microcapsules to specific
target sites. The PLA-coated CaCO3 microparticles, encapsulating bioactive molecules,
are anticipated to have diverse applications in biomedicine, particularly as efficient drug
storage and delivery systems. Furthermore, the hybrid microcapsules developed in this
study could be employed for the encapsulation of a wide range of water-soluble substances,
including proteins, insulin, cytostatics, and polysaccharides. This versatility underscores
the potential of these microcapsules as a multifunctional platform for various therapeutic
and pharmaceutical applications

2.2.2. PLA with Zinc Oxide

Polylactic Acid-Zinc Oxide (PLA-ZnO) nanocomposites have emerged as versatile and
multifunctional materials, suitable for a wide array of applications due to their exceptional
antibacterial, photocatalytic, and ultraviolet (UV) absorption properties. Their superior
antibacterial performance offers a significant advantage over pure polymers by reducing
the risk of infection through fomite transmission. Despite these promising attributes, the
current utilization of PLA-ZnO nanocomposites, predominantly produced via conventional
fabrication methods, remains limited to simple geometries such as films and fibers. To date,
few studies have explored the additive manufacturing (AM) of PLA-ZnO nanocomposites,
primarily due to challenges in material processing and the production of filaments with
properties that can be reliably preserved post-3D printing [113].

As research advances to overcome these challenges, the integration of PLA-ZnO
nanocomposites into AM has the potential to expand their application spectrum signifi-
cantly. AM offers a distinct advantage in fabricating complex geometries and customized
components, which could unlock novel uses for these nanocomposites. This intersection of
3D printing with advanced antibacterial materials is garnering increasing interest within
the biomedical field, with the goal of creating personalized antibacterial medical devices
tailored to individual patient anatomies. Furthermore, this innovation aligns with the
priorities of the post-pandemic AM industry, aiming to deliver safer and more hygienic
materials for enhanced environmental security. Nevertheless, a critical concern is whether
the functional properties of PLA-ZnO nanocomposites, particularly their antibacterial
effectiveness, can be retained at sufficient levels after undergoing the AM process. The
transition from conventional manufacturing to AM introduces additional processing steps,
such as high-temperature extrusion and deposition, which may alter the intrinsic prop-
erties of the nanocomposite materials. Understanding the impact of these processes on
the structural integrity and functionality of PLA-ZnO nanocomposites remains a key re-
search focus, as it will determine the feasibility of their broader implementation in additive
manufacturing [114].

2.2.3. PLA with Silicon Carbide and Graphite

Silicon carbide (SiC) and graphite are chosen as fillers for polylactic acid (PLA), primar-
ily due to their mechanical and thermal attributes. A significant reduction in recovery time
is observed for composites with high filler loading. For instance, a composite comprising
50 wt. % carbon and 10 wt. % SiC in a PLA matrix exhibits an 87% decrease in recovery
time compared to pure PLA [115]. The evaluation of shape recovery performance is based
on three key parameters: recovery ratio, recovery rate, and recovery time. The recovery
ratio is defined as the proportion of the initial deformation angle restored after the recovery
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process. The recovery rate represents the instantaneous time derivative of the recovery
ratio, providing insight into the speed of shape restoration. Recovery time is measured
as the interval between the initiation of the thermal trigger and the point at which the
recovery rate reaches its maximum value. A detailed methodology for the extrusion of
printer filaments and the subsequent 3D printing process is thoroughly described to ensure
reproducibility and clarity.

By altering the material composition, and consequently its thermal conductivity, the
rate of shape memory response can be effectively controlled. The correlation between
material composition and shape recovery rate, determined through thermal conductivity
analysis, offers a framework for designing structures capable of activating shape memory
responses at tailored rates. The advanced capabilities of 3D printing, particularly the use
of multiple filaments and print heads, enable the fabrication of structures with highly
heterogeneous material compositions. This approach represents a significant departure
from conventional methods, such as variations in temperature or structural thickness, that
have traditionally been used to modulate the timing of shape memory response activation
within structures.

Several mechanical properties (UTS: ultimate tensile strength (MPa); strain at break
(%); flexural strength (MPa) and impact strength (kJ/m2)) of 3D-printed PLA reinforced
with various inorganic fillers selected from the literature are given in Figure 7. In this figure,
the average value was calculated from the samples sets presented in the indicated studies.
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Figure 7. Average values for the mechanical properties of 3D-printed PLA reinforced with inorganic
additives: neat PLA [116]; talcum [117,118]; silica (SiO2) [119,120]; mica [121,122]; kaolin clay [123];
titania (TiO2) [124,125]; alumina (Al2O3) [126]; boron nitride (BN) [127]; copper (Cu) [128]; iron (III)
oxide (Fe2O3) [129]; zirconia (ZrO2) [130].

Overall, the inclusion of various fillers, such as, notably, titanium dioxide (PLATiO2)
and copper (PLA/Cu), appears to improve the mechanical properties of the PLA material
compared to the baseline PLA without any fillers.

2.3. PLA Reinforced with Carbon-Based Nanomaterials

The most effective nanomaterials for enhancing the mechanical properties of PLA in
FFF/FDM 3D printing are [131–133]:

• Carbon nanotubes (CNTs): Several studies have shown that incorporating CNTs into
PLA can significantly improve its tensile strength, modulus, and toughness, while
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reducing elongation at break. The mechanical properties are influenced by interfacial
adhesion and CNT dispersion.

• Graphene nanoplatelets (GNPs): Adding GNPs to PLA can enhance its mechanical
properties, depending on factors such as raster direction and nanoplatelet size. Larger
GNPs and optimizing raster orientation can improve the mechanical capabilities of
graphene-reinforced PLA.

• Short carbon fibers (SCFs): Incorporating SCFs into PLA has been found to enhance
its tensile and shear modulus in various printing directions. Continuous carbon fibers
can also increase the tensile and flexural behavior of PLA, although they may reduce
failure strain.

• Combinations of carbon nanofillers: Using multiple carbon nanofillers, such as GNPs
and multi-wall carbon nanotubes (MWCNTs), can produce PLA nanocomposites with
better mechanical properties compared to single fillers. For example, adding SCFs and
graphene to PLA tripled its mechanical strength [134].

The maximum filler content is typically limited to avoid drastically decreasing the
elastic strain of the composites and to allow adequate extrusion of the filaments during
FFF/FDM printing. Optimizing printing parameters, such as temperature and infill, can
also influence the mechanical properties of PLA nanocomposites.

The addition of carbon nanotubes to polylactic acid (PLA) composites during FDM
printing can significantly improve the mechanical, thermal, and electrical properties of the
resulting materials. CNTs act as reinforcing agents, increasing the mechanical strength and
stiffness of the PLA matrix by providing additional load-bearing capacity and resistance
to deformation. This aspect can improve the dimensional accuracy of 3D-printed PLA
parts by reducing the warpage and shrinkage that can occur during the printing process.
The strong interfacial bonding between CNTs and PLA matrix enhances the mechanical
properties of the composite by reducing the likelihood of debonding and improving the
transfer of stresses between the CNTs and the matrix. These nanofillers can form a network
structure within the PLA matrix, which enhances the mechanical properties of the com-
posite by providing additional mechanical reinforcement and improving the resistance to
deformation [135,136].

The CNT content has a significant influence on the PLA/CNT composite, with the
optimal CNT loading depending on the specific application and desired properties. The
mechanical properties improve by increasing CNT content up to a certain threshold, beyond
which the benefits may plateau or even diminish due to issues like CNT agglomeration [137].
Studies comparing CNTs with other reinforcements like cellulose nanocrystals (CNCs) also
show that CNTs provide superior improvements in mechanical properties [138].

• Effect of CNT Content on Thermal Properties: The addition of CNTs can improve
the thermal conductivity of the PLA matrix, which can lead to improved mechanical
properties by reducing thermal gradients and stress concentrations within the com-
posite. The presence of CNTs can accelerate the crystallization of PLA, leading to
improved mechanical properties by increasing the degree of crystallinity and reducing
the likelihood of defects and imperfections within the matrix. The presence of CNTs
and other nanofillers like nanoclay increases the thermal stability and storage modulus
of PLA composites, making them more robust at higher temperatures [139].

• Effect of CNT Content on Electrical Properties: The electrical conductivity of
PLA/CNT composites has also been investigated, with the addition of CNTs be-
ing shown to significantly improve the electrical conductivity of the materials. The
CNT content has a significant influence on the electrical properties of PLA/CNT com-
posites during FDM printing. The electrical resistivity varied from approximately 1 ×
1012 Ω/m2 to 1 × 102 Ω/m2 for CNT contents ranging from 0 wt. % to 8 wt. % [139].
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• Effect of CNT on the mechanical properties: The optimal carbon nanotube (CNT)
content for achieving the best mechanical properties in PLA/CNT composites is still a
topic of ongoing research. However, studies have shown that a CNT content of around
5–10 wt. % can result in significant improvements in mechanical properties (10–60%
in tensile strength, up to 30% for flexural strength) compared to neat PLA [140]. It has
been found that a 6% CNT content led to a substantial increase in tensile and flexural
strength, as well as improved electrical conductivity [139]. However, in other studies,
it has been found that while CNT inclusion increased the Young’s modulus by 30% at
5% CNT loading, it reduced tensile strength and overall toughness [137].

CNT structure, as well as the FDM process parameters such as extrusion temperature,
building direction, infill percentage and geometry, and layer height were key factors in
determining the properties of the printed materials [33].

• CNT structure and dimensions: The type (single-walled carbon nanotubes, SWCNTs,
multi-walled carbon nanotubes, MWCNTs) and length of CNTs play crucial roles in
determining the performance of 3D-printed parts. Longer carbon nanotubes (typically
0.65–1.3 mm) result in higher thermal and electrical conductivities, but no appre-
ciable change in the mechanical properties of PLA/CNT composites during FDM
printing [141]. SWCNTs have a more significant impact on the material properties
than MWCNTs, but they are generally more expensive. Long MWCNT inclusion
determines better performance at lower concentrations [142].

• Nozzle temperature: The optimal printing temperature range for PLA-CNT compos-
ites is between 180 ◦C and 220 ◦C, with an optimal printing temperature of around
200 ◦C for tensile strength and 220 ◦C for flexural strength. A higher printing tempera-
ture can lead to improved bonding between the PLA matrix and CNTs, resulting in
improved mechanical properties, but may also reduce the impact strength of the com-
posite material [143]. Higher extrusion temperatures can reduce the void fraction in
the printed parts but may also result in less alignment of CNTs due to radial flow and
fusion between adjacent layers [137]. For better electrical and thermal conductivity, a
lower temperature of 200 ◦C is preferred [139].

• Layer height and infill geometry: The specimens printed at 0.100 mm layer height,
gyroid-type infill geometry and number of perimeters of 6 have maximum tensile
strength [144]. For better thermal and electrical conductivity, greater layer heights are
more desirable [139].

• Build direction: The mechanical properties of 3D-printed PLA composites exhibit sig-
nificant anisotropy based on build orientation. Tensile strength and Young’s modulus
are higher when the material is printed in a flat orientation compared to an upright
orientation [93].

Functionalized MWCNTs can significantly enhance the mechanical properties of
polymer composites. The functionalization of carbon nanotubes (CNTs) through mild
acid treatment enhances their nucleating effect during polylactic acid (PLA) crystallization
and promotes better dispersion of the CNTs within the PLA matrix. The PLA/f-CNT
nanocomposite exhibits higher degrees of crystallinity, as expected, because f-CNTs act
more efficiently as nucleating agents than c-CNTs.

Differential Scanning Calorimetry (DSC) analysis revealed no thermal property gradi-
ents in 3D-printed specimens across all analyzed samples, including pure PLA, PLA/c-CNT,
and PLA/f-CNT. This uniformity in thermal properties, encompassing transition tempera-
tures and degrees of crystallinity, was consistent across the top, central, and base layers
of the printed specimens. Furthermore, the 3D printing process did not alter the melt-
ing temperature of the materials, indicating that the thermal stability of the composites
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remained unaffected. The surface functionalization of carbon nanotubes (CNTs) signifi-
cantly improved the composite’s mechanical performance. Specifically, the PLA/f-CNT
samples exhibited a 43% higher storage modulus at body temperature (37 ◦C) compared
to PLA/c-CNT samples, indicating that functionalized CNTs act as more effective rein-
forcing agents. Scanning Electron Microscopy (SEM) imaging of the fracture interfaces
further revealed enhanced interlayer adhesion in PLA/f-CNT samples (Figure 8). This
improvement is attributed to the better dispersion of functionalized CNTs within the PLA
matrix, resulting in a more uniform material flow during the printing process. Under
tensile stress, PLA/f-CNT samples demonstrated markedly superior mechanical properties,
with layer-to-layer adhesion contributing to a significant increase in tensile strength (from
29.4 ± 0.7 MPa in PLA/c-CNT to 41.6 ± 1.4 MPa in PLA/f-CNT). These findings highlight
the efficacy of CNT surface modification in enhancing the thermal and mechanical proper-
ties of 3D-printed PLA/CNT nanocomposites. In particular, the study underscores the role
of mild acid treatment (HNO3, 5 mol L−1) in functionalizing CNTs and optimizing their
reinforcing potential [145].

Figure 8. Differences between PLA/commercial-CNT and PLA/functionalized-CNT [reproduced
with permission from [145].

2.4. Natural and Synthetic Polymer Blends with Biomass Fillers
2.4.1. Hydroxypropyl-Methylcellulose-Reinforced PLA

Biocompatible hydroxypropyl methylcellulose (HPMC)/polylactic acid (PLA) compos-
ites were successfully fabricated as filaments and 3D-printed parts using fused deposition
modeling (FDM). This study examined the effects of HPMC content on various properties,
including microstructure, chemical structure, thermal behavior, mechanical performance,
and water contact angle (CA). The results demonstrated a uniform distribution and dis-
persion of HPMC within the PLA matrix. Incorporating HPMC up to a concentration of
7% did not affect the chemical structure of PLA during the melt blending and filament
extrusion processes. However, HPMC incorporation significantly influenced the thermal
properties of the composites, leading to an increased glass transition temperature and a
reduced cold crystallization temperature [146]. While the tensile strengths of the composite
filaments were comparable to those of neat PLA, the tensile and impact strengths of the 3D-
printed samples decreased as the HPMC content increased. This reduction was attributed
to increased porosity induced by the presence of HPMC. Additionally, the incorporation of
HPMC resulted in a lower water contact angle, which indicates enhanced hydrophilicity.
This characteristic could be particularly advantageous for applications in the biomedical
field, where surface wettability plays a critical role.

2.4.2. PLA with Lignin and Polymerized-Lignin-Treated NFC

Composite PLA filaments containing unmodified and lignin/polymerized lignin
surface-modified nanofibrillated cellulose (NFC) were analyzed to assess their mechanical,
thermal, and structural properties. The addition of NFC was found to reduce the stretcha-
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bility, toughness, breaking tenacity, bending stiffness, and compression resistance of the
filaments, while slightly enhancing their initial modulus. Despite a marginal toughening
effect imparted by NFC, the improvement was limited due to poor interfacial interactions
between NFC and the PLA matrix [147].

The mechanical performance of the composite filaments was closely associated with
the NFC’s surface modification and concentration within the PLA matrix. When the NFC
content was increased to 5 wt. %, the mechanical properties showed the most significant
deterioration. However, incorporating lignin/polymerized lignin surface-modified NFC
mitigated the decline in mechanical properties and resulted in an increase in storage modu-
lus. The observed limitations in toughness improvement were attributed to poor interfacial
adhesion and the presence of NFC agglomerates. These agglomerates, characterized by
irregular plate-like shapes and uneven dispersion, acted as structural weak points, thereby
impairing the mechanical integrity of the filaments. Scanning Electron Microscopy (SEM)
images revealed the structural inconsistencies, while Fourier Transform Infrared (FTIR)
analysis confirmed interactions between lignin-modified NFC and the PLA matrix. Dy-
namic Mechanical Analysis (DMA) further demonstrated a notable increase in elasticity
with the addition of modified NFC. Although no significant differences in thermal stability
were observed between filaments containing unmodified and modified NFC, the composite
filaments exhibited an enhanced crystallization rate compared to neat PLA [148].

Despite only minor variations in mechanical properties, the incorporation of NFC im-
proved the thermal stability of the composites. Lignin, known for its antioxidant properties
and UV protection capability, enhanced the thermal oxidative resistance of the filaments,
thereby extending the lifespan of 3D-printed objects. Additionally, the light-brown and
dark-brown hues imparted by lignin/polymerized lignin surface-modified NFC conferred
a unique and aesthetically appealing appearance to the filaments and their corresponding
3D-printed constructs [149].

2.4.3. PLA with Acetylated Tannin

This study investigated the properties and 3D printability of a composite material
composed of Polylactic Acid (PLA) and Acetylated Tannin (AT). The acetylation of tannin
enhanced its dispersion within the PLA matrix, enabling the successful fabrication of
PLA/AT composite filaments using a twin-screw extrusion process. The inclusion of
20 wt. % AT in the PLA matrix did not significantly compromise the tensile properties
of the composite. Thermogravimetric analysis indicated that the PLA/AT composites
could be safely processed at 3D printing temperatures below 250 ◦C to avoid thermal
decomposition. While acetylated tannin improved the overall printability of PLA systems,
optimal printability was achieved at temperatures below 220 ◦C to prevent phase separation
and aggregation of AT, especially at higher loading levels [150].

The incorporation of acetylated tannin at varying concentrations did not substantially
affect the melting and glass transition temperatures of PLA, as it had minimal impact
on the intermolecular interactions or chain flexibility of the PLA polymer. However, a
reduction in the crystallinity of PLA/AT composites was observed, which accelerated
their degradation in aquatic environments, particularly under alkaline conditions. This
accelerated degradation could be advantageous for short-term biomedical applications,
such as implantable devices, where controlled degradation is a desirable attribute [151].

2.4.4. PLA with Cork

Biodegradable composites were synthesized, composed of cork and Polylactic Acid
(PLA) with varying proportions of cork. A decline was observed in the tensile mechanical
attributes of the composites as the proportion of cork was augmented. The impact resistance
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demonstrated an initial decrease with the incorporation of cork; however, it exhibited
an increase with further escalation in the cork content. The viscoelastic characteristics
of the composites displayed a diminishing trend with the increase in cork content. In
contrast, the specific modulus and specific strength of the composites increased with
higher cork content, highlighting the potential of cork–PLA composites for lightweight
and impact-resistant 3D-printed structures. This improvement in specific mechanical
properties underscores their suitability for advanced engineering applications. A filament
composed of a 5% w/w cork–PLA composite was successfully developed, demonstrating
compatibility with fused deposition modeling (FDM) processes. The 3D-printed cork–
PLA composite exhibited slightly reduced tensile mechanical properties compared to its
compression-molded counterpart. However, an exception was observed in elongation
at break, where the 3D-printed composite displayed superior ductility, emphasizing its
potential for applications requiring enhanced flexibility and resilience [152].

2.4.5. PLA/Wood Flour

Composite filaments of Wood Fiber (WF) and Polylactic Acid (PLA) were synthesized,
and their properties were evaluated in this study. Additionally, 3D specimens were fabri-
cated utilizing the Fused Deposition Modelling (FDM) technique. The study tells us that
WF/PLA composite filament demonstrated compatibility with the FDM process, indicating
its suitability for 3D printing. Moreover, the incorporation of WF resulted in alterations
in the microstructure of the PLA fracture surface. The interfaces between the WF and
PLA were distinctly visible and the resistance to initial deformation of the composite was
observed to be enhanced upon the addition of WF, in comparison to pure PLA. Also, the
onset temperature for thermal degradation of the composites exhibited a slight decrease,
while the final residual ratio post-thermal decomposition of the composites showed an
increase and the addition of WF at a concentration of 5 wt. % did not influence the melting
temperature of the PLA. [153]

Parameters of 0.2 mm layer height, 0.7 mm nozzle diameter, 75% fill density, and
35 mm/s velocity maximize the flexural strength of wood–PLA composite parts built
through FFF. [154]

2.4.6. PLA/HA with PCL Addition

The fabrication of bespoke materials, composed of biocompatible and biodegradable
polymers either independently or in conjunction with mineral components, resulted in
printable substances possessing chemical stability and mechanical attributes conducive
to bone regeneration. The mechanical characteristics were validated to meet the mechan-
ical threshold requisite for trabecular bone applications. The tailoring of degradation
rates exhibited a strong correlation with the material composition, indicating an enhance-
ment through the integration of mineral phases, such as hydroxyapatite, which further
accelerated the degradation of PLA–PCL amalgamations. This, in conjunction with the
introduction of regulated porosity and scaffold architecture, could potentially facilitate the
control and equilibrium of biomaterial resorption and neo-osteogenesis as required [155].

2.4.7. PLA with TPS and ESO

This research is driven by the current market demand for cost-effective alternatives
to Polylactic Acid (PLA). In this study, novel compositions based on PLA, modified by
Thermoplastic Starch (TPS) and Epoxidized Soybean Oil (ESO), were developed to en-
hance the ductility of PLA and reduce the cost of the products without compromising
their biodegradability [156]. The efficacy of the proposed compositions was validated
by studying their rheological, mechanical, and thermal properties, water resistance, and
compostability. An increase in the Melt Flow Rate (MFR) value resulted in enhanced
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adaptability to injection and blow molding processes, thereby expanding the range of
short-life application products from a technological perspective. To evaluate the suitability
of the obtained PLA/TPS (thermoplastic starch) blends for various packaging industry
applications, their mechanical properties were thoroughly analyzed. The incorporation
of epoxidized soybean oil (ESO) resulted in materials with enhanced softness, improved
impact strength (up to 16.69 kJ/m2), and increased tensile and ductile properties, including
an elongation at break of approximately 8.8%, compared to native PLA. Scanning Electron
Microscopy (SEM) of fractured surfaces confirmed these improvements. Additionally,
the presence of ESO in the blends was observed to delay water diffusion into the matrix,
thereby potentially improving the dimensional stability of products subjected to short-term
water exposure. The modified TPS, prepared with ESO, was shown to be processable
using standard PLA machinery, facilitating its integration into existing production systems.
Furthermore, the ability to substitute up to 25% of PLA with ESO-modified TPS offers
a cost-effective alternative while maintaining comparable properties and compostability
to that of pure PLA, underscoring its potential as a sustainable material for packaging
applications [157].

Several other studies involving the usage of different fillers and PLA for 3D printing
applications are summarized in Table 3.

Table 3. Composite filaments and 3D-printed materials involving PLA and various natural and
synthetic fillers.

Type Reinforcement/Aditive Description Properties Applications Reference

Particle and fiber
hybrid-reinforced

PLA

MXene (Ti3C2Tx) and
recycled carbon fiber

(rCF)

MrCF (fiber mass
fraction 10 wt. %

with 1 wt. % Ti3C2Tx)
and 178 g of dried

PLA

Compared to pure PLA, the
modified PLA displayed

significant improvements:
15.6% in toughness, 112.1% in
flexural strength, and 31.8% in

notched impact strength.

The modified PLA
demonstrated

superior
electromagnetic

shielding
performance due to

the absorption
properties of the

composite material.

[158]

Particle-based
composite

Ferronickel slag
(FNS)

composites with FNS
contents of 2.0, 6.0,

10.0, and 14.0 wt. %

PLA/5.0 wt. % FNS composite
exhibited the most significant
improvement in mechanical

properties, with a roughly 18%
increase in both tensile and

flexural strength compared to
unfilled PLA thermoplastic

[159]

Magnesium 1% Mg reported to
PLA

Among the 3D-printed samples
with different infill orientations

(θ = 0◦, 45◦, ±45◦, 90◦), the
highest UTS was measured in

specimens with 0◦ infill
orientation (UTS = 43 MPa),
whereas the lowest UTS was

measured for the 90◦ infill
orientation (UTS = 26 MPa). Mg

particles also reduce the
mechanical properties at all

infill orientations.

[160]

Parawood (Hevea
brasiliensis)

Four different
parawood powder
weight ratios were
blended with PLA,
encompassing 0%,
5%, 10%, and 15%

(w/w)

The maximum tensile strength
was attained when the

parawood powder content was
15% w/w.

Large-scale
screw-extrusion 3D
printing process for
producing furniture

parts

[161]
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Table 3. Cont.

Type Reinforcement/Aditive Description Properties Applications Reference

Pyrolyzed HSC
(hazelnut shell

carbon)

2 % HSC was added
to the PLA matrix

The 3D-printed PLA-HSC parts
demonstrated excellent

photothermal performance with
a light absorption intensity of

around 93%

Low-cost,
compostable,

high-efficiency
photothermal

conversion materials
with shaping

freedom

[162]

Salix alba sawdust

1%, 2%, 3%, and 4%
(weight %) Salix alba

were loaded in the
PLA matrix.

PLA-salix alba-based
composite feedstock

has the controlled
MFI and may be used

for scaffold
preparation in

biomedical
applications.

[163]

PLA/Olive wood
waste

olive wood scraps
(with an amount

ranging between 10
and 20% by weight)

The use of wooden scraps in
place of virgin PLA granulate
reveals a rise in the impact in

the extrusion (ca. 27%) and 3D
printing (11%) stages

Environmental
benefits resulting

from the inclusion of
wood scraps in PLA

filaments (20% of
wood corresponds to
10% environmental
impact reduction)
supporting further

research in this area.

[164]

Cu2O nanoparticles
(50-100 nm diameter)

PLA-3 wt. % Cu2O
mixture

Superior mechanical
performance of the 3D-printed

nanocomposite at a 0◦ raster
angle, while the mechanical

properties gradually decreased
for raster angles of 45◦ and 90◦.

This composite can
be utilized for the

fabrication of various
prostheses featuring

specific groove
geometries, bio parts
in medical devices,

robotics surgical
systems, and

implants

[165]

PLA/MgAl2O4:Sm3+

composite filaments

Composite filaments
of PLA with different

amounts of
phosphors (0, 1, 2, 3

and 4 phr)

Luminescence intensity of the
composites regularly increased

with the inorganic phosphor
contents

Luminescent
bioplastic composite
filaments. Filaments
and samples of the
composites emitted
pink-orange light

under UV light

[166]

Sheet composite graphene oxide (GO)

different content of
GO (0.4, 0.8, 1.6, 2.4

and 4.0 wt. %)
reported to PLA

PLA/GO scrolled fibers and
printed fibers with graphene
content of 0.4 wt. % exhibit

outstanding mechanical
properties with strength

increases of about 32.7% and
35.2%.

[167]

Polymer-based
composite PLA-TPU 50%, 70% and 90%

TPU reported to PLA

The UTS values for PLA50,
PLA70, and PLA90 were

achieved at 27.27 MPa, 40.91
MPa, and 54.18 MPa,

respectively. Also, the fracture
toughness results were

consistent with the mechanical
properties. The PLA90 had 1.69
and 2.36 times higher fracture
toughness than the PLA70 and

PLA50 compounds,
respectively.

By increasing the
amount of TPU, the

printability decreased
due to higher melt

strength and
viscosity, incomplete

melting, feeding
problems caused by

buckling, and
incomplete

integration between
adjacent rasters and

layers.

[168]
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Table 3. Cont.

Type Reinforcement/Aditive Description Properties Applications Reference

thermoplastic starch
(TPS)/poly(lactic

acid)
(PLA)/poly(butylene

adipate-co-
terephthalate) (PBAT)

composite

Ratio of
TPS:PLA:PBAT was

fixed at
50:40:10 wt. %.

113% increase in elongation at
break and the 190% rise in

impact strength compared to
PLA

highly renewable
filaments for 3D

printing
[169]

PLA with
biodegradable
elastomer poly

(butyleneadipate-co-
terephthalate) (PBAT)

and poly (methyl
methacrylate)

(PMMA)

Tensile strength and breaking
elongation were 94.8% and

3650%, respectively, of that of
3D-printed pure SC-PLA

Controlled
compatibilization
effect of PMMA

endows PBAT with
good dispersibility in

the quaternary
system, without

affecting the
hierarchical

crystallization of
enantiomeric PLA

matrices for complete
stereo-complexation

[170]

Chitosan PLA and 10 wt. %
chitosan

The acidic environment caused
by the degradation of PLA can

be counteracted by chitosan,
probably due to its protonation.

Biocomposite
materials [171]

3. Conclusions

In the dynamic landscape of additive manufacturing, the quest for high-performance
materials continues, and our exploration of reinforced PLA composites has revealed promis-
ing innovations and practical applications. The integration of natural fibers into PLA
enhances strength and stiffness, offering an eco-friendly alternative while maintaining
mechanical integrity. By incorporating metallic particles, researchers have pushed the
boundaries of PLA’s capabilities, improving thermal and electrical properties and ex-
panding their utility in functional parts. PLA composites reinforced with cellulose fibers
demonstrate excellent printability and mechanical performance, with the synergy between
PLA and cellulose opening doors to sustainable materials for various industries. Carbon
fibers provide significant improvements in tensile strength, sometimes exceeding a 100%
increase when loaded at 15%, though these materials require careful handling to prevent
clogging and ensure uniform dispersion. Glass fibers enhance flexural strength and thermal
stability but tend to make composites brittle, reducing impact resistance. Natural fibers,
such as kenaf and hemp, improve sustainability and weight reduction but are limited by
moisture absorption and mechanical stability, which can affect layer adhesion. Among
particle reinforcements, calcium carbonate improves stiffness, dimensional stability, and
printability, though large particles can cause agglomeration and reduce mechanical perfor-
mance if not properly managed. Carbon nanotubes (CNTs) show potential in improving
mechanical, thermal, and electrical properties, though their effectiveness depends on proper
dispersion and bonding within the PLA, with surface treatments enhancing their effects.
However, challenges like clogging, dispersion issues, and moisture absorption remain
common for both synthetic and natural fibers in FDM printing, requiring adjustments in
nozzle size, temperature, and other parameters to facilitate smoother flow. Continuous
carbon fiber composites stand out for high-strength applications but require specialized
equipment and processing, while natural fibers align with eco-friendly goals but underper-
form compared with synthetic fibers like carbon and glass, which offer superior properties.
Among particle-based systems, calcium carbonate is particularly promising for improving
mechanical properties and printability without significant processing challenges. Suit-
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able printing parameters, including higher temperatures (230–250 ◦C) for particles, lower
temperatures (below 220 ◦C) for natural fibers, increased infill density (50–70 %), slower
printing speeds (10–20 mm/s), and lower layer heights (0.1–0.2 mm), are critical for maxi-
mizing performance, particularly in fiber-reinforced composites. While each reinforcement
system presents unique benefits and challenges, continuous carbon fibers and calcium
carbonate-based composites appear to offer the most promising results depending on the
application. The optimization of printing parameters, such as nozzle size, temperature,
layer height, and infill density, is crucial for achieving the best outcomes. Reinforced
PLA composites align with global efforts to reduce reliance on fossil-based polymers, and
the journey toward optimized PLA composites involves collaboration across disciplines,
including materials science, engineering, and design. By bridging the gap between theory
and practice, reinforced PLA composites hold immense promise for a greener, more resilient
additive manufacturing industry.
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Abbreviations

PLA polylactic acid
FDM fused deposition modeling
ABS poly (acrylonitrile-co-butadine-co-styrene)
PETG polyethylene-terephthalate glycol
FFF fused filament fabrication
PHB polyhydroxy butyrate
PBS polybutylene succinate
CPA-PLA carbon fiber-reinforced polylactic acid
GFs glass fiber
OG octylgallate
LG lauryl gallate
PALF pineapple leaf fiber
FTIR Fourier transform infrared
XRD X-ray diffraction
HBICP hardwood bleached kraft pulp
LCNF lignocellose nanofiber
SGFs Short glass fibers
LS limestone
WES white eggshell
BSA-FITC Bovine serum albumin -fluorescein isothiocyanate
S/O/W solvent/oil/water
DCM dichloro methane
UTS Ultimate tensile strength
BN Boron nitride
SCFs short carbon fibers
MWCNTs Multiwalled carbon nanotubes
SEM scanning electron microscopy
AT acetylated tannin
DMA dynamic mechanical analysis
PCL polycaprolactone
ESO Epoxidized soybean oil
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TPS Thermoplastic starch
MFR Melt flow rate
FNS Ferronickel slab
PBAT polybutylene adipate-co-terephthalate
PMMA poly(methyl methacrylate)
f-CNTs functionalized carbon nanotubes
phr parts per hundred resin (polymer)
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Abstract: The emergence of 3D and 4D printing has transformed the field of polymer
composites, facilitating the fabrication of complex structures. As these manufacturing
techniques continue to progress, the integration of machine learning (ML) is widely utilized
to enhance aspects of these processes. This includes optimizing material properties, refining
process parameters, predicting performance outcomes, and enabling real-time monitoring.
This paper aims to provide an overview of the recent applications of ML in the 3D and 4D
printing of polymer composites. By highlighting the intersection of these technologies, this
paper seeks to identify existing trends and challenges, and outline future directions.

Keywords: machine learning; polymer composites; 3D printing; 4D printing; design
optimization

1. Introduction

In recent years, 3D and 4D printing of polymer composites have gained attention
across various industries, ranging from healthcare [1,2] to aerospace [3,4]. Simultaneously,
machine learning (ML) is emerging as a key tool for optimizing additive manufacturing
(AM) processes, offering methods to predict material properties, improve printing parame-
ters, and enhance overall efficiency. Despite the growing interest in this intersection, the
number of studies combining ML with 4D printing (4DP) of polymer composites remains
relatively limited, with most publications focusing on specific applications of ML. Accord-
ing to data from Scopus, there are currently 47 publications that include the terms “machine
learning”, “polymer composites”, and “3D or 4D printing”. Notably, the year 2024 has
seen the highest output, with 21 publications, suggesting a significant increase in research
activity in this area.

Figure 1 presents visualizations of the analysis of publications related to machine
learning, polymer composites, and 3D/4D printing based on Scopus data. Figure 1a
illustrates the changes in the number of publications on this topic over time, providing
insights into the relevance and growing interest in this research area. Figure 1b shows
the distribution of these publications across various fields, highlighting the most active
research directions. Figure 1c depicts the geographical distribution of publications from
different countries, revealing the regions that are actively contributing to this field of study.
Finally, Figure 1d presents the types of documents prevalent in this area, whether they are
articles, conference papers, or other formats.

Polymers 2024, 16, 3125 https://doi.org/10.3390/polym16223125
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Figure 1. Data visualizations illustrating various distributions: (a) annual publication counts over the
years, (b) distribution of fields in the analyzed dataset, (c) geographical distribution of contributions
by country, and (d) distribution of document types. According to Scopus data.

The aim of this review is to systematically analyze the existing literature, discuss
current advancements, and identify key challenges in the application of ML to 3DP and
4DP of polymer composites. Additionally, this review provides recommendations for
future research to integrate these technologies. The structure of the paper covers the role
of ML in material enhancement, process optimization, property prediction, and quality
monitoring, as well as a discussion of the future prospects in this field.

To facilitate the reader’s understanding of these topics, the paper presents a structured
outline. It begins with an overview of 3D and 4D printing technologies in Section 2, laying
the groundwork for understanding various additive manufacturing methods. This includes
examining material extrusion (Section 2.1) and stereolithography (Section 2.2), followed
by an exploration of selective laser sintering (Section 2.3) and digital light processing
(Section 2.4). Next, the paper delves into jetting technologies (Section 2.5) and direct ink
writing (Section 2.6), highlighting their unique features and applications. The concept of 4D
printing is introduced (Section 2.7), showcasing its potential for creating adaptive materials.
The properties of polymer composites used in these technologies are analyzed (Section 3),
followed by a discussion on the applications of machine learning in both 3D (Section 4) and
4D printing (Section 5) of polymer composites. This leads into a section on transforming
polymer composites into ceramics and other materials (Section 6), addressing relevant
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processes and implications. The paper also discusses challenges and limitations associated
with these technologies (Section 7), providing a critical perspective on their current state. It
concludes with future directions for research and development (Section 8), emphasizing
the importance of continued innovation in additive manufacturing, before wrapping up
with a summary of the key findings (Section 9).

2. 3D and 4D Printing: An Overview

Three-dimensional printing (3DP) is a technology that enables the creation of complex
structures by layering materials according to digital models. The most common techniques
used in 3DP of polymer composites include fused deposition modeling (FDM), stereolithog-
raphy (SLA), and selective laser sintering (SLS). These methods allow for high precision
and customization in the production of functional parts [5], which makes 3DP suitable for a
wide range of applications, from rapid prototyping to the production of end-use products
in industries like aerospace, automotive, healthcare, and consumer goods.

Table 1 outlines key 3DP and extrusion techniques, including their processes, common
materials, potential applications, advantages, and associated challenges.

Table 1. Summary of 3DP techniques with updated terminology according to ASTM 52900:2021.

Technique Process Materials Applications Advantages Challenges

Fused Deposition
Modeling

(FDM) [6–8]/
Fused Filament

Fabrication
(FFF) [9–11]

Material
Extrusion

PLA, ABS, PETG,
nylon, composite

filaments (e.g.,
carbon

fiber-reinforced)

Prototypes,
consumer
products,

lightweight
structures

Low cost, widely
accessible, variety

of materials
available

Rough surface
finish, limited

mechanical
strength

Stereolithography
(SLA) [12–14]

Vat Pho-
topoly-
meriza-

tion

Photopolymer
resins (tough,

flexible,
bio-compatible)

High-detail
prototypes,

medical/dental
models

High precision,
smooth surface

finish, fine details

Brittle materials,
requires

post-processing
(curing)

Selective Laser
Sintering

(SLS) [15–17]

Powder
Bed

Fusion

Nylon,
polyamide, TPU,

composites

Functional
prototypes,
aerospace/

automotive parts

No support
structures needed,
strong mechanical

properties

Rough surface,
more expensive
than FDM/SLA

Digital Light
Processing

(DLP) [18–20]

Vat Pho-
topoly-
meriza-

tion

Photopolymer
resins

Jewelry, dental
devices,

high-resolution
prototypes

Faster than SLA,
high resolution

Relies on
photosensitive
resins, requires
post-curing and

washing to ensure
full polymerization

Multi Jet Fusion
(MJF) [21–23]

Powder
Bed

Fusion
Nylon, TPU

Functional parts,
small batch

manufacturing

Excellent
mechanical

properties, no
supports required

Rough surface
finish, requires
post-processing

(dyeing, etc.)

Material Jetting
(PolyJet by

Stratasys) [24–26]

Material
Jetting

Photopolymers
(rigid,

rubber-like,
transparent)

Multi-material
prints, medical
models, tactile

products

High resolution,
smooth finish,
multi-material

printing

Material durability
limitations,

complex
post-processing

Direct Ink Writing
(DIW) [27–29]

Material
Extrusion

Hydrogels,
silicones,

composite pastes

Soft robotics,
biomedical

devices, tissue
engineering

Can print
functional/

biologically active
materials

Limited material
types, weaker

mechanical
properties
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Four-dimensional printing extends the capabilities of 3DP by introducing time as a
fourth dimension (all techniques are summarized in Table 2). It involves the fabrication of
smart materials or structures that can change shape, properties, or behavior over time in
response to external stimuli, such as heat, moisture, or light [30].

Table 2. Summary of 4DP techniques.

Technique Process Materials Applications Advantages Challenges

Shape Memory
Polymer

(SMP)-Based
4DP [31–34]

Printed using
techniques like
FDM, SLA, or

SLS,
incorporating
shape memory
polymers that
“remember” a
programmed

shape and return
to it when
exposed to

stimuli (e.g.,
heat).

Shape memory
polymers,

composites

Self-assembling
structures,
biomedical

devices (e.g.,
stents), robotics,

adaptive
products

Programmable
and responsive

to stimuli

Limited
availability of

high-
performance

SMP materials,
complex control

over
transformations

Hydrogel-Based
4DP [35–39]

Hydrogels are
printed using

DIW, PolyJet, or
SLA, designed to
change shape or

properties in
response to

water or
humidity.

Hydrogels,
stimuli-

responsive
polymers (e.g.,
pH-responsive,

temperature-
responsive)

Tissue scaffolds,
drug delivery

systems,
wearable

electronics

Biocompatibility,
highly

responsive to
environmental

conditions

Control over
swelling,
ensuring
long-term
stability

Stimuli-
Responsive
Composite-

Based
4DP [40–45]

Printed using
standard 3DP

methods (FDM,
SLS, etc.) but

with composite
materials that

react to stimuli
such as light,

magnetic fields,
or heat.

Composites with
nanoparticles,
liquid crystal
elastomers,

magnetically
active particles

Soft robotics,
aerospace

components,
deployable
structures

Tailored
responses to

specific external
stimuli

Complex
fabrication
processes,

challenges in
controlling

transformations

These dynamic transformations open up possibilities for creating self-assembling
systems, adaptive materials, and responsive structures, which are particularly relevant in
fields like biomedical devices, robotics, and adaptive architectures. To better understand
these aspects, a Venn diagram in Figure 2 illustrates the key components of different AM
techniques, including process types, materials used, and applications. Surrounding petals
emphasize the main advantages and limitations associated with each technology.

However, both 3D and 4DP of polymer composites come with inherent challenges. The
mechanical properties of printed parts can depending on the printing parameters, the type
of polymer matrix used, and the incorporation of reinforcing fillers. In 4DP, the complexity
increases further, as materials need to exhibit predictable and controllable transformations.
The quality and functionality of printed parts are influenced by numerous factors, such
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as material selection, process control, and post-processing, making it difficult to optimize
production efficiently using traditional trial-and-error methods [46,47].

Figure 2. Venn diagram illustrating key aspects of various 3DP techniques.

Figure 3 presents a conceptual graph that illustrates the interconnections among key
concepts in this domain. The graph includes elements, such as ML methods (e.g., artificial
neural networks, variational autoencoders, and generative adversarial networks), as well
as their applications in quality control, defect detection, and process optimization.

This approach helps us to better understand how different components interact with
each other and identifies promising directions for further research and development in the
fields of ML and AM. ML has the potential to predict the performance of polymer compos-
ites in various environmental conditions and assist in real-time monitoring of the printing
process, ensuring quality and consistency [48,49]. By leveraging ML, the development of
smart materials and structures can become more efficient, reducing experimentation time
and enhancing the overall reliability of 3D- and 4D-printed products.
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Figure 3. Bibliometric network visualization.

2.1. Material Extrusion

Material extrusion, the FDM process, also known as FFF, is an AM technique in which
a 3D object is constructed layer by layer using melted material [50–59]. The process begins
with model preparation, where a 3D model is created using CAD (Computer-Aided Design)
software. This model is then processed by slicing software, which divides the model into
horizontal layers and generates instructions, or G-code, for the 3D printer. A schematic
representation of the process is shown in Figure 4.
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Figure 4. Schematic representation of FDM process.

Next is the material feeding stage. The material, typically a thermoplastic filament,
is fed into the printer’s extruder, which heats it until it reaches a semi-liquid state [60].
Extrusion and deposition follow, where the melted material is extruded through a nozzle
onto the build platform. The print head follows a set path, depositing material layer by
layer. As each layer is completed, the nozzle or build platform moves up to prepare for the
next layer [61].

The object is then built layer by layer, with the material gradually forming the 3D
shape. For complex geometries or overhangs, the printer can deposit a secondary, support
material alongside the main material to hold these structures in place [62].

After deposition, each layer cools and solidifies, locking into the layer below. This
process repeats until the entire model is complete. In the final stage, the object is removed
from the platform, and any support structures are detached, either mechanically or by
dissolving if they are water-soluble. Final steps may include surface treatments, such as
sanding, polishing, or painting, to improve surface quality [63].

2.1.1. Fused Deposition Modeling

Subramani et al. identify optimal FDM parameters for ABS components; Melentiev
et al. improve adhesion in multi-material parts by combining FDM with chemical deposi-
tion and electroplating; Bahrami et al. enhance wear resistance in Fe–ABS composites using
a GA-ANN optimization model; and Hajjaj compares the mechanical properties of zirconia
restorations produced by FDM and CAD/CAM milling, finding FDM-printed zirconia to
be mechanically inferior.

Subramani et al. [64] investigate how various FDM parameters, such as infill density,
printing speed, platform, and extruder temperature, affect the mechanical properties of ABS
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components produced on a Creality Ender-3 3D printer [64]. Mechanical properties like tensile
strength, yield strength, and elastic modulus were evaluated using a Multi-Criteria Decision-
Making (MCDM) [65] approach [66]. The optimal printing settings—35% infill, 0.25 mm layer
height, 40 mm/s speed, 75 °C platform, and 210 °C extruder temperature—were identified
for manufacturing impellers. Additionally, field emission scanning electron microscopy
(FESEM) [67] provided insights into surface defects and material behavior.

Melentiev et al. [68] explore multiprocess additive manufacturing (MPAM) to produce
multi-material components, focusing on improving the adhesion strength between metal
and polymer interfaces in 3D-printed parts. By combining FDM with chemical deposition
and electroplating [69], the research aims to enhance the structural integrity of metalized
plastic components, which typically suffer from poor adhesion. The study focused on
creating a hierarchically structured surface on ABS parts through 3DP and acid etching
copper adhesion [70]. The experiment involved 3DP, surface treatment, copper deposition,
electroplating, and adhesion testing, offering insights for industries using MPAM for
advanced electronics and multi-material devices.

FDM has limitations in wear resistance [71]. To address this, Fe particles (10%, 20%,
and 30%) were added [72] to ABS to create Fe–ABS composite filaments, and parts were
printed using varying filling patterns, nozzle temperatures, and layer thicknesses. Wear
testing showed that Fe percentage had the greatest effect on wear reduction, followed
by filling pattern, while nozzle temperature had the least impact. For optimization, a
genetic algorithm–artificial neural network (GA-ANN) [73] model slightly outperformed
the response surface methodology (RSM) [74], with results closely matching experimental
data at a 0.25% error rate.

Hajjaj [75] compares the mechanical properties of zirconia dental restorations made using
3DP (FDM) and CAD/CAM milling, focusing on the effects of conventional versus speed
sintering. A total of 60 bars were tested for flexural strength and modulus, while 40 discs
were used for Vickers microhardness testing. Results showed that milled zirconia had higher
flexural strength and modulus than FDM-printed zirconia. The sintering cycle did not affect
flexural properties, but speed sintering the Vickers microhardness of milled zirconia did have
an effect. Overall, FDM-printed zirconia was mechanically inferior to milled zirconia.

2.1.2. Fused Filament Fabrication

This section summarizes recent studies on FFF. Khan reviews how process parame-
ters affect the mechanical properties of lightweight polymers; Kariuki identifies optimal
printing parameters for carbon fiber-reinforced polyamide 12; Garcia compares FFF, Metal
Injection Molding, and Powder Metallurgy for 17-4 PH stainless steel, noting FFF’s su-
perior tribocorrosion resistance; and Kalinke explores sustainable practices in FFF using
renewable and recycled materials to enhance environmental sustainability.

Fused filament fabrication (FFF) is a cost-effective 3DP method for lightweight polymer
structures. Key mechanical properties like flexural and impact strength are influenced by
process parameters and material selection [76]. Filled polymers often perform better, and
crystallinity plays a key role in the final properties. Review [76] discusses emerging trends
such as topology optimization and polymer recyclability, while highlighting research gaps
and proposing directions for further in FFF technology.

Kariuki et al. [77] investigate the flexural behavior of 3D-printed short carbon fiber-
reinforced polyamide 12 (PA12-CF) [78] parts produced using fused filament fabrication
(FFF). Using an L18 Taguchi design and Gray relational analysis, the optimal printing
parameters were identified. Build orientation had the most impact on flexural properties,
with a rectilinear infill pattern producing a flexural strength of 119.9 MPa and modulus
of 3038 MPa, while a concentric pattern improved strength by 15.8%. This work provides
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valuable insights into optimizing FFF parameters for enhanced mechanical performance in
carbon fiber composites.

Garcia et al. [79] compare the effects of different manufacturing methods— FFF, Metal
Injection Molding (MIM), and conventional Powder Metallurgy (PM)—on the properties
of 17-4 PH stainless steel. FFF and MIM both produced near-dense parts, but MIM sam-
ples showed the highest hardness. Corrosion behavior was similar for FFF and MIM,
both outperforming PM. However, FFF parts exhibited superior tribocorrosion resistance,
attributed to higher proportions of delta ferrite and retained austenite in their microstruc-
ture. These findings highlight the potential of FFF for producing corrosion-resistant,
durable components.

Kalinke et al. [80] explore sustainable methods for enhancing the development, treat-
ment, and applications of 3D-printed objects, particularly in FFF. The paper discusses
various conductive and non-conductive filaments made from renewable biopolymers [81],
bioplasticizers, and recycled materials, detailing how these choices impact material prop-
erties. They also highlight alternative strategies for sustainability, including recycling,
adjusting printing parameters, and system miniaturization. These approaches aim to
reduce environmental impact while producing high-quality, cost-effective 3D-printed prod-
ucts, aligning with Green Chemistry principles and Circular Economy concepts.

2.2. Stereolithography

In SLA printing for polymer composites [44,57–59,82–87], the process is adapted to
use specialized resin blends that incorporate composite materials, such as ceramic, carbon,
or glass fibers, to enhance the mechanical properties, thermal resistance, or surface finish
of the printed object. This approach combines the precision and detail of SLA with the
strength and functionality of composite materials, creating parts that are suitable for more
demanding applications.

The process begins with model preparation in CAD software, where a 3D model
is designed and then sliced into layers. The composite resin is prepared in a vat and
often contains finely distributed particles (e.g., glass, ceramic, or carbon fibers) that are
suspended within the photopolymer base. This composite resin is carefully formulated
to maintain a uniform consistency, ensuring that particles do not settle and are evenly
distributed throughout each layer of the print.

In the layer curing phase, a UV laser or projector selectively cures each layer, hardening
both the photopolymer and the embedded particles simultaneously. The UV laser follows
a precise path to solidify each layer, bonding the particles into a matrix that enhances the
overall strength and durability of the printed part [88]. Between each layer, the platform
moves incrementally to allow the next thin layer of resin to coat the surface [89].

The layer-by-layer bonding process creates a composite structure, embedding the
particles within the cured photopolymer matrix [90]. Support structures are added au-
tomatically by the slicing software when needed, especially for overhangs or complex
geometries, and are printed in the same composite material [91].

Once the print is completed, post-processing begins. The part is removed from the
resin vat, cleaned of any excess resin, and may undergo an additional UV curing process to
fully harden the composite [92]. Support structures are then removed, and the object may
be further processed through sanding, polishing, or coating, depending on the application’s
requirements [93].

SLA printing with polymer composites enables the production of parts with improved
mechanical properties [94], thermal stability [95], and surface quality [96], making it ideal
for engineering prototypes, end-use parts, and high-performance applications in industries
such as aerospace, automotive, and medical devices. This technique expands the scope of
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SLA by providing a balance between high resolution and enhanced material strength, tai-
lored to meet the specific demands of advanced manufacturing. A schematic representation
of the SLA process is shown in Figure 5.

Figure 5. Schematic representation of SLA process.

Hydrogel-based electronics are promising for wearable devices but face challenges
like low conductivity and stretchability. Sun et al. [97] present a projection SLA 3DP
method to create high-conductive, flexible hydrogel antennas for wireless sensing [98]. The
photocurable silver-based hydrogel forms conductive pathways after partial dehydration,
achieving a conductivity of 387 S cm−1. Sealed circuits maintain stable resistance under
100% strain for 30 days, with added features like stretchability and shape memory. Custom
flexible RFID tags were created, enabling accurate eye movement tracking and passive
wireless sensing.

Zhou et al. [99] examine Stereolithography Additive Manufacturing (SLAM) for pro-
ducing advanced ceramic objects with complex geometries [100], highlighting its resolution
and surface quality. It addresses the challenges in achieving the desired performance due to
the necessity of thermal debinding (TD) [99] to remove binders, which can lead to defects
and prolonged processing times. Key topics covered include the impact of raw materials
on photocurable ceramic suspensions, the mechanisms and characterization methods of
the TD process, and strategies for designing effective TD profiles. The review concludes
with insights into the challenges and future directions for TD in ceramic SLAM, providing
a foundational understanding for optimizing TD processes in research and industry.

Kulkarni et al. [101] investigate the use of SLA to print polymer nanocomposite sam-
ples of stimuli-responsive spin crossover (SCO) materials with resins DS3000 and PEGDA-
250. The analysis showed that incorporating SCO particles improved mechanical properties,
with transformation strains of 1.2–1.5% at high loads (13–15 vol.%), enabling thermal ex-
pansion peaks. Two SCO complexes were synthesized and characterized, demonstrating
their suitability for actuator applications due to favorable spin transition properties. The
findings emphasize the importance of effective particle dispersion for optimal performance
in SLA-printed composites.
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Pharmaceutical 3DP [102–111] is advancing rapidly, offering the potential for highly
personalized medicine. SLA is a particularly promising technology due to its high res-
olution and compatibility with heat-sensitive drugs. However, the lack of specialized
excipients for pharmaceutical SLA limits material options. Curti et al. [103] investigate how
formulation factors—such as photoinitiator concentration, polymer size, and liquid filler
type—affect the print quality of SLA 3D-printed medicines. By screening 156 photopolymer
formulations, it highlights how these factors influence print outcomes, providing valuable
insights for future development of personalized 3D-printed pharmaceuticals.

2.3. Selective Laser Sintering

In SLS for polymer composites printing [112–121], a powdered composite mate-
rial—typically a blend of a polymer base like nylon with reinforcing particles such as carbon
fiber, glass beads, or ceramic—is used to create strong, high-performance parts. This process
leverages the strength and durability of composite materials within the flexibility of polymer-
based 3DP, ideal for demanding applications in industries such as aerospace, automotive, and
consumer goods. A schematic representation of the SLS process is shown in Figure 6.

Figure 6. Schematic representation of SLS process.

The process starts with model preparation using CAD software, where a 3D model
is designed and then processed through slicing software to divide the model into thin,
horizontal layers. These layers are used to generate precise instructions for the SLS printer.

In the powder preparation stage, the composite powder is loaded into the build cham-
ber [122]. This powder must be well-mixed to ensure an even distribution of reinforcement
particles, like carbon or glass fibers, throughout the polymer base. A powder bed is formed,
and the printer’s roller or recoater evenly spreads a thin layer of the composite powder
across the build platform [123].

During layer sintering, a laser selectively fuses areas of the powder bed, following
the contours of the sliced model layer [124]. The laser heats the polymer particles to

235



Polymers 2024, 16, 3125

their melting point, allowing them to fuse together while also bonding the embedded
reinforcement particles within the polymer matrix. Once a layer is completed, the platform
lowers slightly, and a new layer of composite powder is spread over the previous one. This
layer-by-layer sintering process continues until the entire object is formed, with each new
layer bonding to the one beneath it. Because of the self-supporting nature of the powder
bed, support structures are typically not required, allowing for more complex geometries
without additional material waste.

After printing, the object is surrounded by unsintered powder, which acts as a support
and is carefully removed in the post-processing phase. The remaining loose powder is
brushed or blown off, often followed by bead-blasting or compressed air cleaning to reveal
the printed part. Additional finishing steps such as sanding or coating can further enhance
the part’s surface quality and durability [125].

SLS printing with polymer composites produces parts with superior mechanical
strength, stiffness, and thermal stability compared with traditional polymers, due to the
reinforcing particles integrated within the polymer matrix. This method is well-suited for
functional prototypes, tooling, and end-use parts that require the combined benefits of both
high-performance polymers and reinforcement materials.

Song et al. [126] highlight SLS’s role in medical engineering for producing complex
biomedical products, particularly implants and prosthetics using biocompatible materials;
Azam et al. focus on SLS processing of polymer materials, emphasizing innovations in
piezoresistive strain-sensing and the process–structure–property relationships; Han et al.
develop a method for creating carbon nanotube-anchored α-ZrP nanohybrids to enhance
polyamide 12 composites, resulting in significant improvements in mechanical properties
and functional characteristics; and Zhang et al. investigate the effects of process parameters
on carbon fiber-reinforced PEEK composites, achieving notable strength and modulus
enhancements for industrial applications.

SLS has been particularly successful in creating electrically conductive polymer
composites (ECPCs) by forming a segregated filler network along powder boundaries.
Azam et al. [127] focus on SLS processing of polymer materials, highlighting the consoli-
dation mechanisms, process parameters, and innovations in piezoresistive strain-sensing
materials and self-sensing structures. They also explore the intricate process–structure–
property relationships in SLS-printed polymer composites.

Han et al. [128] introduce a simple method to synthesize a carbon nanotube (CNT)-
anchored α-ZrP nanohybrid (CNT@α-ZrP) for enhancing polyamide 12 (PA12) composites
using ball-milling followed by SLS. CNTs serve dual functions: providing black coloration
for efficient heat absorption and reinforcing the PA12 matrix. The α-ZrP nanosheets primar-
ily enhance the mechanical and functional properties of PA12 composites. The resulting
PA12/CNT@α-ZrP composites show improvements in Young’s modulus (98.9%), tensile
strength (33.1%), and impact strength (34.6%), along with better wear resistance, flame
retardancy, and reduced smoke production. This method offers an industrial approach to
producing robust and functional SLS-based structures.

Carbon fiber-reinforced PEEK (CF/PEEK) composites fabricated via SLS offer excellent
mechanical properties and are highly promising for advanced applications. Zhang et al. [120]
investigate the impact of process parameters—such as laser power, layer thickness, paving
speed, and carbon fiber content—on the microstructure and performance of CF/PEEK com-
posites. Key findings include achieving a failure strength of 117 MPa with a layer thickness of
0.08 mm and an optimal fiber weight fraction of 15%. The highest elastic modulus reached
8400 MPa, surpassing previous works. The study also reveals nonlinear relationships between
paving speed and strength, with longer carbon fibers improving strength. The research
provides insights into optimizing SLS-CF/PEEK composites for industrial applications.
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2.4. Digital Light Processing

In DLP printing for polymer composites [121,129–137], the process utilizes a high-
resolution digital projector to cure photopolymer resins that are often blended with com-
posite materials, such as ceramic, carbon fiber, or glass particles. This combination allows
for the creation of highly detailed parts with enhanced mechanical properties, making
DLP a suitable choice for various advanced manufacturing applications. A schematic
representation of the DLP process is shown in Figure 7.

Figure 7. Schematic representation of DLP process.

The process begins with model preparation in CAD software, where a 3D model is
designed and optimized for printing. The model is then sliced into thin layers by slicing
software, which generates the necessary instructions for the DLP printer.

In the resin preparation phase, a vat is filled with liquid photopolymer resin mixed
with composite materials. The resin is specially formulated to ensure uniform dispersion of
the composite particles, allowing for consistent curing and material properties throughout
the printed part.

During the layer curing phase, the DLP printer uses a digital light projector to expose
the surface of the resin to UV light. The projector displays a complete layer of the model at
once, curing the resin in a pattern that corresponds to the sliced model [138]. This process
allows for rapid curing of an entire layer simultaneously, significantly speeding up the
printing process compared with traditional layer-by-layer methods.

Once a layer is cured, the build platform moves upward (or the resin vat moves
downward) to allow fresh resin to flow over the cured layer, preparing for the next layer.
The layer-by-layer construction continues until the entire object is complete, with each
layer bonding to the one beneath it.

For complex geometries, support structures are often generated by the slicing soft-
ware to prevent deformation during printing. These supports are printed using the same
composite resin and can be easily removed after the printing process is finished.
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After the printing is complete, the part undergoes post-processing. It is removed from
the resin vat and cleaned of any excess uncured resin, typically using isopropyl alcohol.
The part may then be subjected to further UV curing to ensure complete hardening. Any
support structures are removed, and final finishing processes, such as sanding or coating,
can be applied to achieve the desired surface quality.

DLP printing with polymer composites offers several advantages, including high reso-
lution and smooth surface finishes, while also enhancing the mechanical properties of the
printed parts. This technology is particularly well-suited for applications in industries such
as dental and medical devices, jewelry, and high-performance engineering components,
where precision and material strength are paramount.

Melentiev et al. [139] present lithography metal additive manufacturing (LMAM) for
high-resolution metal parts with excellent density and tensile strength; Guo et al. enhance
photosensitive resin with multi-walled carbon nanotubes, improving mechanical properties;
Senthooran et al. incorporate mica into DLP-printed samples, significantly increasing tensile
and flexural strength; and Wang et al. create a flexible multistage honeycomb absorber from
carbonyl iron and MWCNTs, demonstrating exceptional electromagnetic wave absorption.

DLP is employed in high-resolution AM, enabling the 3DP of complex metallic parts
with micrometer precision. Melentiev et al. [139] present lithography metal additive
manufacturing (LMAM), a method that utilizes DLP with a photosensitive resin filled with
metal powder. The process yields intricate structures with a spatial resolution of 35 μm
and surface roughness of 1–2 μm without support structures. Sintered stainless steel parts
exhibit 99.3% density and 93% tensile strength relative to annealed 316 L steel. LMAM
is ideal for fabricating small, precise devices in fields such as biomedicine, microheat
exchangers, and pharmaceutical engineering.

Guo et al. [137] explores the potential of multi-walled carbon nanotubes (MWC-
NTs) to enhance the structural, mechanical, and electrical properties of materials through
AM, specifically focusing on DLP techniques. Despite the growing interest in MWCNT-
reinforced composites, there is limited research on their integration into photosensitive
resin (PR) systems using DLP, particularly concerning the distribution patterns of MWC-
NTs. This investigation fabricated MWCNTs-reinforced PR (MWCNTs-PR) and examined
how varying MWCNT content affects the microstructure and mechanical properties of the
composite. Findings indicate that adding 0.05 wt% MWCNTs enhances the elastic modulus
by 25% and the bending strength by 2% compared with pure PR. To achieve a more uniform
MWCNT distribution, a combination of ultrasonic treatment and mechanical stirring was
employed. The study further developed a multi-material layered 3DP structure, demon-
strating that the 10001 structure achieved the highest bending modulus, outperforming
the control group by 14.9%. Finally, finite element analysis was utilized to validate the
enhanced bending resistance mechanism attributed to the MWCNTs in the PR.

Senthooran et al. [133] explore the enhancement of mechanical and thermal properties
in 3D-printed samples using DLP by incorporating mica as an inorganic filler at 5%, 10%,
and 15% concentrations, along with a KH570 silane coupling agent for better dispersion.
The results show improvements: tensile strength increased by 85% and flexural strength
by 132% with mica addition. Thermogravimetric analysis (TGA) and scanning electron
microscopy (SEM) were used for thermal and morphological evaluations. The findings
highlight advancements in AM technology through DLP techniques.

Research on wideband electromagnetic (EM) absorbers in the 75–110 GHz range is
limited, hindering millimeter-wave technology advancements. Wang et al. [140] introduce
a novel flexible multistage honeycomb structure absorber (FMHSA) made from carbonyl
iron (CIP), multi-walled carbon nanotubes (MWCNTs), and flexible photopolymer resin
(FPR), fabricated via DLP 3DP. The FMHSA achieves exceptional EM wave absorption
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with a bandwidth of 35 GHz at a 150° bending angle and a minimum reflection loss of
−37.04 dB. Its notable properties include flexibility, recoverability, and lightweight design,
paving the way for improved wearable absorbers.

2.5. Jetting 3D Technologies

Jetting 3D technologies include MJF and PJP, both of which can utilize polymer
composites to create high-performance parts with enhanced mechanical properties.

In Multi Jet Fusion [141–150], a layer of polymer composite powder, often a blend
of nylon and reinforcing materials like carbon fiber or glass beads, is spread across the
build platform. Inkjet print heads selectively apply a fusing agent to specific areas of
the powder bed, allowing for controlled heating and fusion when exposed to infrared
light. This layer-by-layer process continues until the part is fully formed, with each layer
bonding to the previous one. After cooling, excess un-fused powder is removed and can
be recycled. MJF produces parts that exhibit superior strength and durability, making it
ideal for functional prototypes and end-use applications in industries such as aerospace
and automotive. A schematic representation of the MJM process is shown in Figure 8.

Figure 8. Schematic representation of MJM process.

PolyJet printing [151–160] utilizes a different approach by jetting ultra-thin layers of
liquid photopolymer resin, often enhanced with composite materials. The print heads
spray the resin, which can include reinforcing particles, and immediately cure it with UV
light. This method allows for the incorporation of various materials in a single print job,
enabling the creation of parts with tailored mechanical properties and surface finishes. After
printing, support structures are easily removed, resulting in high-resolution parts. PolyJet
is particularly well-suited for applications requiring intricate details and multi-material
capabilities, such as dental devices and intricate consumer products.

2.5.1. Multi Jet Fusion

Alomarah et al. find that MJF outperforms FFF in producing stronger auxetic structures;
Tan et al. develop a framework showing how fiber weight affects porosity in fiber-reinforced
composites; Kafi et al. explore the impact of build height and orientation on the mechanical
properties of MJF-printed polypropylene; and Conway et al. assess the geometric accuracy of
MJF surgical guides, achieving precise distortion predictions using machine learning.
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MJF and FFF are explored for fabricating a hybrid auxetic structure in AM. Alomarah
et al. [143] find that MJF produces robust specimens with high dimensional accuracy, while FFF
suffers from large pores in connecting areas, indicating lower print quality. MJF specimens
exhibit plateau stress with high peaks when compressed along the Y-axis, whereas FFF
specimens display a smooth plateau stress. MJF specimens achieve the highest specific
energy absorption (SEA) at 2.1 and 2.5 J g−1, exceeding the 0.495 and 0.480 J g−1 of FFF
specimens. Additionally, the auxetic features (negative Poisson’s ratio) remain unaffected by
the manufacturing methods. This research underscores the influence of fabrication techniques
on the mechanical properties and energy absorption capabilities of cellular materials.

AM of fiber-reinforced polymer composites is gaining attention for its ability to create
lightweight, functional products. However, pore defects remain a concern, necessitating a
better understanding of pore formation. Tan et al. [117] present a powder-scale multi-physics
framework to simulate the printing process of fiber-reinforced polymer composites in powder
bed fusion in MJF. The framework incorporates various phenomena, including particle flow
dynamics, laser–particle interaction, heat transfer, and multiphase fluid flow. The melt depths of
glass fiber-reinforced polyamide 12 parts fabricated via selective laser sintering were measured
to validate the model. Results indicate that increasing the fiber weight fraction leads to a lower
densification rate, larger porosity, and reduced pore sphericity in the composites.

Kafi et al. [142] validate the absorption phenomena in MJF-printed polypropylene (PP)
using Laser Flash and Corrected Porosity methods. It investigates how build height and
orientation affect tensile properties, crystallinity, porosity, and thermophysical attributes in
MJF-printed PP coupons. Results indicate that crystallinity and tensile performance are con-
sistent across orientations, but Z-oriented samples exhibit 35% lower strain and increased
porosity compared with XY samples. Micro-CT scans revealed that horizontal positioning
improved contrast for porosity analysis. A correlation was established between Laser Flash
half-time and porosity when corrections were applied, indicating that lower absorption occurs
in less dense Z samples. The findings highlight the importance of accurately determin-
ing porosity to understand absorption in MJF-printed PP, offering insights into predicting
mechanical properties and enhancing the overall quality of MJF-produced parts.

Conway et al. [161] examine the repeatability and geometric accuracy of AM surgical
guides for personalized knee surgery. A total of 258 unique guide designs were created, and
2100 parts were produced using MJF AM. An automated measurement technique gathered
8400 individual feature dimensions, revealing standard deviations in feature size ranging from
0.076 to 0.173 mm and consistent deviations from target dimensions of −0.308 to 0.017 mm.
ML models were developed to predict these geometric distortions, achieving accuracy within
0.033 to 0.075 mm, allowing for effective predictions across various part sizes.

2.5.2. PolyJet Printing

This section highlights advancements in PolyJet printing. Azpiazu et al. assess how
thermocycling and surface finishing impact the strength and hardness of dental prostheses,
finding certain finishes yield better performance. Krause et al. examine material choice and
print orientation effects on microfluidic channel accuracy, noting optimal results for wider
channels. Aberdeen et al. explore the interface design and mechanical failure of bi-material
coupons, emphasizing the need for further research on geometric designs to strengthen
material interfaces.

PolyJet 3DP is an advanced AM technology that deposits photopolymeric materials in
micron-sized droplets, curing them with ultraviolet (UV) light. It excels in creating complex,
multi-material structures with exceptional precision, achieving layer thicknesses as fine
as 16 microns [162]. Its versatility allows for a wide range of materials, including rigid,
flexible, and transparent options, enabling the production of components with tailored
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mechanical and optical properties. While widely used in industries like aerospace and
healthcare, challenges remain in material performance and print optimization, necessitating
ongoing research to enhance interfacial bonding and mechanical properties.

Azpiazu et al. [163] evaluate the effects of thermocycling and different surface fin-
ishing protocols on the flexural strength and surface hardness of a novel photopoly-
mer designed for monolithic polychromatic dental prostheses made via PolyJet 3DP.
A total of 90 specimens were divided into three groups based on finishing protocols:
Pumice + Moldent, Pumice + Optiglaze, and Polycril + Moldent. Results showed that
thermocycling reduced the flexural strength across all groups, with the Optiglaze group
demonstrating the highest strength after thermocycling. The analysis also revealed an
interaction between thermocycling and finishing protocols concerning surface hardness,
with the Optiglaze group exhibiting the highest hardness values.

Krause et al. [164] investigate the impact of materials and print orientations on the 3DP
of microfluidic channels as negative features using PolyJet technology and the Stratasys
Objet500 printer. Two sets of chips, each containing channel pairs made from a high-
contrast reference material and a sacrificial material embedded in clear photopolymer
resin, were printed. The planned channel widths ranged from 64 to 992 μm, and the
channels were printed either parallel or perpendicular to the jetting head’s movement. The
findings indicate that reproducibility and accuracy were optimal for channels with a width
of 600 μm or greater, with the best channel morphology achieved when the printer head
moved parallel to the channel’s longitudinal axis.

Aberdeen et al. [165] explore the interface design and mechanical failure dynamics of
PolyJet-printed bi-material coupons using material jetting technology, specifically PolyJet
3DP. By investigating various geometric designs and conducting uniaxial tensile tests on
samples printed with a Stratasys Objet500 Connex3 printer, the results reveal that increasing
the surface contact area between distinct materials does not necessarily enhance interface
strength. The findings highlight the need for further research into multi-material geometric
designs and their impact on interface integrity, particularly as interest in PolyJet printing
grows in applications like robotics and fluidic circuitry.

2.6. Direct Ink Writing

DIW is AM technique that focuses on extruding viscoelastic inks [166–175], which
can be formulated from polymer composites, to create complex geometries with enhanced
material properties. This method is particularly effective for producing parts with tailored
mechanical characteristics and functionality, suitable for a variety of applications.

The DIW process begins with ink formulation, where a composite ink is created by
blending a polymer matrix with reinforcing materials, such as carbon fibers, glass fibers, or
ceramic particles [176]. This ink must possess the right viscosity and flow properties to be
extruded through a nozzle while maintaining shape fidelity after deposition.

During the printing phase, a syringe or nozzle extrudes the composite ink layer by
layer onto a build platform. The printer’s movement is controlled by a computer program
that follows a pre-defined path, allowing for precise placement of material [177]. As each
layer is deposited, it retains its shape due to the viscoelastic properties of the ink, enabling
the creation of complex structures, including overhangs and intricate designs.

Post-processing is often required after printing, which may involve curing the printed
part through heat or UV light, depending on the type of polymer used. This curing
process solidifies the polymer matrix, enhancing the mechanical strength and durability
of the final part [88,178]. Additionally, support structures may be incorporated or added
during the printing process to ensure stability for more complex geometries. A schematic
representation of the DIW process is shown in Figure 9.
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DIW enables precise layer-by-layer deposition of functional materials through a positive
displacement dispensing system [179]. It excels in printing on flexible substrates, such as
polyethylene terephthalate (PET), due to its adaptability to various material viscosities and the
importance of controlling process parameters like air pressure and feed rate for achieving high-
resolution patterns. One of DIW’s advantages is its ability to print conductive inks, crucial for
developing sensors and electronic components, and its capability for multi-material printing,
allowing for the creation of complex, multifunctional structures. This makes DIW suitable
for fabricating stretchable and bendable sensors that can monitor mechanical deformations
by varying electrical resistance, while the deposited patterns are typically cured to enhance
structural integrity and performance in wearable technologies [180].

Figure 9. Schematic representation of DIW process.

The emergence of 3DP technology in the 1980s has facilitated the creation of patient-
specific products with precise shapes and complexities. Among various techniques, DIW
is favored for its affordability, ease of use, and scalability, although the limited variety
of printing inks hampers its commercial potential. Injectable hydrogels, known for their
quick gelling behavior and shape fidelity, have emerged as promising alternatives for
printing inks, made from natural or synthetic polymers to achieve desired properties.
Bhardwaj et al. [173] highlight recent advancements in hydrogel inks and their physic-
ochemical aspects for engineered biostructures, and discuss the future prospects and
challenges of 4DP in hydrogel-based 3DP applications in healthcare.

DIW advances hydrogel fabrication by enabling precise layer-by-layer deposition of
hydrogel inks to create complex three-dimensional structures with tailored properties. Bani-
asadi et al. [181] explore the diverse applications of DIW in areas such as tissue engineering,
soft robotics, and wearable devices, while also examining the various printing techniques
and the underlying principles of DIW, including rheological properties and printing param-
eters. Additionally, they highlight the range of natural and synthetic hydrogel materials
used in this process and discuss the latest biomedical applications, particularly in tissue
engineering, wound dressings, and drug delivery systems, while outlining future research
directions and potential innovations in hydrogel-based manufacturing.
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DIW offers a flexible and resource-efficient method for prototyping functional mate-
rials and devices with complex geometries. Van et al. [182] focus on the use of graphene
nanoplatelets (GNPs) as conductive fillers in printed electronics, addressing the challenges
posed by non-spherical colloids that risk nozzle clogging. A workflow was developed
to optimize ink rheology and printing parameters, enabling the successful production
of filaments ranging from <100 to 1200 μm in width and 30 to 300 μm in height, with
conductivities suitable for sensors and electrodes. The predictive models created from
this research facilitate high-resolution DIW of platelet-based inks, promoting integrated
material and process development for applications in wearable electronics, sensors, RF
passives, energy materials, and tissue engineering.

2.7. 4D Printing

This section covers advancements in 4DP, which adds the dimension of time to tradi-
tional AM by using materials that change shape in response to external stimuli. Khalid et al.
emphasize the potential of shape memory polymers (SMPs) that react to stimuli like heat
and humidity for use in various fields. However, challenges like mechanical limitations
remain. Qiu et al. explore the benefits of fiber-reinforced polymer composites (FRPCs)
in 4DP, enhancing mechanical performance. Yan et al. review SMP composites in 4DP,
summarizing advancements and discussing future prospects in biomedical application

Current FDM technology enables the use of multiple polymer filaments, paving
the way for complex, responsive structures [63]. Four-dimensional printing represents
an advancement beyond traditional 3DP by incorporating the dimension of time. This
innovation is made possible through the development of intelligent materials that change
shape in response to external stimul. The most promising applications of 4DP are in the
creation of smart textiles, which can act as actuators and sensors, allowing for bio-inspired
designs. Key areas of potential include smart clothing for extreme environments, auxiliary
prosthetics, and orthotic devices that aid muscle recovery.

In recent years, there has been growing interest in AM shape memory polymers
(SMPs) and their multifunctional composites, particularly in the realm of four-dimensional
(4D) printing, which utilizes time-responsive programmable materials. These stimuli-
responsive polymers can return to their original shapes from programmed temporary
forms upon exposure to external stimuli such as heat, light, or humidity. The integration
of 4DP with shape memory polymer composites (SMPCs) opens up a wide range of
engineering applications [183–185], including in automotive, soft robotics, biomedical
devices, and wearable electronics. Khalid et al. [186] highlight key 4DP technologies
and their functionalities, discuss future opportunities in preprogramming, multi-material
printing, and sustainability, and provide illustrative examples of applications, aiming to
foster advancements and innovations in the field of 4DP.

Four-dimensional printing technology has gained considerable attention for its capa-
bility to reshape 3D-printed structures in response to external stimuli over time. However,
challenges such as inadequate mechanical properties, low energy output, and limited de-
sign flexibility persist in the 4DP of pure polymers. The advent of fiber-reinforced polymer
composites 4DP (FRPCs-4DP) offers promising solutions to these challenges by enhancing
mechanical performance and improving actuation capabilities. Qiu et al. [187] explore
recent advances in FRPCs-4DP, emphasizing the role of fibers, material compositions, AM
techniques, and design strategies, while also outlining the key challenges and future trends
for practical applications in this emerging field.

Yan et al. [33] review SMP composites and 4DP technologies, highlighting unique 4D-
printed structures and summarizing recent research progress in various fields, particularly
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biomedical applications. They also discuss the challenges and future prospects for 4D-
printed SMPs, serving as a reference for ongoing research and practical applications.

Table 3 provides an overview of the advantages and disadvantages of 3DP methods
discussed in the recent literature.

Table 3. Summary of recent studies in AM methods.

Reference Method Focus Advantages Disadvantages

Franco et al.
(2024) [63] FDM 4DP with responsive structures

for smart textiles
Enables complex structures;

potential for smart applications
Still evolving; challenges in

material properties

Subramani
et al.

(2024) [64]
FDM

Effect of FDM parameters on
mechanical properties of ABS

components

Identifies optimal settings for
improved mechanical

properties

Limited to specific materials
and printers

Melentiev
et al.

(2024) [68]
FDM

Improving adhesion in
multi-material components

using MPAM

Enhanced structural integrity of
metalized plastics Complex multiprocess setup

Bahrami et al.
(2024) [72] FDM

Enhancing wear resistance in
ABS through Fe composite

filaments

Improved wear performance
with optimized parameters

Limitations in wear resistance
of pure FDM parts

Hajjaj
(2024) [75] FDM

Comparison of mechanical
properties in zirconia

restorations

Insights into material
performance for dental

applications

FDM-printed parts show
inferior mechanical properties

Khan et al.
(2024) [76] FFF Mechanical properties of

lightweight polymer structures
Cost-effective and adaptable for

different materials
Process parameters can limit

mechanical performance

Kariuki et al.
(2024) [77] FFF Flexural behavior of carbon

fiber-reinforced PA12 parts
Optimized parameters enhance

mechanical properties
Requires careful selection of

printing parameters

Garcia et al.
(2024) [79] FFF

Comparison of FFF with MIM
and PM on stainless steel

properties

Superior tribocorrosion
resistance in FFF parts

Variability in mechanical
properties across methods

Kalinke et al.
(2024) [80] FFF Sustainable practices in 3DP Focus on recycling and

environmental impact
Challenges in material selection

for sustainability

Sun et al.
(2024) [97] SLA Hydrogel-based electronics for

wearable devices
High conductivity and

flexibility in applications
Low stretchability in traditional

hydrogels

Zhou et al.
(2024) [99] SLA

Producing advanced ceramic
objects with complex

geometries

High resolution and quality for
intricate designs

Thermal debinding can lead to
defects

Kulkarni et al.
(2024) [101] SLA

Printing polymer
nanocomposites with

stimuli-responsive materials

Enhanced mechanical
properties with effective

particle dispersion

Limited by material
formulation options

Curti et al.
(2024) [103] SLA Personalized medicine through

SLA
High resolution suitable for

drug formulation
Limited specialized excipients

for pharmaceutical SLA

Song et al.
(2024) [126] SLS

Medical engineering
applications for implants and

prosthetics

Precise production of complex
biomedical products

High setup costs and limited
material options

Azam et al.
(2024) [127] SLS Electrically conductive polymer

composites
High performance for advanced

applications
Process complexity can affect

production speed

Han et al.
(2024) [128] SLS Enhancing properties of PA12

composites with CNTs
Improved mechanical and

functional properties
Requires careful control of

material interactions

Zhang et al.
(2024) [120] SLS Impact of process parameters

on CF/PEEK composites
Excellent mechanical properties

for advanced applications

Complex relationships between
parameters can complicate

optimization
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Table 3. Cont.

Reference Method Focus Advantages Disadvantages

Melentiev
et al.

(2024) [139]
DLP LMAM

Produces intricate structures
with high resolution and no
support structures; ideal for

small, precise devices

Limited to specific applications,
high dependence on materials

Guo et al.
(2024) [137] DLP MWCNT-reinforced

photosensitive resin

Enhances mechanical and
electrical properties; optimized
distribution through treatment

Limited research on integration
into PR systems

Senthooran
et al.

(2024) [133]
DLP

Enhancement of mechanical
and thermal properties using

mica

Improvements in tensile and
flexural strength

Material handling and
dispersion challenges

Wang et al.
(2023) [140] DLP Flexible multistage honeycomb

structure absorbers

Exceptional EM wave
absorption properties;

lightweight and flexible

Limited application scope and
complexity of design

Alomarah
et al.

(2024) [143]
MJF Hybrid auxetic structures in

AM
Robust specimens with high

dimensional accuracy
Lower print quality with

certain techniques like FFF

Tan et al.
(2024) [117] MJF Simulating fiber-reinforced

polymer composites

Improved understanding of
pore formation; better material

performance predictions

Complexity in modeling and
simulation accuracy

Kafi et al.
(2024) [142] MJF Absorption phenomena in

printed polypropylene (PP)
Insights into porosity and

mechanical properties
Variability in build orientation

effects on performance

Conway et al.
(2024) [161] MJF Geometric accuracy in surgical

guides
High repeatability and accuracy
in personalized surgical tools

Time-consuming measurement
processes for validation

Patpatiya
(2024) [162] PolyJet Advanced multi-material

structures

Exceptional precision in
complex geometries; versatile

material options

Challenges with material
performance and interfacial

bonding

Azpiazu et al.
(2024) [163] PolyJet Flexural strength in dental

prostheses
Significant effects of surface

finishing on strength

Thermocycling negatively
impacts strength across

protocols

Krause et al.
(2024) [164] PolyJet Microfluidic channels in 3DP High reproducibility and

accuracy for fine features
Limited effective feature sizes

for optimal results

Aberdeen
et al.

(2024) [165]
PolyJet Bi-material coupons and

mechanical failure dynamics
Insights into interface design

for multi-material applications

Challenges with interface
strength despite geometric

improvements

Abas et al.
(2024) [179] DIW Layer-by-layer deposition of

functional materials

Excellent adaptability to flexible
substrates and multi-material

printing

Limited ink variety restricts
commercial applications

Bhardwaj et al.
(2024) [173] DIW Hydrogel inks in biostructures Advancements in 4DP for

healthcare applications
Challenges in ink consistency

and availability
Baniasadi et al.

(2024) [181] DIW Applications in tissue
engineering and robotics

Flexible manufacturing for
complex geometries

Limited material choices can
restrict applications

Van et al.
(2024) [182] DIW Conductive fillers in printed

electronics
Enables high-resolution

printing for sensors and devices

Challenges with material
consistency and process

optimization

Khalid et al.
(2022) [186] 4DP Shape memory polymers

(SMPs)

Responsive structures for
various engineering

applications

Mechanical property limitations
and design flexibility issues

Qiu et al.
(2024) [187] 4DP Fiber-reinforced polymer

composites (FRPCs)

Enhanced mechanical
performance and actuation

capabilities

Challenges in material
composition and

manufacturing processes
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Table 3. Cont.

Reference Method Focus Advantages Disadvantages

Yan et al.
(2023) [33] 4DP SMP composites

Advances in biomedical
applications; unique structural

designs

Challenges in achieving
consistent properties across

applications

3. Properties of Polymer Composites in AM Technologies

Polymer composites exhibit unique property combinations. These materials integrate
a polymer matrix with reinforcing elements (fibers, particles, nanomaterials), achieving
improvements in mechanical, thermal, electrical, and other performance characteristics.
Such enhancements are important for applications in aerospace, automotive industries,
medicine, and electronics. However, utilizing polymer composites in AM requires careful
consideration of their structure, properties, and processing characteristics. Figure 10
illustrates the primary properties of polymer composites used in AM technologies.

Figure 10. Diagram illustrating key properties of polymer composites in AM.

3.1. Mechanical Properties

One of the key advantages of polymer composites is their ability to provide high
mechanical performance with relatively low weight. This is achieved by incorporating rein-
forcing materials into the polymer matrix, such as carbon or glass fibers. Fiber-reinforced
polymer composites enhance strength and stiffness compared with pure polymers. For
instance, adding carbon fibers increases tensile strength, making these materials promising
for structural components in aerospace and automotive applications, where high strength-
to-weight ratios are essential [188]. Additionally, polymer composites exhibit excellent
energy absorption characteristics, which makes them resilient to impact loads [189]. In
3DP, impact resistance is particularly important for creating prototypes and end-use parts
that are subjected to dynamic stresses. Incorporating high-modulus reinforcing materials
increases the stiffness of composites, which means that stiffer parts can be printed without
the need for complex metalworking techniques [190]. A key challenge in AM is achieving
uniform distribution of reinforcing materials to prevent defects such as delamination or
weak zones that can negatively affect the mechanical properties of the printed parts [191].

3.2. Thermal Properties

Thermal resistance is another parameter for polymer composites in AM, especially
for high-temperature applications. Adding fillers such as carbon nanotubes, graphene, or
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metallic particles can improve the thermal conductivity of polymer composites [192]. Aged
PLA filaments filled with graphene and carbon nanotubes exhibit improved crystallinity,
thermal stability [193], and electrical conductivity but reduced strength and toughness,
with annealing treatments enhancing their properties based on the filler type and an-
nealing temperature [194,195]. This is particularly relevant for creating heat-dissipating
components, such as heat sinks or electronic housings. By incorporating high-temperature
polymers or heat-resistant fillers, composites can withstand higher temperatures compared
with standard polymers [196,197]. This makes them suitable for use in high-temperature
environments, such as engine components or aerospace structures [87]. Furthermore,
composites with low thermal expansion coefficients are more stable against temperature-
induced dimensional changes [198], which is important for printing large or precise parts
where temperature fluctuations can affect the final dimensions and geometry [199].

3.3. Electrical Properties

Modern polymer composites used in AM can exhibit notable electrical character-
istics [200,201]. Electrically conductive polymer composites, combining polymers with
metal-like electronic properties, show great potential in additive manufacturing for creating
complex designs and rapid production [202], with advancements in various 3DP methods
enabling breakthroughs in flexible electronics, energy storage, and other applications [203].
This enables the creation of 3D-printed parts with high electrical conductivity, suitable
for sensors [204,205], antennas [206,207], and other functional devices [153,208]. Con-
ductive polymer composites (CPCs) can also provide effective electromagnetic shielding,
making them useful for printing enclosures for sensitive electronics [209]. For instance,
Maleki et al. [210] created CPCs using material extrusion additive manufacturing by mix-
ing multi-wall carbon nanotubes (MWCNTs) with ABS, resulting in 3D-printed specimens
with 26 times higher electrical conductivity, improved electromagnetic interference shield-
ing, and enhanced tensile strength and modulus, though nozzle wear occurred due to the
abrasive nature of CNTs [211]. Achieving high electrical properties in AM requires ensuring
uniform dispersion of conductive fillers in the matrix and preventing agglomeration, which
can adversely affect both electrical properties and mechanical strength [212–214].

3.4. Adaptive Properties and 4DP

Polymer composites can also possess adaptive properties, which are particularly rele-
vant for 4DP, where materials can change their properties or shape in response to external
stimuli [215,216]. Polymer composites with shape memory properties can alter their struc-
ture or geometry in response to stimuli such as heat, moisture, or other environmental
factors. This capability is utilized in 4DP to create products that can change shape over time
or in response to operational conditions [217]. Additionally, some polymer composites can
include elements that allow the material to self-heal after damage. In AM, such composites
can be used to create parts capable of repairing themselves, thus extending their service
life [218,219]. Four-dimensional printing with these composites opens new possibilities for
creating adaptive and intelligent materials that can be applied in fields such as medicine,
robotics, construction, and other advanced areas.

4. Application of ML in 3DP of Polymer Composites

ML has emerged as a transformative technology in the field of AM. By leveraging data-
driven approaches, ML techniques offer improvements in various aspects of the printing process,
from material optimization to process control and defect detection. This section explores the key
applications of ML in 3DP of polymer composites and highlights how these innovations are
reshaping the industry. Figure 11 visually organizes the various applications of ML in AM.
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Figure 11. Applications of ML in 3DP of polymer composites.

4.1. Properties Prediction

One of the primary applications of ML in 3DP of polymer composites is material opti-
mization. Traditional methods of developing and refining polymer composite materials can
be time-consuming and costly, often requiring extensive experimental trials. ML algorithms,
particularly those involving supervised learning and optimization techniques, can expedite
this process by analyzing large datasets of material properties and performance metrics.

FDM has enabled personalized drug-loaded formulations tailored to patient needs [220].
However, optimizing fabrication parameters is traditionally time-consuming and requires
expert input. To address this, M3DISEEN, a web-based software, was developed [221],
utilizing AI and ML techniques (MLTs) to enhance FDM 3DP, including filament production
via hot melt extrusion (HME). AI models predict key parameters with high accuracy [222,223],
streamlining 3DP for drug development. M3DISEEN is publicly available.

Three-dimensional printing in healthcare enables personalized medicines and devices
but is hindered by the lengthy trial-and-error formulation process [224]. Ong et al. [225]
combine in-house and literature-mined data on hot melt extrusion (HME) and fuse de-
position modeling (FDM) formulations to create a balanced dataset of 1594 formulations,
enhancing ML predictive performance. Optimized ML models achieved 84% accuracy in
predicting printability and mechanical characteristics, with mean absolute errors of 5.5 °C
and 8.4 °C for processing temperatures in HME and FDM, respectively. These models are
integrated into the M3DISEEN web application, streamlining the formulation development
workflow in pharmaceutical 3DP and improving research throughput [63].

Porous designs, like truss- and sheet-based lattices, offer versatility, but evaluating
numerous material-lattice combinations is impractical. Peloquin et al. [226] present a
framework for rapidly predicting the mechanical properties of 3D-printed gyroid lattices
using base material and porosity data. A kernel ridge regression ML [227] model was
trained on experimental data, achieving similar accuracy to numerical simulations but with
reduced computation time, advancing ML-driven mechanical property prediction.

AM faces adoption challenges due to inconsistent product properties. Khusheef et al. [228]
introduce a novel predictive method using in-process sensing to improve part property pre-
diction in fused deposition modeling (FDM). By integrating Inertial Measurement Unit (IMU)
sensors, a thermal camera, and machine settings, the study focuses on predicting key mechanical
properties like tensile strength and surface roughness. Utilizing hybrid deep learning models
(CNN-LSTM), the best model achieved 99% accuracy in predicting tensile strength. These
results highlight the potential of sensor data and advanced modeling to enhance AM reliability
and broader industry adoption.
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AM of carbon fiber (CF)/epoxy composites is still in early development compared
with conventional resin infusion methods. Monticeli et al. [229] predict the flexural strength,
modulus, and strain of high-performance 3D-printable CF/epoxy composites using an
artificial neural network, analysis of variance, and response surface methodology. The
predictions show high reliability with low error, closely matching experimental results. By
including different input data, the system can predict various output parameters. Factors
such as vacuum pressure, printing speed, curing temperature, and thickness were analyzed,
demonstrating efficient fabrication of composite materials with tailored properties.

Malley et al. [230] integrate data analytics with AM to predict the mechanical behavior
of samples produced via vat polymerization with varying magnetic particle compositions.
A neural network model was developed using mechanical test data from six composi-
tions [231]. The model accurately predicted the mechanical behavior of tested samples and
performed well for untested compositions, surpassing traditional data-driven methods.
This approach reduces the need for extensive post-manufacturing testing, accelerating
product development and improving quality assurance in AM for industrial applications

Griffiths et al. [232] explore the evolution of direct digital and AM from rapid prototyp-
ing to rapid production, highlighting its potential for creating personalized, high-quality
products with minimal batch sizes. The accessibility of affordable AM machines and
open-source software has empowered users, prompting shifts in energy and material con-
sumption patterns. Using a Design of Experiments (DOE) approach, the study optimizes
part performance by examining factors such as scrap weight, part weight, energy con-
sumption, and production time. Key findings indicate that optimizing machine parameters
can yield desired outcomes, while identical settings across different designs may produce
varying results, underscoring the need for design-specific models. The research aims to
identify optimal FDM settings for part weight and production time while balancing these
with economic factors like energy consumption and scrap weight. Using polylactic acid
(PLA) filament for testing, the study analyzes data on weight, build time, and power con-
sumption, employing MiniTab software to visualize parameter interactions through main
effects, Pareto, and contour plots. Ultimately, the research contributes valuable datasets
for modeling AM processes, facilitating a more accurate assessment of their economic and
environmental impacts during the design stage [233].

Table 4 summarizes various studies that utilize ML to predict properties in 3DP.

Table 4. Summary of research on ML applications for predicting properties in 3DP.

Reference Focus Data Info Applied Method

Elbadawi et al. [221] AI/ML for enhancing FDM 3DP
and filament production N/A Developed M3DISEEN

web-based software

Ong et al. [225] Balancing dataset for HME and
FDM formulations

1594 formulations from in-house
and literature data

ML models for predicting
printability, mechanical

characteristics

Peloquin et al. [226] Mechanical properties of 3D-printed
gyroid lattices

Experimental data for gyroid
lattices

Kernel ridge regression ML
model

Khusheef et al. [228] Predicting mechanical properties in
FDM

In-process sensing data
including IMU and thermal

camera

Hybrid deep learning models
(CNN-LSTM)

Monticeli et al. [229] Predicting properties of CF/epoxy
composites

Various input parameters:
vacuum pressure, printing

speed, etc.

Artificial neural network,
ANOVA, response surface

methodology

Malley et al. [230] Predicting mechanical behavior in
vat polymerization

Mechanical test data from six
compositions Neural network model

Griffiths et al. [232] Optimizing part production in AM
considering environmental impact

Analyzed scrap weight, energy
use, production time Design of Experiments approach
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4.2. Process Control and Monitoring

ML enhances process control and monitoring during the 3DP of polymer composites
by providing real-time analysis and feedback. This capability helps in maintaining the
quality and consistency of printed parts. AI-augmented additive manufacturing (AI2AM)
technology was highlighted by Sani et al. [234] and integrates AI-based monitoring and
optimization of 3DP parameters to detect and prevent defects, enhance quality and effi-
ciency, and enable more sustainable manufacturing, with a focus on FDM printers and
future developments in closed-loop systems.

Real-time defect detection and closed-loop adjustment are essential for ensuring the
quality of carbon fiber-reinforced polymer (CFRP) composites in AM. Lu et al. [235] intro-
duce a deep learning-based system for real-time identification and correction of defects in
robot-based CFRP AM. The model accurately detects and classifies defects like misalign-
ment and abrasion, while also quantifying their severity through geometric analysis. By
integrating this with process parameter adjustments, the system effectively controls defects,
achieving what conventional composite fabrication methods cannot.

Narayanan et al. [236] developed a self-monitoring system using real-time camera
images, and deep learning detects delamination in FDM 3D-printed parts, while strain
measurements predict warping before it occurs. The developed system successfully classi-
fies delamination levels and pre-diagnoses warping, offering potential for automated error
detection in various manufacturing processes.

Jin et al. [237] present an automated method for identifying defective 3D-printed
polymer parts using images captured during the FFF process. ML (PCA and SVM) and
deep learning (CNN) classify parts as good or defective with 98.2% and 99.5% accuracy,
respectively, benefiting both manufacturers and hobbyists.

Error detection during extrusion-based AM remains a challenge, with most inspections
occurring post-production. Charalampous et al. [238] introduce a vision-based method
that compares real-time point cloud data from printed parts to digital 3D models, en-
abling real-time error detection [239] and performance evaluation to reduce waste and
production costs.

An online quality monitoring system using laser scanning detects defects in material
extrusion 3DP by comparing surface point clouds with CAD models, and this was investi-
gated by Lin et al. [240]. It reconstructs 3D models of defects, enabling feedback control,
and helps reduce material and time waste by determining if the 3D printer should be shut
down [241].

The challenge of quality assurance in AM is addressed in [242] by the authors devel-
oping an online reinforcement learning (RL) method to detect and mitigate new defects
during printing. The method, Continual G-learning, leverages offline knowledge from
the literature and online learning during the AM process to minimize required training
samples. Applied to a fused filament fabrication (FFF) platform, the method optimally
mitigates defects in real time [197,243], demonstrating its effectiveness in both numerical
and real-world case studies.

Carrico et al. [244] introduce a new paradigm for manufacturing and controlling soft
ionic polymer–metal composite (IPMC) actuators for soft robotics using 3DP. The process
creates 3D monolithic IPMC devices with integrated sensors and actuators, and Bayesian
optimization is employed to control the actuators, mitigating complex dynamics. The
approach improves actuator performance, demonstrated through a modular reconfigurable
soft crawling robot, highlighting its potential for more advanced IPMC devices.

Omairi et al. [245] review AI-based predictive models in AM, emphasizing their role in
making AM “smart” by improving printability, reducing design complexity, and enhancing
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real-time control and defect detection. They discuss current trends, research gaps, and
opportunities for further collaboration and development in line with Industry 4.0.

Table 5 summarizes the key studies focused on monitoring and adaptive control in
AM, detailing their objectives, applied models, and data utilized.

Table 5. Summary of studies on real-time monitoring and adaptive control in AM.

Reference Focus Applied Model Data Info

Lu et al. (2023) [235]
Real-time defect

identification in CFRP
AM

Deep learning system for
defect detection

Utilizes geometric analysis of defect
severity based on camera feed images from

the printing process.

Narayanan et al. (2019)
[236]

Self-monitoring system
for FDM

Deep learning for
delamination detection

Employs real-time camera images and
strain measurements from printed parts to

predict warping.

Jin et al. (2020) [237] Automated defect
identification in 3DP

ML (PCA, SVM) and deep
learning (CNN)

Utilizes image data captured during the
FFF process for classification of parts as

good or defective.

Charalampous et al.
(2021) [238,239]

Vision-based error
detection during

extrusion

Comparison of real-time
point clouds with digital

models

Compares 3D-scanned point cloud data
from printed parts against digital models to

identify discrepancies.

Lin et al. (2019) [240,241] Online defect detection
via laser scanning

Surface point cloud
comparison with CAD

models

Involves laser scanning data for 3D
reconstruction of defects compared with

CAD models for feedback control.

Chung et al. (2022)
[197,242,243]

Quality assurance via
reinforcement learning

Continual G-learning
method

Uses historical data and online learning
during AM processes to minimize defects

based on previously learned patterns.

Carrico et al. (2019) [244]
Control of soft ionic

polymer–metal composite
actuators

Bayesian optimization for
actuator control

Collects performance data from integrated
sensors and actuators to optimize control

parameters in real time.

Omairi et al. (2021) [245] AI-based predictive
models in AM

Review of predictive
models

Analyzes data from various studies to
identify trends and gaps in AI applications

for improving AM processes.

4.3. Defect Detection and Failure Prediction

Detecting and predicting defects in printed parts ensure the reliability and perfor-
mance of polymer composites. ML techniques offer advanced capabilities for identifying
and addressing potential issues before they lead to failures. Moreover, predictive models
can estimate the likelihood of failure based on historical data and current process conditions.
By analyzing factors such as material properties, processing parameters, and environmental
conditions, ML can forecast potential issues and recommend preventive measures.

Chen et al. [246] address the challenge of processing large tomography datasets
for defect detection in composite materials. Using a micro-CT scan of fiber-reinforced
composites, ML models were trained to detect defects. The binarized statistical image
features (BSIF) method was applied to compress images without losing defect information.
The convolutional neural network (CNN) model achieved high accuracy with a mean
square error of 0.001 in fiber orientation prediction, enabling effective defect detection.

Moreover, Chen [247] highlights the unique microstructural signatures in 3D-printed
glass fiber-reinforced polymer (GFRP) composites, which can be analyzed using ML to
reverse-engineer the tool path. By processing micro-CT images with the BSIF method
for data compression, ML models were trained to accurately identify the tool path. This
approach poses a potential intellectual property risk for AM, as tool paths could be recon-
structed from product microstructures.
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FFF faces challenges like inconsistent part quality and print repeatability due to
manufacturing defects. Goh et al. [248] developed an on-site monitoring system using
computer vision and object detection models to detect and correct such defects in real-time.
A camera on the print head captures video, which is processed to detect under-extrusion
and over-extrusion anomalies. Various YOLO architectures were tested, with the YOLOv3-
Tiny and YOLOv4-Tiny models achieving over 80% accuracy. Optimized models reached
89.8% classification accuracy and 70 frames per second inference speed. A correction
algorithm was also implemented, allowing real-time defect detection and correction during
printing, advancing FFF process reliability.

A hybrid method combining an artificial neural network (ANN) and micromechanics is
developed in [249–251] for predicting failure in IM7/8552 unidirectional composite lamina
under triaxial loading. The ANN, trained with data from a finite element method-based
representative volume element (RVE) model, achieves over 97.5% accuracy. This approach
reveals an elliptical paraboloid 3D failure surface and can refine existing failure criteria.

Wan et al. [252] suggest a data-driven approach incorporating probability, and mi-
cromechanical modeling predicts failure in IM7/8552 unidirectional CFRPs under biaxial
stress. Using high-fidelity 3D RVE models and ANN training, the method achieves a mean
square error of 0.027% and a mean absolute error of 0.78% for regression, and a 98.1%
prediction probability for classification. The ANN predictions align well with Tsai-Wu and
Hashin failure criteria.

AM of carbon fiber-reinforced polymer (CFRP) composites allows for complex struc-
tures but challenges remain in predicting mechanical properties. A data-driven model [253]
predicts flexural strength in continuous carbon fiber-reinforced polymers (CCFRPs) fab-
ricated by fused deposition modeling (FDM), considering design factors like fiber lay-
ers, fiber rings, and polymer infill patterns. ML validates these predictions against
experimental data.

High-fidelity simulations of composite materials are computationally intensive. Sep-
asdar et al. [254,255] introduce a deep learning framework using two fully convolutional
networks to predict post-failure stress distribution and crack patterns in 2D composites
based on microstructures. Trained on 4500 synthetic representations, the framework
achieves 90% accuracy, aided by a physics-informed loss function.

Table 6 provides a summary of key studies focused on defect classification and failure
prediction, detailing the focus, data used, and applied methods for each research effort.

Table 6. Overview of studies focusing on defect classification and failure prediction in polymer
composites AM using ML techniques.

Reference Focus Data Info Applied Method

Chen et al. [246] Defect detection in composite
materials using tomography data

Micro-CT scans of fiber-reinforced
composites

ML models with binarized statistical
image features (BSIF) and CNN

Chen [247] Tool path analysis in 3D-printed GFRP
composites Micro-CT images for GFRP composites ML models trained on

BSIF-compressed data

Goh et al. [248] Real-time defect detection in FFF Video captured from print head
On-site monitoring system using

computer vision and YOLO
architectures

Chen et al. [249] Predicting failure in composite lamina
under triaxial loading

Data from finite element
method-based RVE model

Hybrid method combining ANN and
micromechanics

Wan et al. [252] Predicting failure in CFRPs under
biaxial stress High-fidelity 3D RVE models Data-driven approach with ANN and

micromechanical modeling

Fontes et al. [253] Predicting flexural strength in CCFRPs
fabricated by FDM

Design factors like fiber layers and
polymer infill patterns Data-driven ML model

Sepasdar et al. [254] Predicting stress distribution and crack
patterns in composites

4500 synthetic representations of
microstructures

Deep learning framework with fully
convolutional networks
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4.4. Customization and Personalization

ML enables the customization and personalization of polymer composite parts, mak-
ing it possible to tailor products to specific user requirements and applications.

Xue et al. [256] propose an optimization framework using a variational autoencoder
(VAE) and Bayesian optimization (BayesOpt) to design mechanical metamaterials with spe-
cific macroscopic elastic properties. By reducing the design space, this approach efficiently
optimizes multi-material 3D-printed samples, validated through experimental testing.

A deep learning approach with high-order Bézier curves and a hybrid neural network–
genetic optimization (NN-GO) method is used by Lee et al. [257] to optimize lattice struc-
tures for better weight-to-performance ratios. The design shifts material towards weak joint
regions, improving modulus and strength, validated through AM and compression testing.

An inverse design method using artificial neural networks and generative adversarial
networks (GANs) efficiently designs architectured composite materials. The method by
Qian et al. [258] reduces the need for massive labeled training data while maintaining high
performance, achieving a reduction in computational resources.

Multi-material inkjet 3DP enables the personalization of medical devices by combining
algorithmic design with selective material deposition. He et al. [259] reduce bacterial biofilm
formation and allow for user-defined mechanical properties, providing multifunctional
customization through generative design and finite element modeling.

A heterogeneous microstructural design methodology is applied in [260] to elasto-
electro-active piezoelectric ceramics for sensing and energy harvesting applications. Using
a vision transformer-augmented VAE, the study creates a generative neural network to
design 3D microstructures with multifunctional properties, optimizing them during the
inference phase.

ML is used to discover novel lattice metamaterials that optimize elastic stiffness and
wave speed during impact. Garland’s et al. [261] AI-driven approach works with mini-
mal simulation calls, overcoming challenges in designing materials for high-performance
applications involving complex multi-physics interactions.

Table 7 provides an overview of studies that highlight different approaches to opti-
mization and design using ML.

Table 7. Overview of studies focusing on optimization and design methodologies in AM using
ML techniques.

Reference Focus Data Info Applied Method

Xue et al. [256] Designing mechanical metamaterials
with specific elastic properties Multi-material 3D-printed samples

Optimization framework using
variational autoencoder (VAE) and
Bayesian optimization (BayesOpt)

Lee et al. [257] Optimizing lattice structures for
weight-to-performance ratios

Lattice structures designed through
AM

Deep learning with high-order Bézier
curves and hybrid neural

network-genetic optimization
(NN-GO)

Qian et al. [258] Inverse design of architectured
composite materials

Labeled training data for neural
networks

Artificial neural networks and
generative adversarial networks

(GANs)

He et al. [259] Personalizing medical devices with
multi-material printing

Algorithmic design combined with
selective material deposition

Generative design and finite element
modeling to reduce bacterial biofilm

formation

Hashemi et al. [260] Designing elasto-electro-active
piezoelectric ceramics

Microstructural design methodology
for multifunctional properties

Vision transformer-augmented VAE
for generative neural network design

Garland et al. [261] Discovering novel lattice
metamaterials

Optimization for elastic stiffness and
wave speed in impact scenarios

AI-driven approach with minimal
simulation calls
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4.5. VAT Photopolymerization and ML

Recent advancements in VAT photopolymerization (VP) enable the creation of com-
plex, customizable materials using techniques like SLA. Sachdeva et al. [262] discuss the
evolution, trends, challenges, and future directions of AI in 3DP [46], emphasizing its
significance in Industry 4.0.

VP excels at processing polymer composites with high filler content. However, in-
creasing the filler volume raises the suspension viscosity, which conflicts with VP’s need
for low-viscosity resins. Additionally, factors like filler shape, size, and optical proper-
ties affect light interaction. To address these challenges, Nasrin et al. [263] introduce an
artificial neural network (ANN)-based classification model to predict the printability of
highly filled polymer suspensions in VP. The model, trained on a small dataset, considers
both monomodal and bimodal particle distributions and helps map suitable material and
process parameters, optimizing printing efficiency and reducing resource usage.

Mechanoluminescent (MechL) materials emit light when subjected to mechanical
stimuli, making them promising for structural health monitoring. However, their practical
application has been hindered by challenges in producing high-intensity MechL composites
and fabricating complex 3D shapes. Jo et al. [264] introduce a novel method for creating
SrAl2O4

2+, Dy3+ particle-based MechL composites using VP 3DP, optimized through
ML. A multi-objective Bayesian optimization (MBO) approach with Gaussian process
regression (GPR) was employed to fine-tune critical process parameters, including MechL
particle content, layer thickness, and cure ratio. This optimization aimed to enhance
MechL properties while reducing printing time. The GPR model captured the complex
input–output relationships, allowing for the identification of Pareto-optimal solutions
that improved the performance of MechL specimens. Additionally, a micromechanical
analysis method was developed to examine the influence of MechL particle volume fraction
on MechL intensity. The optimized VP process was validated through practical tests on
MechL-based stress sensors and mechanical components.

Frumosu et al. [265] focus on enhancing automation in AM by developing an online
monitoring system for bottom-up photopolymerization AM (VPP) processes. The system
uses sensor data to detect detachment errors in real time, which can lead to wasted material
and time if unnoticed. The monitoring procedure involves an offline phase for training a
predictive model and an online phase using a control chart to track detachment predictions.
This approach improves process efficiency and can be adapted to other AM technologies,
contributing to the shift from prototyping to continuous production.

Shan et al. [266] introduce a low-cost smart resin vat for real-time monitoring of VP
3DP to improve quality control, reliability, and minimize waste. Thermistors placed along
the vat’s edges detect heat changes during polymerization, allowing temperature profiles
to reflect the curing patterns. ML algorithms are used to assess printing status, with a
Failure Index to detect active or terminated prints. Gaussian process regression predicts
the printing area based on temperature data. The system successfully detects printing
issues, such as failures and missing features, and can be applied across various VP methods.
Limitations and future improvements are discussed.

Cao et al. [267] present a method for predicting the optimal waiting time during
bottom-up VP 3DP. The waiting time ensures that the printer’s release membrane recovers
and the resin becomes stationary between layers, improving print quality. The proposed
method, called WTP-VP, uses multilayer perceptrons (MLPs) to predict waiting time based
on resin flow and pressure data. This approach reduces waiting time by 47% and overall
printing time by 25%, while maintaining surface quality. The method is efficient for real-
time predictions in complex topologies and requires fewer data than conventional models.
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DLP VP is widely used in AM for creating diverse products layer by layer. A key per-
formance metric is the degree of curing (DoC), which affects material properties like density
and elasticity. Current in situ monitoring methods, such as FT-IR, are limited to single-point
measurements and can disrupt the process. Zhang et al. [268] introduce a non-invasive, full-field
interferometric curing monitoring (ICM) method for real-time tracking of curing dynamics in
DLP-VPP. Using a physics-based sensor model and ML, the ICM system estimates refractive
index changes to predict DoC, enabling improved process control and print quality.

Table 8 summarizes recent studies that explore the integration of ML models in
predicting printability, detecting defects, and optimizing operational parameters in VP-
based AM systems.

Table 8. Overview of studies focusing on defect classification, failure prediction, and process
optimization in VP-based AM.

Reference Focus Data Info Applied Method

Nasrin
et al. [263]

Predicting printability of highly
filled polymer suspensions in VP

Small dataset on polymer
suspensions with monomodal and

bimodal particle distributions

ANN-based classification model for
mapping material and process

parameters

Jo et al. [264]
Optimizing MechL composites

using VP 3DP for structural health
monitoring

Data on MechL particle content,
layer thickness, and cure ratio

Multi-objective Bayesian
optimization with GPR;

micromechanical analysis

Frumosu
et al. [265]

Online monitoring system for
bottom-up photopolymerization
AM (VPP) to detect detachment

errors

Sensor data from bottom-up VPP
processes

Predictive model using a control
chart for real-time error detection

Shan
et al. [266]

Real-time monitoring system for VP
3DP to improve quality control

Temperature data from thermistors
placed along the vat edges

ML algorithms with Gaussian
process regression and Failure Index

to detect print issues

Cao
et al. [267]

Predicting optimal waiting time in
bottom-up VP 3DP to improve print

quality
Resin flow and pressure data

Multilayer perceptrons (MLPs) for
predicting waiting time, and

reducing printing and waiting times

Zhang
et al. [268]

Real-time tracking of curing
dynamics in DLP-VPP using a

non-invasive method

Full-field interferometric data on
refractive index changes

Physics-based sensor model with ML
to estimate degree of curing (DoC)

5. Application of ML in 4DP of Polymer Composites

Four-dimensional printing is an advanced manufacturing technique where 3D-printed
objects transform over time in response to external stimuli such as temperature, moisture, light,
or magnetic fields. When applied to polymer composites, this technique enables the creation
of dynamic structures that can adapt their shape or properties post-fabrication. ML has
become instrumental in enhancing the capabilities of 4DP of polymer composites, optimizing
both the design and functionality of the materials. Since the number of publications on ML in
4DP is relatively small [269], and even fewer focus on polymer composites, this section will
review one article at the intersection of these topics, along with a few related studies.

Wang et al. [270] apply ML to predict the hardness of quaternary polymer blends
during 3DP, aiming to reduce development costs and speed up multi-material co-blending
technology. Using four polymers (PLA, TPU, PETG, ABS), composite materials of varying
hardness were created from random three-material combinations. Hyperparameter opti-
mization of five ML algorithms, using particle swarm and genetic algorithms, produced
accurate predictive models. A four-in-one mixing extrusion head was built, validating pre-
dictions with real measurements. This approach improves the efficiency of multi-material
printing design, reducing time and resource costs, with potential applications in high-cost
industries like aerospace and biomedical fields.
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Sun et al. [271] integrate active composites and 4DP to enable shape transformation
in response to environmental stimuli. The process involves using ML and evolutionary
algorithms (EAs) to optimize the design of materials with different expansion properties.
A recurrent neural network (RNN) model, trained with finite element simulations, pre-
dicts forward shape changes, while the ML-EA approach efficiently solves inverse design
problems. Combined with computer vision, this method transforms hand-drawn profiles
into 4D-printed active beams that morph into desired shapes. The technique offers an
efficient design tool for creating complex 4D-printed structures using grayscale digital light
processing (g-DLP) [272].

Hamel et al. [273] explore the design of active composites, materials that respond to
environmental stimuli, using a ML approach. By combining the finite element method
with an evolutionary algorithm, the paper addresses the challenge of optimizing material
distribution within 3D-printed active composites to achieve specific shape changes, a
process known as 4DP. The composite structures are divided into voxel units made of either
passive or active materials, and the optimization is tested through examples to demonstrate
the effectiveness of achieving target shapes.

6. Transformation of Polymer Composites to Ceramics and Other Materials

The transformation of polymer composites into ceramics and other advanced materials
typically involves converting polymer precursors into ceramic forms through methods
such as pyrolysis, calcination, or thermal treatment. The inherent properties of poly-
mer composites, including their lightweight nature and flexibility, can be harnessed and
enhanced during this transformation, resulting in materials with superior mechanical
strength, thermal stability, and resistance to harsh environments. Such transformations
not only expand the functional capabilities of the original materials but also pave the way
for innovative applications across various fields, including aerospace, electronics, and
biomedical engineering. This section explore recent studies associated with the conversion
of polymer composites into ceramics and other high-performance materials, highlighting
their potential impacts on future technological advancements.

Su et al. [274] present a novel precursor-derived SiOC ceramic (PDC-SiOC) archi-
tecture for effective terahertz (THz) electromagnetic interference (EMI) shielding and
absorption. The bulk SiOC ceramic absorbs over 93% of THz waves between 1.2 and
1.6 THz. A lightweight honeycomb structure, inspired by moth wings, was fabricated using
vat photopolymerization 3DP followed by pyrolysis. This architecture demonstrated a
maximum shielding effectiveness of 64.1 dB and a transmissivity below 1.4% from 0.2
to 1.6 THz, absorbing 97–99.8% of THz waves in the same range. Additionally, it ex-
hibited good mechanical properties, with compressive and flexural strengths of 1.2 and
16.5 MPa, and thermal stability up to 1100 °C in inert conditions, highlighting its potential
for high-efficiency THz EMI shielding applications.

Lyu et al. [275] present the development of diatom frustule-derived porous silica
(DFPS) ceramics, which serve as templates for creating Ti3C2Tx/DFPS composites with
exceptional electromagnetic interference (EMI) shielding properties. The composites, hot-
pressed at 800 °C, achieved a maximum shielding effectiveness (SE) of 43.2 dB in the X-band
and a compressive strength of 67.5 MPa. The hierarchical porous structure enhances elec-
tromagnetic energy dissipation through scattering and reflection, making these composites
promising for delicate electronic components in the aerospace sector.

Wang et al. [276] focus on the fabrication of short carbon fiber-reinforced silicon
carbide (Csf/SiC) ceramic matrix composites (CMCs) through material extrusion (ME)
3DP followed by precursor infiltration and pyrolysis (PIP). The study investigates how
solid loading and fiber content affect the microstructure and mechanical properties. Opti-
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mal compositions yielded high-performance Csf/SiC CMCs with a bending strength of
212.74 MPa and fracture toughness of 5.84 MPa m1/2. The findings contribute valuable
insights into the 3DP of fiber-reinforced CMCs.

Sarvestani et al. [277] explore the use of polymer-derived ceramics (PDCs) with en-
hanced toughness and versatility, fabricated through stereolithography (SLA) using a
silicon oxycarbide precursor. Triply periodic minimal surface (TPMS) designs are 3D
printed and pyrolyzed to produce intricate ceramic structures. The resulting PDCs exhibit
a compressive strength of 2.2 MPa and stiffness of 330 MPa, while maintaining a low
density of 0.5 g/cm³. The research highlights the potential of low-cost SLA 3DP for creating
customized, bio-inspired ceramic architectures.

Jiang et al. [278] develop ultraviolet (UV)-curable polymer precursors and a two-
stage pyrolysis strategy to create polymer-derived ceramics (PDCs) with controllable
deformation and complex programmable shapes. Despite a low precursor ceramic yield
of 13.5 wt% leading to pyrolysis shrinkage, dense, crack-free SiOC ceramics are achieved.
The mechanism of deformation during pyrolysis is analyzed, and the study demonstrates a
viable approach for producing programmable PDCs through photopolymerization 4DP.

Zhu et al. [279] optimize the formulation of photosensitive resin for polymer-derived
ceramics by incorporating h-BN as a two-dimensional filler. The addition of 1 wt% h-BN
enhanced the mechanical properties, achieving a bending strength of 252.4 ± 12.2 MPa and a
fracture toughness of 2.7 ± 0.2 MPa·m1/2 after pyrolysis. Furthermore, the thermal conductivity
of the ceramics increased from 0.44 to 5.34 W·m·K−1. The findings indicate that introducing h-
BN effectively improves the thermal, electrical, and mechanical properties of precursor ceramics.

Young et al. [280] address challenges in 3DP polymer-derived ceramics by evaluating
various post-processing methods to enhance pyrolysis outcomes. The approaches include
UV surface flood curing, solvent soaking, and intermediate heating, aimed at increasing
cross-linking and reducing defects. The results show that post-processing improved the
pyrolysis survival rate to 97% and the ceramic yield to 53%, enabling the production of
larger, complex turbine vanes.

Bobrin et al. [281] introduce a novel method for fabricating nanostructured carbon–
ceramic multi-materials through polymerization-induced microphase separation 3DP. By
combining inorganic precursors and acrylonitrile within a photocurable resin, nanostruc-
tured materials are created, which transform into a carbon–ceramic matrix upon pyrolysis.
The study reveals that the initial resin composition influences the microstructure and
properties of the resulting materials, allowing for a combination of ceramic and carbon
characteristics, including low thermal conductivity and high electrical conductivity.

The study [282] presents an efficient technique for preparing SiC ceramics using
selective laser printing combined with precursor impregnation and pyrolysis (PIP) and
liquid phase sintering (LPS). A particle gradation technique was utilized to enhance the
green body density, resulting in SiC ceramics with a flexural strength of 150 MPa and
a relative density of 98.2%. The findings demonstrate a viable strategy for fabricating
high-performance SiC ceramics via selective laser printing.

Wang et al. [283] review advancements in ceramic 3DP technology, highlighting its po-
tential to revolutionize the ceramic industry by enabling the direct manufacturing of intricate
designs without molds. The review discusses the benefits of advanced ceramics, including
high strength and corrosion resistance, and analyzes various ceramic 3DP techniques. It also
addresses the limitations and challenges of these technologies, aiming to provide strategies
for the development and market implementation of new ceramic 3DP methods.

Table 9 summarizes the key studies that explore approaches to enhancing the proper-
ties and functionalities of PDCs, including their fabrication methods, material compositions,
and resultant mechanical and thermal characteristics.
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Table 9. Summary of recent studies on polymer-derived ceramics.

Reference Focus Materials Methods Results

Su et al. [274] THz EMI shielding and
absorption

Precursor-derived SiOC
ceramic (PDC-SiOC)

Vat
photopolymerization

3DP followed by
pyrolysis

Absorbs >93% of THz
waves (1.2–1.6 THz), SE
of 64.1 dB, compressive

strength of 1.2 MPa,
thermal stability to

1100 °C.

Lyu et al. [275] EMI shielding
properties of composites

Diatom frustule-derived
porous silica (DFPS),

Ti3C2Tx
Hot-pressing at 800 °C

SE of 43.2 dB in X-band,
compressive strength of
67.5 MPa, promising for
aerospace applications.

Wang et al. [276]
Short carbon

fiber-reinforced SiC
CMCs

Short carbon fiber, SiC
Material extrusion 3DP,
precursor infiltration
and pyrolysis (PIP)

Bending strength of
212.74 MPa, fracture

toughness of
5.84 MPa m1/2.

Sarvestani et al. [277]
Enhanced toughness

and versatility in
ceramics

Polymer-derived
ceramics (PDCs)

Stereolithography (SLA)
using SiOC precursor

Compressive strength of
2.2 MPa, stiffness of
330 MPa, density of

0.5 g/cm³.

Jiang et al. [278]
Programmable shapes

in polymer-derived
ceramics

UV-curable polymer
precursors

Two-stage pyrolysis
strategy

Achieved crack-free
SiOC ceramics, despite

59.91% shrinkage;
demonstrated

programmable shape
capability.

Zhu et al. [279]
Optimization of resin

formulation for
ceramics

Photosensitive resin,
h-BN

Incorporation of h-BN
in resin formulation

Bending strength of
252.4 ± 12.2 MPa,

fracture toughness of
2.7 ± 0.2 MPa·m1/2,

thermal conductivity
improved to

5.34 W·m−1·K−1.

Young et al. [280]
Post-processing

methods for improved
pyrolysis

Polymer-derived
ceramics

Various post-processing
techniques

Pyrolysis survival rate
of 97%, ceramic yield of

53%, enabling larger
turbine vanes
production.

Bobrin et al. [281]
Fabrication of

nanostructured
carbon–ceramic
multi-materials

Inorganic precursors,
acrylonitrile

Polymerization-
induced microphase

separation 3DP

Revealed influence of
resin composition on

microstructure;
combined ceramic and

carbon properties
achieved.

Wang et al. [282] Efficient SiC ceramics
preparation SiC ceramics

Selective laser printing,
precursor impregnation

and pyrolysis (PIP),
liquid phase sintering

(LPS)

Flexural strength of
150 MPa, relative
density of 98.2%.

7. Challenges and Limitations

The integration of ML into 3D and 4DP of polymer composites holds promise for
advancing the field. However, there are several key challenges and limitations that need to
be addressed to realize its full potential. Figure 12 illustrates the challenges and limitations
associated with applying ML in 3D and 4DP of polymer composites.
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Figure 12. Challenges and limitations associated with applying ML in 3D and 4DP of polymer composites.

One of the foremost challenges is data scarcity and quality [284,285]. ML models typically
require large datasets to deliver accurate predictions, but in the field of 3D and 4DP, particularly
for polymer composites, such datasets are limited. The data available for material behavior,
especially in complex systems involving active composites that respond to environmental
stimuli, are often sparse or incomplete. Moreover, experimental data are prone to noise and
inconsistencies, making it difficult for ML models to learn effectively and robustly [286].

The complexity of material behavior further complicates the application of ML. Poly-
mer composites, especially when subjected to environmental stimuli in 4DP, exhibit highly
nonlinear and heterogeneous behavior [215]. These materials often interact in unpredictable
ways when combined, making it difficult for current ML models to accurately predict out-
comes [287,288]. For instance, controlling the spatial distribution and phase transitions in
multi-material systems, such as mechanical metamaterials or shape-shifting composites,
remains a significant challenge due to the complexity of these interactions [289–291].

Another limitation is the generalizability of ML models [292,293]. ML models trained
on specific material systems or design configurations often fail to generalize well to new
materials or different printing methods. This lack of transferability limits the applicability
of ML across diverse materials and printing processes [294]. As a result, models that
perform well in controlled experimental settings may not be as effective in real-world
industrial applications, where new variables are introduced.

High computational costs also present a barrier to the widespread use of ML in 3D and
4DP [295]. Many predictive models rely on computationally expensive simulations, such as
the finite element method (FEM), to generate training data and validate results [296]. This
is especially problematic for complex inverse design problems, where the optimization of
material distributions or structural configurations requires substantial computational re-
sources. The computational burden makes it difficult to apply ML in real-time applications,
limiting its scalability for industrial use.

Optimization challenges are another issue, particularly in the context of designing
active composites for 4DP. The design process often involves solving inverse problems
with large design spaces, such as voxel-based material distributions [297,298]. Even with
advanced optimization techniques, like evolutionary algorithms or Bayesian optimization,
navigating these vast design spaces can be difficult, and the risk of converging on sub-
optimal solutions remains high. The complexity of nonlinear material behaviors further
exacerbates these challenges, making it harder to find the optimal design.
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Furthermore, experimental validation and real-world implementation of ML-driven
models are often difficult to achieve. Discrepancies between simulation predictions and real-
world outcomes can arise due to variations in material properties, environmental factors,
or the limitations of current printing technologies. In practice, ML models that work
well in controlled environments may not perform as expected when scaled to industrial
applications, where real-time defect detection and quality control are critical [299].

Another practical limitation lies in integrating ML with printing hardware. The real-time
monitoring and control of printing processes using ML models require fast and accurate data
processing, which is challenging given the high-speed nature of 3DP systems [46,300]. Addi-
tionally, adapting existing hardware, such as multi-material extrusion heads, to accommodate
ML-driven optimizations can be technically demanding and expensive.

Lastly, the lack of standardization in material characterization, testing methods, and printing
protocols across the AM industry further complicates the application of ML [301]. Without standard-
ized datasets and consistent experimental procedures, it becomes difficult to train and compare ML
models across different systems or materials, limiting the broader adoption of ML in the field.

For instance, material extrusion (MEX) lacks standardized testing methods tailored
to its unique material and process characteristics. Phillips et al. [302] review current
practices for preparing tensile test specimens and propose guidelines for future standards.
They emphasize the need to account for slicing parameters, specimen geometry, toolpath
optimization [303,304], and material specifications to ensure accurate representation of
final part properties. Standardizing these factors could improve comparability between
studies and support the development of MEX for advanced applications.

Garcia et al. [305] review current design, material, and process standards for AM [306,307],
with a focus on mechanical characterization of polymer-based products. They highlight
the reliance on standards from other industries, inconsistencies between documents, and
the need for clearer guidance. The work highlights the importance of developing AM-
specific standards, particularly for mechanical testing, and addresses the disparity between
standards for metallic and polymer materials. This review aims to support both researchers
and practitioners in navigating the evolving standardization landscape in AM.

8. Future Directions

As ML continues to evolve, its application in 3D and 4DP of polymer composites
presents numerous opportunities for innovation and advancement. To harness the full
potential of ML in this field, several key future directions can be explored. Figure 13
illustrates the future directions of ML applications in 3D and 4DP of polymer composites.

One of the most essential areas for future research is the generation of high-quality,
diverse datasets [308,309]. This can be achieved through advanced simulation techniques,
such as generative adversarial networks (GANs) [310,311], which can synthesize realistic
material behavior data. Jabbar et al. [312] review recent advances in using GANs for inverse
materials design (IMD), where GANs help discover materials with targeted properties
by applying specific constraints. The authors discuss databases, ML criteria, available
software tools, and training descriptors for GAN models, highlighting both challenges and
future directions in this promising field. On the other hand, Jiang et al. [313] highlight
the expanding role of GANs in materials science, covering applications from composition
design to microstructure analysis and defect detection. The paper discusses GAN funda-
mentals, specific use cases, and addresses challenges, underscoring GANs’ potential to
drive innovative advancements in materials discovery and optimization.

Additionally, efforts to standardize data collection [314] and sharing practices across
research institutions and industries can facilitate greater access to valuable datasets [315].
For instance, Shetty et al. [316] developed a pipeline using NLP and trained a specialized
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language model, MaterialsBERT, to automatically extract material property data from
polymer science abstracts, collecting 300,000 records from 130,000 abstracts in 60 h. The
data, accessible at polymerscholar.org, offers insights across applications like fuel cells and
solar cells, showcasing the potential of automated literature analysis for materials science.

Figure 13. Future directions in ML applications for 3D and 4DP of polymer composites.

Future efforts should also focus on developing ML models that exhibit improved
generalization capabilities across various materials and printing conditions. This can be
achieved by utilizing transfer learning (TL) approaches [317,318], where models trained on
one material system can be adapted for others. Tang et al. [319] review TL in AM modeling,
emphasizing its potential to improve model quality despite limited data by reusing models
across products. They outline TL methods, current applications, and recommendations for
effectively applying TL to enhance AM processes.

Multi-fidelity (MF) modeling [320] techniques can also be explored, allowing for
the integration of data from different sources (e.g., experimental and simulation data)
to enhance model robustness. Nath et al. [321] introduce an MF modeling approach to
predict AM outcomes by combining high-fidelity (HF) and low-fidelity (LF) models with
experimental data. Using Bayesian calibration, the method improves LF model predictions,
demonstrated here for predicting porosity in laser powder bed fusion.

The incorporation of multimodal data is another promising avenue for future research.
Integrating process data (temperature, pressure, speed) with material properties and
performance outcomes can provide a more comprehensive understanding of the printing
process [322]. Petrich et al. [323] propose a supervised machine learning approach for
detecting inter-layer flaws in powder bed fusion additive manufacturing (PBFAM) using in
situ multimodal sensor data, with 98.5% accuracy in binary flaw classification. Integrating
data from multiple sensors (e.g., imagery, acoustic, and multi-spectral) and scan trajectories,
the approach successfully correlates in-process sensor data with post-build CT scans,
demonstrating enhanced flaw detection performance by fusing sensor modalities.

Advancements in ML algorithms should be geared towards enabling real-time optimiza-
tion and control of the 3D and 4DP process. This includes developing closed-loop [324] systems,
where feedback from in situ sensors informs adaptive control strategies. By continuously learn-
ing from ongoing processes, these systems can adjust printing parameters in real time to mitigate
defects and enhance material properties, leading to improved efficiency and product quality.
Mercado et al. [325] highlight recent efforts in control system improvements and emphasize the
potential advantages of closed-loop control for advancing AM precision and reliability.
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Exploration of new material systems is another important direction for future research.
The application of ML in discovering and optimizing new polymer composite materials for
specific applications is promising. By combining ML with high-throughput experimental
methods, researchers can rapidly screen and identify novel composite formulations that
meet desired performance criteria [326,327]. Nazir et al. [55] provide a summary of recent
advancements in multi-material additive manufacturing (MMAM), exploring its applications,
design strategies, and challenges across various industries. They identify limitations in existing
processes and software, while also discussing future directions and potential strategies to
enhance the functionality and mechanical properties of MMAM-fabricated parts.

Interdisciplinary collaboration can facilitate the transfer of knowledge and technology
between academia and industry, driving the adoption of ML in real-world manufacturing
settings [328]. Park et al. [329] present a methodology for identifying and prioritizing
data analytics (DA) opportunities in AM, highlighting the importance of interdisciplinary
collaboration. The framework includes a team of experts, a Data Opportunity Knowledge
Base (DOKB), and a prioritization tool utilizing Fuzzy-TOPSIS, resulting in the identification
and ranking of 264 DA opportunities for the laser powder bed fusion process, ultimately
facilitating ongoing collaboration and knowledge sharing within the AM community.

Furthermore, sustainability is an increasingly important consideration in manufac-
turing. Future research should explore how ML can contribute to sustainable practices
in 3D and 4DP [330–332], such as optimizing material usage to minimize waste [333],
improving energy efficiency [334], and developing biodegradable composites [335–337].
Hegab et al. [338] highlight the role of AM in promoting sustainability across various in-
dustries, showcasing its benefits in reducing resource depletion, waste, and emissions while
improving efficiency in production processes. They discuss the integration of AM within
circular economy strategies, identify challenges in its deployment throughout the product
life cycle, and emphasize the need for further research on the long-term environmental
impacts of AM to encourage its adoption among organizations and policymakers.

As the integration of ML in 3D and 4DP progresses, there will be a growing need for
education and training programs that equip researchers and practitioners with the necessary
skills and knowledge. Institutions should develop curricula that focus on the intersection
of ML, materials science, and AM, ensuring that the next generation of engineers and
scientists are prepared to leverage these technologies effectively. Stavropoulos et al. [339]
address the lack of expertise hindering the industrial adoption of AM by developing a
structured training framework tailored to industry needs. The framework classifies AM
into modular educational areas, targeting various professional profiles and emphasizing
hands-on practice, while also proposing strategies to enhance accessibility and facilitate
the implementation of AM training within the industrial sector.

9. Conclusions

The application of ML in 3D and 4DP of polymer composites represents a shift in the
landscape of AM. ML applications range from optimizing the printing process to predicting
the performance of materials and enhancing design capabilities. By analyzing vast amounts
of data generated during the printing process, ML allows for better control of parameters,
improved outcomes, and accelerated innovation. Furthermore, as the complexity of designs
and materials increases, the role of ML in facilitating rapid prototyping, quality assurance,
and customizability will likely grow, positioning it as a cornerstone of future innovations
in additive manufacturing. Based on the literature analysis presented in this manuscript,
the following is a summarized version in bullet points:

• The integration of ML in real-time monitoring systems (e.g., AI2AM technology for
FDM) improves the quality and consistency of printed polymer composites. This
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shift to smart manufacturing aligns with Industry 4.0 principles, focusing on defect
detection and parameter optimization to prevent errors and enhance efficiency.

• Techniques like the deep learning model developed by Lu et al. for detecting defects
in carbon fiber-reinforced polymers (CFRPs) showcase the ability of AI to provide real-
time geometric analysis and process adjustments. This automation reduces reliance
on traditional methods, enhancing overall manufacturing quality.

• Systems like the self-monitoring approach by Narayanan et al. utilize deep learning to
detect delamination and predict warping, demonstrating the capability for early error
detection. This proactive management improves automated quality control across
various manufacturing sectors.

• Jin et al. [340] achieved up to 99.5% accuracy in classifying 3D-printed parts using ML
models. This level of precision benefits both large-scale manufacturers and individual users,
emphasizing the competitive advantage gained through intelligent quality assurance.

• By employing laser scanning methods (as demonstrated by Lin et al. [240]) to monitor
printed surfaces against CAD models, companies can achieve real-time feedback
control that reduces waste and prevents unnecessary production runs, leading to more
sustainable manufacturing practices.

• The Continual G-learning method for defect detection exemplifies the potential of
reinforcement learning to address emerging defects in real time using historical and
real-time data, showcasing an advanced adaptive quality control system that requires
minimal training samples.

• Innovations like the multi-material inkjet 3DP method described by He et al. for
personalizing medical devices highlight the growing trend towards customization,
enabling user-defined mechanical properties and multifunctional device design.

• Xue et al.’s variational autoencoder (VAE) framework [256] for designing mechanical
metamaterials demonstrates the ability of ML to efficiently customize 3D-printed parts
for specific macroscopic elastic properties, fostering innovation in material science
and application design.

• The reduction in printing time (up to 25%) and waiting time (47%) achieved through
methods like WTP-VP, as described by Cao et al., signify a positive trend towards more
environmentally friendly manufacturing processes by minimizing resource usage.

• Chen et al.’s work [21] on tool path identification in GFRP composites highlights
the potential risks to intellectual property as reverse-engineering capabilities using
ML can reconstruct manufacturing processes from finished products, necessitating
enhanced data protection strategies.

• Recent studies highlight advancements in creating polymer-derived ceramics (PDCs)
with superior mechanical properties and functionality. For example, Su et al. [274]
developed a precursor-derived SiOC ceramic that has the potential for applications
in high-efficiency electromagnetic interference (EMI) shielding, particularly in the
aerospace and electronics sectors.
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