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Abstract

This study investigated the influence of silver nanoparticles 
(AgNPs) on the mechanical and antibacterial properties of 
polycarbonate (PC) and high-density polyethylene (HDPE) 
composites reinforced with glass (GF), basalt (BF), carbon 
(CF), and cellulose (CEL) fibres. The mechanical properties 
of the composites were rigorously assessed by quantify-
ing parameters such as impact strength, tensile strength, 
and elongation at break. This evaluation was performed in 
strict adherence to ASTM standards, ensuring reliability and 
consistency of the obtained data. The results demonstrated 
that fibre reinforcements enhanced the tensile strength of 
the composites, but resulted in reductions in both impact 
strength and elongation at break, particularly in compos-
ites containing cellulose. The addition of AgNPs further 
decreased impact strength and elongation at break, while 
slightly reducing tensile strength. The antimicrobial proper-
ties were evaluated using bacterial strains Escherichia coli 
(E. coli) and Staphylococcus aureus (S. aureus). Composites 
reinforced with glass fibre and AgNPs exhibited the highest 
antimicrobial efficacy compared to those containing AgNPs 
combined with cellulose, carbon, or basalt fibres. These 
findings suggest that while AgNPs enhance the antimicrobial 
properties, they may compromise the mechanical integrity 
of fibre-reinforced composites. The study contributes to the 
development of advanced composites with multifunctional 
properties for medical, sports, aerospace, construction, and 
engineering applications.
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Introduction

The study of composite materials has gained considerable 
attention in recent years due to their ability to meet the growing 
demand for advanced materials with enhanced mechanical 
properties and reduced weight. These attributes are particu-
larly valued in the aerospace, medicine, sports, automotive, 
and construction industries. Polycarbonate (PC) and high-
density polyethylene (HDPE) are widely recognised for their 
excellent mechanical properties, durability, high chemical 
resistance, and versatility. However, the limitations of these 
polymers, such as restricted thermal stability and susceptibility 
to environmental degradation, necessitate the introduction 
of reinforcing agents to improve their performance. This re-
search comparatively analyses composites reinforced with 
basalt, carbon, glass, and cellulose fibres to address these 
challenges.

Silver nanoparticles (AgNPs) are increasingly utilised in the 
development of hybrid nanostructures and composite materi-
als [1], resulting in polymer nanocomposites. Nanocompos-
ites consist of nanoparticles distributed throughout a matrix, 
often a polymer [2], leading to a product that combines the 
properties of both constituents [3]. The incorporation of silver 
nanoparticles has emerged as a viable method to enhance the 
mechanical, thermal, and antibacterial properties of polymer 
composites [4-5]. AgNPs may achieve an exceptionally tight 
particle size distribution and form, yet they are highly unsta-
ble due to their propensity to coagulate. Extensive studies 
show that AgNPs exhibit limited reactivity with most polymers. 
They are notable for their high surface area-to-volume ratio 
and potent antibacterial properties, making them valuable in 
areas such as food packaging and biomedical devices [6-8]. 
In addition to their organometallic catalytic activity, the unique 
features of AgNPs, derived from their nanoscale structure, 
enable a diverse range of applications.

Reinforcing PC and HDPE with various fibre types – name-
ly basalt, carbon, glass, and cellulose – offers significant 
benefits. Basalt fibres (BF), derived from volcanic rocks, are 
known for their high tensile strength, thermal stability, and 
corrosion resistance, making them well-suited for demanding 
applications. Their remarkable tensile properties and excep-
tional stiffness-to-weight ratios have led to their adoption in 
high-performance industries [9-11]. Glass fibres (GF), the 
most commonly used reinforcement in polymer compos-
ites, provide excellent mechanical properties at a relatively 
low cost [12-14]. Cellulose fibres (CEL) are biodegradable, 
plentiful, and provide mechanical support [15-17]. Carbon 
fibre-reinforced polymer composites show great potential as 
replacements for steel and aluminium due to their strength, 
high specific stiffness, and lightweight influence by carbon 
fibre (CF) [18-20]. This makes CF useful in many industries, 
including construction, aerospace, pressure vessels, and 
medical items.

This comparative investigation assesses mechanical and 
antibacterial characteristics of PC and HDPE composites' 
reinforced with different fibre types and silver nanoparticles. 
By examining the behaviour of these materials under varied 
conditions, the study aims to identify optimal combinations of 
matrix and reinforcements at low concentrations. The find-
ings are expected to contribute to the development of high-
performance materials for diverse applications, addressing 
the limitations of conventional polymers.

Materials and Methods

HDPE pellets with a density of 0.958 g/cm³ and melt flow 
index (MFI) of 1.2 g/10 min at a temperature of  190°C and 
a weight of 5 kg were supplied by Orlen Unipetrol RPA. 
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Makrolon® 2600 PC pellets were purchased from Covestro, 
Leverkusen, Germany. They are characterised by the MFI 
of 13 g/10 min at a weight of 1.2 kg, 300°C, and moderate 
viscosity.

The reinforcements used included: basalt fibres (BCS 
KV02M) with a length of 13 mm, a width of 3.2 mm, and a 
thickness of 3.175 mm, sourced from Tech Solutions, Poland; 
carbon fibres with a length of 6 mm and a diameter of 3 mm, 
purchased from TC3 Limited, Poland; glass fibres (EC7 34 
X 2) provided in the form of a string by Pabiantex Wojtas 
Tomaszewski Sp. J., Poland; and cellulose flakes supplied 
by Eko Fibre, Poland.

The compatibiliser was commercial polyether-polyol 
(Rokopol® D2002 CAS 25322-69-4 from PCC, Rokita SA, 
Brzeg Dolny, Poland). It has a density of 1.04 g/cm³ and an 
average molecular weight of 2000 g/mol. This compound is a 
linear polyoxypropylene diol with a hydroxyl number ranging 
from 53 to 59 mg KOH/g. Silver nanoparticles measuring 
50-70 nm were obtained from Avantor Performance Materials 
Poland S.A. (Gliwice, Poland).

The first stage of the study involved drying all materials 
used for producing the composites in a DZ-3DB II vacuum 
drying oven at 55°C and a pressure of 760 mmHg for 6 hours. 
Then, 9 g of each fibre reinforcement, except AgNPs, were 
subjected to size reduction in a sample chamber operating at 
a rotational speed of 350 rpm, with 47 repetitions and a timer 
set for 15 minutes per repetition, continuing for 24 hours. 

Following this, 750 g of dried matrix material was mixed with 
7.5 g of fibres and 2 mL of Rokopol® to produce composites 
(first group). This procedure was repeated with the addition 
of 0.5 g of AgNPs (second group). As a result, composites 
with 1% fibre filling and 1% fibre filling with 0.06% AgNPs 
content were obtained, respectively.

The prepared composite materials were put into a Lenze 
GST05 mini double-screw extruder to create molten fila-
ments. The two-zone single-screw extruder was set to 220°C 
for HDPE composites and 230°C for PC composites. The 
extruded molten filaments were flattened into sheets and 
placed under an iron preform subjected to 200 bar pressure 
using a Ponar Wadowice UCJ3-GZ press to create test 
sample templates for mechanical and antimicrobial analysis. 
Tensile tests, Charpy impact tests, and antimicrobial tests 
were conducted in accordance with ASTM D638-14, ASTM 
D6110-18, and ISO 22196:2007(E), respectively.

TABLE 1 provides a detailed description of the produced 
polymer composites, specifying the composition of each for-
mulation. Two matrix materials, PC and HDPE, were utilised, 
each combined with various reinforcement configurations. 
The reinforcements included basalt, glass, cellulose, and 
carbon fibres. Silver nanoparticles were incorporated into 
selected composites to enhance their material properties. 
Each composite formulation is indexed for clarity, show-
ing the base matrix material combined with one or more 
reinforcements.

TABLE 1. Detailed composition of the produced composites

Matrix Reinforcements Index

PC

– PC

7.5 g BF PC/BF

7.5 g BF + 0.5 g AgNPs PC/BF/AgNPs

7.5 g GF PC/GF

7.5 g GF + 0.5 g AgNPs PC/GF/AgNPs

7.5 g CEL PC/CEL

7.5 g CEL + 0.5 g AgNPs PC/CEL/AgNPs

7.5 g CF PC/CF

7.5 g CF + 0.5 g AgNPs PC/CF/AgNPS

HDPE

– HDPE

7.5 g BF HDPE/BF

7.5 g BF + 0.5 g AgNPs HDPE/BF/AgNPs

7.5 g GF HDPE/GF

7.5 g GF + 0.5 g AgNPs HDPE/GF/AgNPs

7.5 g CEL HDPE/CEL

7.5 g CEL + 0.5 g AgNPs HDPE/CEL/AgNPs

7.5 g CF HDPE/CF

7.5 g CF + 0.5 g AgNPs HDPE/CF/AgNPs
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An Olympus LEXT OLS4000 LCSM was employed to 

examine the surface topography of the polymer compos-
ites. This system features a dual confocal system that 
enhances the optical resolution of micrographs. It allows 
the LEXT OLS4000 to capture clear images of specimens 
with varying reflectivity levels by scanning a laser beam 
spot of less than 1 µm in diameter across each point of 
the examined area. A spatial pinhole is used to block out-
of-focus light during image formation. Surface images 
were analysed with MountainsMap® Premium software 
(version 8.2.9468).

The JEOL (model JSM-6300F) scanning electron micro-
scope was used to observe the reinforcements' pore size 
distribution and surface morphology. It was equipped with 
a field emission gun and an accelerating voltage of 10 keV. 
Platinum was sputtered onto each sample in an even layer 
for three minutes. The secondary electron imaging (SEI) 
mode was used to capture SEM images, with a working 
distance of 10 mm and a magnification of 10,000x.

For impact strength testing, a pendulum-type Impact 
Tester (Werkstoffprüf Maschinen, Leipzig, Germany) was 
utilised. The tester, with a 937 g weight and a 4 J pen-
dulum, was employed to analyse samples according to 
ASTM D6110-18 standard. Five specimen samples of 
each type were tested, each measuring 55 mm x 10 mm 
x 10 mm and containing a 2.0 mm deep V-shaped notch. 
The impact speed was 2.92 m/s, and the distance from 
the sample notch to the pivot point measured 220 mm. A  
hammer with an impact energy of 4 J was applied at room 
temperature, and a breakthrough was observed in all five 
samples after impact.

The strength properties were determined by means 
of a static tensile test of dog-bone specimens (165 mm 
x 12.5 mm x 3 mm). They were measured using a Shi-
madzu AG-Xplus tensile testing machine, coupled with a 
Shimadzu SIE-560SA extensometer and analysed using 
Windows®-based TRAPEZIUM X-V software. The tests 
were conducted at room temperature, with a cross-head 
speed of 1 mm/min and a sampling frequency of 22 Hz 
(46 msec), according to ASTM D638-14. Five specimens 
were tested for each composite until the final failure.

The composites' antibacterial activity was assessed 
according to the ISO 22196:2007 (E) standard titled "Plas-
tics – Measurement of antibacterial activity on plastic 
surfaces. "The reference strains used were Escherichia 
coli DSM 1576 (E. coli) and Staphylococcus aureus DSM 
346 (S. aureus). The exposed outer surfaces of the test 
specimens were analysed. Each specimen was placed in 
a sterile Petri dish with the test surface facing upward. A 
0.4 mL aliquot of the bacterial suspension (concentration 
of the bacterial inoculum 6 × 10⁵ bacteria/mL) was pipetted 
onto the surface and covered with a sterile polyethylene 
film, which was gently pressed to ensure uniform contact 
and prevent leakage beyond the edges. The dishes were 
sealed and incubated for 24 hours at 35°C and 90% relative 
humidity to maintain appropriate microbial growth condi-
tions. After incubation, the bacteria were recovered from 
the surfaces, and the resulting suspensions were serially 
diluted tenfold to obtain countable concentrations. The 
diluted samples were plated on nutrient agar and incubated 
for colony development. Neutralisation procedures were 
performed in accordance with PN ISO 18593:2005 and 
PN ISO 14562:2006. Colony-forming units (CFU) were 
counted, and the number of viable bacteria per cm² on 
each sample was calculated. The reference sample for 
antibacterial testing was coated with AgNPs. Each test 
was repeated three times under identical environmental 
conditions to ensure reproducibility and measurement 
consistency.

The mean antibacterial activity (R) of each composite 
sample was calculated using the following mathematical 
equation:

R = (Ut − U0) − (At − U0)
R = Ut − At. 

where: U0 – the mean decimal logarithm of the count of 
viable bacteria (cells/cm²), obtained from untreated samples 
after inoculation; Ut – the mean decimal logarithm of the 
count of viable bacteria (cells/cm²), obtained from untreated 
samples after 24 h; At – the mean decimal logarithm of the 
count of viable bacteria (cells/cm²), obtained from treated 
samples after 24 h.

Results and Discussions

FIGs 1-4 illustrate the surface topography analysis of the re-
inforcements employed in the production of the composites, 
before and after size reduction. The surface morphological 
features directly influence their mechanical performance. 
The topography of the materials (GF, CF, BF, and CEL) 
transitioned from rough and irregular surfaces to smoother 
surfaces with varying degrees of porosity. 

FIG. 5 shows the surface microstructure of  BF, CF, GF, 
and AgNPs. As seen in FIG. 5, AgNPs displayed a smooth 
surface morphology, while BF and GF showed clustered 
crystalline structures, and CF exhibited a fibrous crystal-
line structure. These differences could be attributed to the 
varying rates of hygroscopy when exposed to moisture in 
the atmosphere during analysis. SEM micrographs could 
not be obtained for cellulose because SEM’s focused beam 
of high-energy electrons could not generate signals due 
to poor charge mobility on the surface of cellulose fibres.

FIG. 1. Surface topography of short glass fibre: 
(A) before size reduction, (B) after size reduction
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The results presented in TABLES 2 and 3 provide insights 
into the mechanical properties of HDPE and PC composites 
with various reinforcements. Each composite sample was 
evaluated based on three key mechanical properties: impact 
strength, tensile strength, and elongation at break. These 
values demonstrate how different reinforcements influence 
the mechanical performance of the PC and HDPE matrices, 
informing potential applications based on strength, flexibility, 
and durability requirements.

FIG. 2. Surface topography of short carbon fibre: 
(A) before size reduction, (B) after size reduction

FIG. 4. Surface topography of cellulose: 
(A) before size reduction (B) after size reduction

FIG. 5. Scanning electron microscopy images of: 
(A) reduced basalt fibre, (B) reduced carbon fibre, 
(C) reduced glass fibre, (D) silver nanoparticles

FIG. 3. Surface topography of basalt fibre: 
(A) before size reduction (B) after size reduction
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As shown in TABLES 2 and 3, the impact strength of pure 
HDPE equalled 7.18 kJ/m², and pure PC 6.71 kJ/m², indi-
cating that unmodified HDPE exhibited superior toughness. 
However, the addition of reinforcements (BF, CF, GF, CEL) 
and AgNPs decreased the impact strength in both matrices. 
This aligns with the trends reported by Thomason, J. L. [21].

Among the tested composites, PC/CEL/AgNPs and 
HDPE/CEL/AgNPs demonstrated the lowest impact strength, 
at 6.09 kJ/m² and 5.45 kJ/m², respectively. This suggests 
that the combination of cellulose and silver nanoparticles 
reduces the material's ability to absorb energy during impact. 
The reduced impact strength can be attributed to the rigidity 
of cellulose and silver nanoparticles, which act as stress 
concentration sites. These sites promote crack initiation and 
propagation, making the composite material more brittle. 

Among the reinforced PC composites, impact strength 
values ranged between 6.35 and 6.53 kJ/m², with AgNPs 
slightly reducing the overall performance. Additionally, CF 
had a more significant influence on the impact strength of its 
composites compared to GF, corroborating findings in [22].

Elongation at break measurements revealed that pure 
HDPE had the highest ductility, with an elongation of 
375.31 ± 42%, allowing significant stretching before failure. 
However, adding reinforcements resulted in a reduction 

of ductility, with the addition of AgNPs further decreasing 
it. HDPE/CEL/AgNPs exhibited the lowest elongation at 
break at 262.51%. PC composites displayed significantly 
lower elongation at break (14.36%–28.51%) compared 
to HDPE. The lowest value was observed for PC/CEL/
AgNPs at 14.36%, emphasising the negative impact of 
this combination on ductility. Among the HDPE and PC 
composites, CF caused a greater reduction in ductility 
than GF, consistent with findings in [22].

Composites reinforced with CF showed the highest ten-
sile strength in both HDPE and PC groups. Notably, PC/
CF displayed a tensile strength of 63.42 MPa, significantly 
higher than HDPE/CF at 27.99 MPa. These results align 
with prior studies demonstrating that CF-reinforced polymers 
exhibit greater tensile strength than those reinforced with 
BF. BF-reinforced composites consistently outperformed 
GF-reinforced ones in tensile strength across both ma-
trices, as can also be observed in other studies [22-24]. 
Among reinforced composites, CEL exhibited the lowest 
tensile strength, indicating its limited contribution to load-
bearing capacity. The inclusion of AgNPs reduced the tensile 
strength of fibre-reinforced composites. The tensile strength 
hierarchy for reinforcements was CF > BF > GF > CEL, with 
or without incorporation of AgNPs.

TABLE 2. Mechanical properties of HDPE-based composites

TABLE 3. Mechanical properties of PC-based composites

Sample Impact strength (kJ/m²) Tensile strength (MPa) Elongation at break (%)

HDPE 7.18 ± 0.12 24.02 ± 0.31 375.31 ± 42

HDPE/GF 6.16  ± 0.08 26.61 ± 0.42 326.24 ± 58

HDPE/CF 6.65  ± 0.08 27.99  ± 0.22 290.81 ± 28

HDPE/BF 6.27  ± 0.09 27.11 ± 0.34 301.47 ± 34

HDPE/CEL 6.11  ± 0.12 25.32 ± 0.39 285.32 ± 67

HDPE/GF/AgNPs 5.56  ± 0.14 25.76 ± 0.45 299.49 ± 21

HDPE/CF/AgNPs 5.69  ± 0.12 26.86  ± 0.60 265.66 ± 31

HDPE/BF/AgNPs 5.60  ± 0.06 26.33 ± 0.32 284.57 ± 43

HDPE/CEL/AgNPs 5.45  ± 0.09 24.99  ± 0.06 262.51 ± 19

Sample Impact strength (kJ/m²) Tensile strength (MPa) Elongation at break (%)

PC 6.71  ± 0.18 49.76 ± 4.32 28.51 ± 0.82

PC/GF 6.42  ± 0.10 59.71 ± 9.46 25.34 ± 0.2

PC/CF 6.53  ± 0.08 63.42 ± 1.44 21.31 ± 0.32

PC/BF 6.49  ± 0.13 62.05 ± 1.51 23.89 ± 0.32

PC/CEL 6.35  ± 0.12 58.29 ± 5.06 21.05 ± 0.91

PC/GF/AgNPs 6.13  ± 0.13 55.97 ± 2.13 21.56 ± 0.21

PC/CF/AgNPs 6.25  ± 0.12 58.59 ± 4.38 15.02 ± 0.39

PC/BF/AgNPs 6.18  ± 0.16 57.44 ±  7.55 20.56 ± 0.72

PC/CEL/AgNPs 6.09  ± 0.11 52.86 ± 4.90 14.36 ± 0.11
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The tensile strength of the composites improved with the 

addition of fibre reinforcements. This enhancement can be 
attributed to the high stiffness and load-bearing capacity 
of the fibres that were used as reinforcements, which in-
creased the composites' overall rigidity. However, as tensile 
strength improved, the composites became more brittle, 
leading to a reduction in impact strength. Tensile strength 
values varied among the samples, with HDPE composites 
generally exhibiting lower tensile strength than PC [25].

The antimicrobial activity of the composites was as-
sessed to evaluate the efficacy of AgNPs in inhibiting bacte-
rial growth. TABLE 4 presents the antibacterial performance 
of each material, where R represents the difference in the 
logarithmic number of viable bacteria between treated and 
untreated surfaces. For interpretive clarity, the results are 
grouped by R value ranges to clearly indicate the level of 
antibacterial effectiveness. The classification thresholds 
were defined as follows: Low for R < 1.0 (less than 90% 
bacterial reduction), Moderate for 1.0 ≤ R < 2.0 (90–99% 
reduction), High for 2.0 ≤ R < 3.0 (99–99.9% reduction), 
and Very High for R ≥ 3.0 (≥99.9% reduction).

As expected, unmodified HDPE and PC samples ex-
hibited no inherent antimicrobial activity. Similarly, the ad-
dition of fibres alone, particularly cellulose, did not result 
in a significant antibacterial effect. Moderate antimicrobial 
activity was observed in composites reinforced with carbon 
fibre, basalt fibre, and glass fibre, even in the absence of 
AgNPs. This may be attributed to minor surface effects or 
physical properties that slightly inhibited bacterial adhesion 
and proliferation.

A notable increase in antimicrobial activity was achieved 
through the incorporation of AgNPs. Composites contain-
ing both AgNPs and either CF or GF showed consistently 
high or very high antibacterial activity, with R values fre-

quently exceeding 3.0, corresponding to ≥99.9% bacterial 
reduction. In particular, the PC/GF/AgNPs and HDPE/GF/
AgNPs composites exhibited the highest activity levels, 
followed closely by their CF-reinforced counterparts. In 
contrast, CEL/AgNPs composites demonstrated only mod-
erate antimicrobial efficacy, regardless of the polymer 
matrix used. This reduction in performance is likely due 
to the intrinsic properties of cellulose fibres, which may 
interfere with AgNP dispersion or surface exposure. Ba-
salt fibre composites exhibited an intermediate response. 
HDPE/BF/AgNPs and PC/BF/AgNPs achieved “High” 
antimicrobial classifications, although their performance 
was still inferior to that of GF- and CF-reinforced systems. 
These results suggest that the antimicrobial behaviour of 
the composites is not solely determined by the presence 
of AgNPs but is also strongly modulated by the type of 
fibre reinforcement.

The observed variation in antimicrobial efficacy among 
composites reinforced with different fibres may be attrib-
uted to a combination of surface chemistry, nanoparticle 
distribution, and composite morphology. Glass and carbon 
fibres, due to their chemically inert and hydrophobic nature, 
likely support a more uniform dispersion of AgNPs across 
the surface. This minimizes agglomeration and maximizes 
nanoparticle exposure, enhancing antibacterial effective-
ness. In contrast, the hydrophilic and porous structure of 
cellulose fibres may promote silver nanoparticle entrapment 
or uneven distribution, thereby reducing their accessibility 
for microbial inhibition. These findings collectively under-
score the importance of substrate selection in designing 
fibre-reinforced composites with antibacterial functionality. 
While AgNPs are clearly effective antibacterial agents, their 
performance is strongly influenced by how they interact with 
and distribute across the fibre-matrix system.

TABLE 4. Antimicrobial activity of the composites

Composite Type Antimicrobial Activity

PC Low (No inherent antimicrobial properties)

PC/CEL Low (Cellulose reinforcement does not enhance antimicrobial effects)

PC/CF Moderate (Carbon fibres provide limited antimicrobial resistance)

PC/BF Moderate (Basalt fibres contribute slightly, but without AgNPs, activity is not significant)

PC/GF Moderate to High (Glass fibres have some antimicrobial benefits)

PC/CEL/AgNPs Moderate (Silver enhances antimicrobial activity, but cellulose reduces AgNP efficiency)

PC/BF/AgNPs High (Basalt and AgNPs contribute to significant bacterial inhibition)

PC/CF/AgNPs High (Carbon fibres combined with AgNPs improve antimicrobial effects)

PC/GF/AgNPs Very High (Best performance – glass fibres and AgNPs enhance bacterial reduction)

HDPE Low (No antimicrobial properties)

HDPE/CEL Low (Similar to PC, cellulose does not contribute significantly)

HDPE/CF Moderate (Carbon fibre reinforcement provides some resistance)

HDPE/BF Moderate (Basalt fibre shows slight antimicrobial effects)

HDPE/GF Moderate to High (Glass fibre contributes to bacterial reduction)

HDPE/CEL/AgNPs Moderate (AgNPs provide some antimicrobial properties, but cellulose reduces effectiveness)

HDPE/BF/AgNPs High (Combination of basalt and AgNPs improves inhibition)

HDPE/CF/AgNPs High (Carbon fibres and AgNPs enhance antimicrobial properties)

HDPE/GF/AgNPs Very High (Best performance – glass fibres and AgNPs maximise antibacterial effect)
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Conclusion

The introduction of AgNPs generally resulted in a decrease 
in impact strength, elongation at break, and tensile strength 
for both HDPE and PC composites. This indicates that 
while AgNPs enhance certain properties, such as antimi-
crobial activity, they may compromise mechanical integrity 
in composites made with other reinforcements. Comparing 
the composites made from the two matrix materials, HDPE-
reinforced composites show better ductility but have lower 
stiffness and strength compared to PC-reinforced compos-
ites. Due to the good dispersion of reinforcements in the 
modified composites, a 1 wt.% reinforcement is enough to 
cause significant changes in the mechanical properties of 
matrix materials in terms of elasticity, impact strength and 
ductility. The composites reinforced with AgNPs exhibited 

significant antimicrobial activity against both Gram-negative 
and Gram-positive bacteria, with AgNPs in combination 
with GF and CF demonstrating the most pronounced ef-
fects. The observed reductions in mechanical properties of 
composites with double reinforcements suggest the need 
for optimisation in the material composition, potentially 
through adjusting the fibre reinforcement and AgNPs ratios 
or modifying processing conditions to improve the compat-
ibility and dispersion of AgNPs.
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