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INTRODUCTION 

Polyoxymethylene is frequently utilized in 
the medical and laboratory sectors due to its su-
perior mechanical properties and high resistance 
to chemical agents [1]. A discernible trend in cur-
rent research involves the exploration of antibac-
terial nanocomposites based on a polyoxymeth-
ylene resin matrix [2–4]. Metal and metal oxide 
nanoparticles, such as Ag, Au, Cu, Se, Ag-Au, 
Ag-Ti, Ag2O, ZnO, CuO, TiO2, SiO2, MgO, and 
MgO3, are primarily identified as modifiers with 
biocidal potential [5–7]. A 2023 study assessing 
the biocidal efficacy of metal nanoparticles and 
metal oxides, including Ag, ZnO, TiO2, and CuO, 
incorporated into POM at a concentration of 2% 
wt.%, determined that the POM + TiO2 2% com-
posite exhibited the highest antibacterial activity. 
However, the inclusion of 2% nanoparticles re-
sulted in a decline in mechanical properties, with a 

7% reduction in flexural strength and a 3% reduc-
tion in elastic modulus, respectively. Additionally, 
tensile strength and Young’s modulus experienced 
a reduction of approximately 2–3%. The impact 
strength of these composites also diminished [4]. 
Consequently, an investigation was initiated to 
enhance the POM + TiO2 2% antimicrobial com-
posite, aiming to minimize the loss of desirable 
mechanical properties, with a particular focus on 
improving the impact properties of the composite.

The most frequently utilized modifiers that 
enhance the mechanical properties of polyoxy-
methylene (POM) include glass fibers, basalt fi-
bers, glass beads, carbon fibers, and aramid fibers 
[1]. Chenghe Liu et al. investigated the incorpo-
ration of short basalt fibers at a weight content of 
20%, which resulted in improvements in tensile 
strength by 27.45%, flexural strength by 18.11%, 
and impact strength by 9.65% [8]. Yatao Wang 
et al. examined composites reinforced with long 
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basalt fibers, achieving materials with superior 
mechanical and impact properties [9]. Wenzhong 
et al. observed that the addition of carbon fibers 
at 5, 10, 15, and 20 wt% led to increases in ten-
sile strength and Young’s modulus, as well as en-
hancements in flexural strength and flexural mod-
ulus with higher percentages of addition. How-
ever, a decrease in mechanical strength was noted 
with the addition of up to 5 wt%. Impact strength 
began to increase after the addition of 10 wt% 
and more, which can be attributed to the fracture 
transformation mechanism [10]. A similar corre-
lation regarding carbon fibers and their effect on 
mechanical properties was reported by Tang et al. 
[11]. Pιhtιlι and Tosun investigated composites 
based on aramid and glass fibers, demonstrating 
that the mechanical properties of the former were 
significantly superior [12]. Luo et al. demonstrat-
ed that the addition of aramid fibers in amounts 
of 5, 10, and 15% by weight improved mechani-
cal properties, with a 15% by weight addition 
increasing tensile strength by 43% and impact 
strength by 23% [13]. The effectiveness of aramid 
fiber reinforcement can depend on several fac-
tors, including the quantity, distribution, shape, 
length, and, most importantly, the adhesion of 
the fibers to the polymer matrix [14–16]. It has 
been noted that in fiber-reinforced thermoplastic 
materials, the adhesion of fibers to the polymer 
matrix is crucial for enhancing the mechanical 
properties of the composites [17]. Additionally, 
previous fiber treatment and surface morphology 
have been shown to significantly impact matrix 
compatibility [18–20]. Polytetrafluoroethylene 
(PTFE) is a commonly utilized polymer additive 
for reducing friction and wear. It is recommended 
as a compatibilizer in the composites containing 
aramid fibers and other types of fibers [21–23]. 
Additionally, maleic anhydride grafted ethylene 
n-octene (EOC-g_MAH) has been employed 
as a compatibilizer for polyoxymethylene and 
basalt fibers [24], it can also be used indepen-
dently to enhance the dynamic impact resistance 
of PET [25]. Afsaneh Fakhar et al. investigated 
polyoxymethylene (POM) composites with the 
incorporation of 20 wt% short aramid fibers and 
13 wt% PTFE particles. Aramid fibers have been 
demonstrated to enhance the elastic modulus and 
tensile strength [22]. The incorporation of small 
quantities of ethylene propylene diene elastomers 
(EPDM) and a low-modulus ethylene-vinyl ace-
tate (EVA) copolymer results in increased impact 
strength, leading to a compound with superior 

mechanical and impact properties [26, 27]. Meh-
rabzadeh et al. reported the beneficial effect of a 
thermoplastic polyurethane elastomer [28], while 
Uthaman highlighted the impact of ethylene-vinyl 
acetate copolymer on material impact strength 
[27]. Gowda et al. observed that PTFE usage im-
proved impact strength by approximately 20% 
without notching, attributed to the dissipation of 
impact energy by the ductile silicone phase and 
soft PTFE [29]. Palanivelu K et al. documented 
a significant enhancement in impact strength fol-
lowing the addition of thermoplastic polyure-
thane [30], and Gao, Yang et al. noted a slight im-
provement in the impact strength of POM/PTFE 
composites, which was markedly enhanced by 
the addition of PEO [31]. However, some stud-
ies emphasize the issue of PTFE-based additives 
tending to agglomerate, posing challenges for 
uniform distribution in high-viscosity polymers. 
Poor adhesion between polyoxymethylene and 
PTFE can lead to the deterioration of the mechan-
ical properties of POM/PTFE composites [32]. 
Furthermore, certain studies highlight the issue of 
compatibility between the POM matrix and most 
rubber modifiers, which may adversely affect me-
chanical properties and significantly degrade im-
pact resistance [33, 34]. The hydrophilicity and 
hydrophobicity of solid surfaces are crucial prop-
erties for both fundamental research and practi-
cal applications. The contact angle serves as a 
convenient metric for assessing the wettability 
of a solid surface, being sensitive to alterations 
in surface properties. These alterations may re-
sult from physical, chemical, or physicochemical 
factors [35]. Research suggests that antibacterial 
properties are correlated with surface character-
istics, and an increase in the contact angle posi-
tively influences biocidal activity [36, 37]. This is 
attributed to the fact that when a surface is con-
taminated with bacteria, three distinct stages can 
be identified: the adhesion phase, the colonization 
phase, and the proliferation phase. Consequently, 
it can be inferred that hydrophobic materials ex-
hibit enhanced antimicrobial potential due to re-
duced surface adhesion [38].

The objective of this study was to develop and 
characterize advanced POM nanocomposites with 
synergistic dynamic and surface properties, suit-
able for use in medical equipment components that 
require enhanced resistance to mechanical damage 
and reduced adhesion of biological contaminants. 
The research conducted confirms that a carefully 
selected combination of silicone modifiers, aramid 
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fibers, and a compatibilizer within a POM copo-
lymer matrix, supplemented with TiO₂ nanoparti-
cles, results in a material with optimized mechani-
cal properties—specifically, increased resistance 
to dynamic loads and enhanced energy dissipation 
capacity—while potentially maintaining antibacte-
rial properties. Several aspects underscore the in-
novative nature of this research. Notably, the in-
tegration of dynamic energy dissipation analysis 
(hysteresis loops) with the evaluation of the hydro-
phobicity of POM composites, modified concur-
rently with TiO₂ nanoparticles, aramid fibers, and 
high-molecular silicones, demonstrates that the 
appropriate morphology of aramid fibers and their 
compatibilization within the POM matrix signifi-
cantly influence the ability of the material to damp-
en mechanical energy and resist shock loads. Fur-
thermore, it has been confirmed that the increase 
in contact angle due to silicone modifiers corre-
lates with an enhanced release potential, which 
is crucial for reducing surface colonization by 
microorganisms, thereby potentially maintaining 
and improving antibacterial properties. This work 
aligns with the current trend of seeking materials 
that synergistically combine mechanical and func-
tional properties (antibacterial and hydrophobic), 
offering added value beyond previous studies that 
primarily focused on static reinforcement or solely 
the biocidal effect. These findings could serve as 
a foundation for further industrial and application 
research, particularly in the domain of medical and 
laboratory components with extended service life 
and increased biological resistance.

MATERIALS AND METHODS

Preparation of materials and composites 

Polyoxymethylene copolymer (POM-C), 
commercially known as Tarnoform 500 CE, was 
utilized as the matrix material (Celanese Corpo-
ration, Irving, TX, USA). Table 1 delineates the 
characteristic properties of the pure polymer. 
According to the research conducted [4], anti-
bacterial composites were developed using a 
polyoxymethylene matrix with the incorporation 
of 2 wt% Titanium (IV) oxide, 98+%, anatase 
powder, Size: &lt;1000 ppm (1 nm), produced 
by Acros Organics B.V.B.A., a division of Ther-
mo Fisher Scientific (Waltham, MA, USA). The 
samples were fabricated in accordance with ISO 
3167:2002 [39] utilizing the KM 40–125 Winner 
Krauss. Table 2 outlines the processing param-
eters employed. The composites were modified 
through the addition of high molecular weight 
silicones, aramid fibers, and impact compatibiliz-
ers. The composites were produced without prior 
compounding. Prior to the injection process, the 
materials were dried, the dry ingredients were 
weighed, and subsequently introduced into the 
hopper of the injection molding machine in small 
quantities. Table 3 provides a comprehensive de-
scription of the produced samples.

Aramid fibers were selected for the prepara-
tion of the composites. Aramid fibres are widely 
recognized as effective in increasing the impact 
strength of polymer composites due to their high 
energy absorption and stress dissipation capac-
ity. Chen et al. demonstrated that the incorpora-
tion of aramid fibers into polyurethane-epoxy 
composites significantly enhances both tensile 
strength and impact strength [39]. Similarly, in 
hybrid systems, Pincheira et al. reported a 37.9% 
increase in energy absorption [40], and Overberg 
et al. reported a 70% increase in impact strength 
compared to carbon fiber-only reinforced com-
posites [41]. Aramid nanofibers have additional 
benefits — Du et al. observed an increase in im-
pact strength of 81.8% with a 0.15% additive, 
which is attributed to improved interfacial bonds 

Table 1. Characteristic properties of polyoxymethylene 
Tarnoform 500 CE

Properties
Tarnoform 

500 CE
Density [kg/m³] 1410
Melt volume rate, MVR 230 °C /2.16 kg 
[cm3/10 min]

24

Tensile modulus [MPa] 2800

Tensile stress at yeld, 50 mm/min [MPa] 64

Flexural modulus, 23 °C [MPa] 2550

Melting temperature [°C] 166

Table 2. Processing parameters

Material
Cylinder zone temperatures [°C] Mold

temperature [°C]
Pressure in the 

clamping phase [MPa]I II III IV

All compositions 175 185 195 200 60 100
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and enhanced stress transfer [42]. In turn, Liu et 
al. documented that the introduction of aramid 
bonding yarn into hybrid composites increased 
impact resistance by up to 92.7% [43]. Silicone 
additives were selected on the basis of character-
istic indicators that are used as modifiers for poly-
oxymethylene. The content of the silicon additive 
was 5 %. This content was selected on the basis 
of the matweb.com database, which analyzed the 
compositions of commercial polyoxymethylene 
composites produced by the largest manufactur-
ers such as: Mitsubishi, BASF, Chem Polymer, 
Delrin, DuPont, Celanese and others [44]. 

Determination of density

The density of the produced composites was 
assessed utilizing the hydrostatic weighing meth-
od in accordance with PN-EN ISO 1183 [45]. 
An electronic analytical balance, specifically the 
RADWAG AS 220 with a reading accuracy of 0.1 
mg (Radwag, Radom, Poland), was used for the 
measurement, with ethanol at a concentration of 
96% serving as the standard liquid.

Mechanical analysis

The properties derived from the static tensile 
and hysteresis tests were determined in accordance 
with the PN-EN ISO 527-1:2019 [46–47] stan-
dard, using the MTS Criterion Model 43 testing 

machine (MTS System Corp., Eden Prairie, MN, 
USA) equipped with an MTS axial extensometer. 
During the testing procedure, the specimens were 
elongated at a rate of 5 mm/min, with the gauge 
length set to 100 mm. For the analysis of hyster-
esis loops and dissipation energy, the samples 
were subjected to cyclic loading and unloading 
at a rate of 10 mm/min. The maximum excitation 
force applied was set at 60% of the force required 
to fracture the specimen, as determined during the 
tensile test. The bending properties were assessed 
using a Shimadzu AGS-X 10 kN testing machine 
(Kyoto, Japan) with TRAPEZIUM-X software, 
operating at a test speed of 10 mm/min and a sup-
port span of 64 mm. This test was conducted in 
accordance with the PN-EN ISO 178:2019 stan-
dard [48]. Charpy impact stresses were evaluat-
ed using a Zwick/Roell HIT5.5P hammer (Ulm, 
Germany), with measurements conducted in ac-
cordance with PN-EN ISO 179-2:2020 [49] on 
notched samples. The presented test results are 
the average of at least five tests.

Optical and scanning electron microscopy

To assess the microstructure of the antimicro-
bial nanocomposites post-tensile testing, micro-
graphs were captured using the Jeol JSM-IT200 
electron microscope (Tokyo, Japan) under vacuum 
conditions at 15 kV. Images of the specimens were 
obtained at magnifications of 500x and 1000x. 

Table 3. Sample description
Sample Description

PT
Reference sample – Polyoxymethylene (POM-C; Tarnoform 500 CE) with 2wt% Titanium (IV) oxide, 98+%, 
anarase powder; Size: <1000 ppm (1 nm); manufacturer: Acros Organics B.V.B.A.a part of Thermo Fisher 
Scientific (Waltham, MA, USA);

PTSM10
Polyoxymethylene (POM-C; Tarnoform 500 CE) with 2wt% Titanium (IV) oxide, 98+%, anarase powder; Size: 
<1000 ppm (1 nm); manufacturer: Acros Organics B.V.B.A.a part of Thermo Fisher Scientific (Waltham, MA, 
USA); with 10wt% Silicone Masterbatch Dow Corning MB40-006, DuPoint (Wilmington, Delaware, USA)

PTSM20
Polyoxymethylene (POM-C; Tarnoform 500 CE) with 2wt% Titanium (IV) oxide, 98+%, anarase powder; Size: 
<1000 ppm (1 nm); manufacturer: Acros Organics B.V.B.A.a part of Thermo Fisher Scientific (Waltham, MA, 
USA); with 20wt% Silicone Masterbatch Dow Corning MB40-006, DuPoint (Wilmington, Delaware, USA)

PTAFS5S5

Polyoxymethylene (POM-C; Tarnoform 500 CE) with 2wt% Titanium (IV) oxide, 98+%, anarase powder; 
Size: <1000 ppm (1 nm); manufacturer: Acros Organics B.V.B.A.a part of Thermo Fisher Scientific (Waltham, 
MA, USA); with 5wt%  aramid fibers PARA-ARAMID FIBERS Product Code Prefix: PASTD-015ERH, size: 
1 mm, Minifibers Inc (Johnson City, TN, USA) with 5wt% SCONA TSPOE 1002 GBLL BYK, Additives and 
Instruments (Wesel, Germany)

PTAFL5S5

Polyoxymethylene (POM-C; Tarnoform 500 CE) with 2wt% Titanium (IV) oxide, 98+%, anarase powder; 
Size: <1000 ppm (1 nm); manufacturer: Acros Organics B.V.B.A.a part of Thermo Fisher Scientific (Waltham, 
MA, USA); with 5wt% aramid fibers PARA-ARAMID FIBERS Product Code Prefix: PASTD-015ERH, size: 
3 mm, Minifibers Inc (Johnson City, TN, USA), with 5wt% SCONA TSPOE 1002 GBLL BYK, Additives and 
Instruments (Wesel, Germany)
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Prior to placement in the microscope chamber, the 
composites were coated with gold particles uti-
lizing a sputtering machine, specifically the DII-
29030SCTR model (Jeol, Tokyo, Japan).

Surface characteristics of the sample	

The wettability of the surface was assessed 
using the sitting drop method with the Advex In-
struments See System goniometer (Brno, Czech 
Republic). This procedure adhered to the PN-
EN ISO 19403-2:2024 standard [50]. The shape 
of the drop was captured with a digital camera, 
transferred to a computer for enlargement, and 
subsequently analyzed using the See System 7.6 
software. The contact angle of the samples was 
evaluated for three distinct liquids: distilled wa-
ter, paraffin, and diiodomethane. Surface tension 
measurements were conducted in accordance 
with the PN-EN ISO 19403-3:2024 [51] standard, 
employing the Owens and Wendt method.

RESULTS

Physical and mechanical properties

Upon analyzing the variations in sample den-
sity, it is evident that the incorporation of silicone 
and aramid fibers, along with a compatibilizer, 
results in a slight decrease. Table 4 presents the 
fundamental properties. The introduction of sili-
cone-based modifiers and aramid fibers leads to a 
reduction in tensile strength. The most significant 
decrease in tensile strength, by 28%, accompa-
nied by a 19% reduction in modulus value, was 
observed in the composites containing 20% MUL-
TIBASE™ MB50-011 (PTSM20). The inclusion 
of 5% aramid fibers resulted in a deterioration of 
tensile strength by approximately 12% for both 
fiber lengths. Regarding Young’s modulus, the 

addition of short aramid fibers increased it by ap-
proximately 700 MPa, whereas the inclusion of 
long fibers resulted in a 277 MPa decrease in the 
Young’s modulus of the composite.

Composite materials incorporating aramid 
fibers exhibit enhanced stiffness, while the inclu-
sion of high molecular weight silicone additives 
increases the strain value by approximately 40%. 
However, these modifiers adversely affect the 
bending strength of the composites. A significant 
reduction was observed in the composite contain-
ing 20% by weight of high-molecular-weight sili-
cone, where the strength decreased by 20% and 
the modulus by 15%. For the other specimens, the 
flexural strength showed a slight decline, with val-
ues remaining relatively consistent. In the com-
posites with aramid fibers, the flexural strength 
was measured at 61 MPa for shorter fibers and 
62 MPa for longer fibers. The modulus of elas-
ticity for the former decreased by approximately 
123 MPa, while the latter remained comparable 
to the reference PT sample. The application of 
silicone modifiers resulted in a reduction in im-
pact strength as the quantity of additive increased. 
This deterioration in properties may be attributed 
to the incompatibility between the POM matrix 
and silicone modifiers or the agglomeration of 
additives. Additionally, the molecular structure 
of polyoxymethylene is prone to poor interfacial 
adhesion between the POM matrix and the rub-
ber phases [33, 34]. In the case of composites 
with aramid fibers, it was observed that the im-
pact strength slightly decreased for short fibers, 
whereas it increased by about 20% for long fibers. 
This phenomenon underscores the importance of 
selecting appropriate aramid fibers. Certain fibers 
exhibit a tendency to agglomerate, or their surface 
characteristics may result in incompatibility with 
the polymer matrix. This incompatibility can lead 
to a deterioration of mechanical properties [13].

Table 4. Density and mechanical properties of produced composites with the addition of modifiers

Sample Density
[g/cm3]

Tensile 
strength 
[MPa]

Young’s 
modulus E 

[MPa]

Stain
at Ultimate 

Strength [%]

Flexural 
strength σm 

[MPa]

Modulus at 
bending E 

[MPa]

Impact 
strength [J/m3]

Tarnoform 500 
CE

1.410 ± 0.01 64.0 2800 - - 2500 64 ± 3

PT 1.411 ± 0.01 58.8 ± 1 3262 ± 358 6.0 ± 0.5 68.5 ± 2 1951 ± 72 39 ± 5

PTSM10 1.382 ± 0.01 45.7 ± 2 2807 ± 210 7.2 ± 1.0 64.2 ± 3 1924 ± 110 34 ± 2

PTSM20 1.365 ± 0.01 40.6 ± 1 2642 ± 150 5.4 ± 0.2 55.1 ± 1 1664 ± 57 32 ± 4

PTAFS5S5 1.389 ± 0.01 44.0 ± 1 4009 ± 213 4.5 ± 0.5 61.4 ± 1 1838 ± 65 36 ± 2

PTAFL5S5 1.371 ± 0.01 49.4 ± 2 2985 ± 115 6.6 ± 0.3 61.5 ± 1 1958 ± 120 47 ± 8
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Mechanical energy dissipation

The determination of mechanical hysteresis 
loops facilitates a comprehensive evaluation of 
energy losses in materials. In unmodified materi-
als, these processes are predominantly associated 
with energy dissipation resulting from internal 
friction between macromolecules. Conversely, in 
composite materials, energy dissipation during 
deformation arises not only from classical friction 
processes but also from additional phenomena 

occurring between the components of the com-
posite. These phenomena include losses due to 
fiber pull-out from the matrix, as well as pro-
cesses occurring in regions of defects, damage, 
and areas subjected to internal stress [52]. Figures 
1–4 depict the effects of energy dissipation ob-
served during initial mechanical hysteresis loops. 
The analysis of the final results indicates that 
the incorporation of silicone-based modifiers re-
duces stiffness and enhances the capacity for en-
ergy dissipation. This relationship becomes more 

Figure 1. Comparison of energy dissipation loops for 1 and 50 cycles of antibacterial POM-based composites 
with high molecular weight silicone

Figure 2. Comparison of energy dissipation loops for 1 and 50 cycles of antimicrobial POM-based composites 
with aramid fiber and compatibilizer
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pronounced with an increased amount of additive 
in the composite. The composites incorporating 
aramid fibers also exhibit reduced stiffness com-
pared to the base antibacterial PT composite.

Figure 3 shows the dynamic creep diagram of 
the samples subjected to cyclic loading. A com-
posite with 20% silicone has the highest increase 
in displacement, which can cause it to fail when 
fatigue loads are applied to it.

Morphology of surface

The topography of the cracks observed af-
ter the bending test was examined using scan-
ning electron microscopy (SEM). Figure 5 pres-
ents micrographs of the composites at x500 and 
x1000 magnifications. In the composites contain-
ing silicone additives, specifically PTSM10 and 
PTSM20, the presence of defects in the form of 

pores is evident, potentially attributable to the in-
compatibility between the polymer matrix and the 
silicone additive [32–34]. The quantity of pores 
increases proportionally with the amount of sili-
cone additive incorporated, a phenomenon cor-
roborated by a reduction in mechanical strength. 

Silicone additives in polymer composites 
have been extensively investigated for their im-
pact on microstructure and mechanical proper-
ties. Research indicates that increased silicone 
content promotes pore formation within the ma-
trix, resulting in diminished mechanical strength 
due to the pores serving as stress concentration 
sites. The incorporation of silicone into a poly-
mer matrix frequently leads to phase separation. 
The chemical incompatibility between silicone 
and the matrix fosters the development of dis-
tinct domains, which transform into microporous 
structures during the curing process. An elevated 

Figure 3. Maximum displacement as a function of the cycles number

Figure 4. Comparison of dissipation energy values in the first and fiftieth hysteresis loop for antibacterial 
composites with modifiers
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Figure 5. SEM micrographs of the polyoxymethylene based composites after tensile test
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additive content exacerbates interfacial instabil-
ity, leading to an increased number of voids with-
in the material. The presence of pores restricts 
the load-bearing cross-section of the composite, 
thereby reducing its stiffness and load resistance. 
Experimental data demonstrate that key param-
eters, such as tensile, compressive, and bending 
strength decline as porosity increases. This phe-
nomenon is well elucidated by fracture mechan-
ics, which posits that structural defects facilitate 
the initiation and propagation of cracks. Quanti-
tative analyses confirm the proportional relation-
ship between the quantity of silicone additive and 
the level of porosity, as well as the reduction in 
mechanical strength. Although silicone enhanc-
es the flexibility and processing properties of 
composites, its influence on the microstructure 
necessitates careful control. Optimization strat-
egies may include selecting the appropriate ad-
ditive concentration, employing compatibilizers 
to improve interfacial adhesion, and controlling 
processing parameters such as mixing, curing, or 
heat treatment [53–55].

SEM images revealed structural differ-
ences in aramid fibers between PTAFS5S5 and 
PTAFL5S5 samples. The short fiber composite 
exhibits a very smooth texture, indicating that 
despite the application of a 5% compatibilizer, 
the issues related to fiber-matrix separation per-
sist. Specific voids are observable due to fiber 
pull-out efect, which compromises the mechani-
cal properties of the composite [17]. Conversely, 
in PTAFL5S5 samples, the fibers display a less 

smooth structure, and the addition of a compati-
bilizer mitigated this issue, resulting in enhanced 
impact strength [18–20].

Contact angle and surface tension

According to the findings, the PT composite 
exhibits properties similar to those of a hydropho-
bic polymer, characterized by a contact angle of 
82° (Figure 6). Typically, hydrophobic materials 
possess a contact angle ranging from 90° to 180° 
[56]. The incorporation of silicone-based modi-
fiers resulted in a significant increase in the con-
tact angles for both water and paraffin. The most 
favorable outcome for water-composite and par-
affin-composite interactions was observed in the 
PTSM20 samples, where surface wettability was 
reduced by approximately 50%, in comparison to 
the PT sample (Table 5).

The highest surface tension was observed in 
samples incorporating aramid fibers, which re-
sulted in an increase of approximately 4% to 5%. 
Conversely, the inclusion of silicone led to a re-
duction in surface tension by 11% to 18%.

DISCUSSION 

In prior research, the authors investigated the 
antibacterial properties of POM matrix compos-
ites modified with commonly used biocidal ad-
ditives, including silver nanoparticles, zinc ox-
ide, copper oxide, and, notably, titanium oxide. 

Figure 6. Contact angle values of samples for liquids: water, paraffin and diiodomethane



165

Advances in Science and Technology Research Journal 2025, 19(12) 156–172

The findings indicated that among the additives 
tested, titanium oxide (TiO₂) exhibited the highest 
antibacterial efficacy, achieving a 100% reduction 
in Escherichia coli and approximately a 96% re-
duction in Staphylococcus aureus. This signifi-
cant activity is attributed to capacity of TiO₂ to 
generate reactive oxygen species and its crystal 
structure, which facilitates a photocatalytic effect, 
thereby enhancing its biocidal properties. Nota-
bly, the TiO₂-infused composites retained their 
advantageous mechanical properties and demon-
strated resistance to aging processes, rendering 
them particularly promising as structural materi-
als with antimicrobial capabilities, especially for 
medical industry applications. In contrast, zinc 
oxide (ZnO) demonstrated moderate antibacte-
rial activity, with a 68% reduction in E. coli and 
only a 29% reduction in S. aureus. Silver (Ag) 
nanoparticles exhibited minimal effect on E. coli 
and reduced S. aureus by approximately 26%. 
Copper oxide, in two particle fractions, achieved 
a maximum reduction of approximately 51% 
[4]. In this study, the authors extend their inves-
tigation into polyoxymethylene-titanium oxide 
composites. The findings presented encompass 
the physical, mechanical, and dynamic proper-
ties of these materials. The incorporation of TiO₂ 
nanoparticles into the base POM matrix enhances 
biocidal properties, albeit with a slight reduc-
tion in mechanical strength. TiO₂ is renowned 
for its photocatalytic activity; under UV radia-
tion, it generates reactive oxygen species (ROS) 
that deactivate various microorganisms. This ef-
fect has been substantiated in numerous studies, 
demonstrating that even a low weight fraction of 
TiO₂ nanoparticles can significantly reduce mi-
croorganisms [57–58]. When integrated into the 
POM matrix—which itself may contribute redox 
properties—TiO₂ nanoparticles can synergize 
with polyoxometalates, thereby enhancing the 
antimicrobial efficacy of the composite. This in-
tegration facilitates self-cleaning surfaces due to 
the photocatalytic effect and oxidation [57–59]. 

Conversely, the slight decrease in mechanical 
strength may be attributed to the challenges in 
achieving uniform dispersion of nanoparticles, 
leading to local stress concentrations [60–61]. 
In POM matrices, inadequate interfacial interac-
tions can promote the formation of microvoids 
and defects. Consequently, optimizing the bal-
ance between biocidal efficacy and mechanical 
strength necessitates careful adjustment of the 
TiO₂ content and improved dispersion, potential-
ly through surface treatment or the use of com-
patibilizers [62–63].

The enhanced hydrophobicity of silicones fa-
cilitates the reduced adhesion of biological con-
taminants, which is advantageous for antibacterial 
applications, while simultaneously enhancing the 
dissipation of mechanical energy. The incorpora-
tion of silicones into polyoxymethylene compos-
ites, resulting in increased energy dissipation and 
hydrophobicity, can be attributed to their unique 
structural characteristics. The distinctive chemi-
cal and physical properties of silicones are pri-
marily due to their siloxane (Si-O-Si) backbone 
and non-polar methyl groups, which endow them 
with dual antibacterial and mechanical functions. 
High hydrophobicity results in low free surface 
energy, thereby diminishing the strength of non-
covalent interactions between the surface and 
biomolecules or microorganisms. Consequently, 
bacteria and proteins exhibit reduced adhesion 
to silicones, hindering their ability to colonize 
and form biofilms. The same structural features 
responsible for hydrophobicity also determine 
viscoelastic properties, as flexible siloxane chains 
can move and reorganize under stress, effectively 
dissipating energy and limiting local damage. This 
mechanism enhances the resistance of the mate-
rial to mechanical damage and fatigue, which is 
crucial for applications requiring durability and 
bioprotection. Optimization of silicone surfaces, 
for instance, through chemical treatment, can 
further enhance antimicrobial properties with-
out compromising mechanical performance. In 

Table 5. Surface tension
Sample gS [mJ/m^2] gS LW [mJ/m^2] gS AB [mJ/m^2]

PT 43.03 40.34 2.69

PTSM10 38.85 37.55 1.3

PTSM20 38.44 38.05 0.41

PTAFs5S5 44.39 40.89 3.5

PTAFl5S5 45.47 40.82 4.65
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summary, hydrophobicity reduces the adhesion 
of biological contaminants, and the mobility of 
polymer chains promotes energy dissipation, 
thereby increasing the overall functionality and 
durability of the material [64].

The incorporation of aramid fibers, particu-
larly those with longer fibers, positively influ-
ences the stiffness, as evidenced by an increase 
in Young’s modulus of up to approximately 700 
MPa, and enhances impact strength by 20%. 
This improvement is attributed to the mechanism 
of fiber pulling and their adhesion to the matrix. 
The enhancement in the mechanical properties of 
aramid fiber-reinforced composites under impact 
loading is primarily due to the elevated surface 
energy of these fibers. A higher surface energy fa-
cilitates improved wettability, ensuring superior 
contact at the fiber–matrix interface and strength-
ening interfacial adhesion, thereby promoting ro-
bust chemical and physical interactions [65–66]. 
Well-wetted, more polarized fiber surfaces enable 
the formation of stronger bonds with the polymer 
matrix, resulting in more efficient stress transfer 
during impacts [67–68]. This increased adhesion 
mitigates premature detachment and interfacial 
damage, allowing for an even distribution of loads 
throughout the composite and stable energy attenu-
ation [69]. A reinforced load transfer mechanism 
enables the aramid fibers to work in conjunction 
with the matrix, effectively absorbing and dissipat-
ing impact energy over a larger area. This is further 
supported by the inherent strength and ductility of 
the fibers, which decelerate crack propagation as 
well as evenly disperse damage [69–72].

Silicone modifiers are observed to reduce ten-
sile strength by up to 28% and flexural strength 
by 20% when 20% silicone is incorporated, a 
phenomenon attributed to the agglomeration 
and inadequate adhesion of the silicone phase to 
POM. Initially, when silicone modifiers are intro-
duced into the POM matrix at elevated concentra-
tions, they tend to form aggregates, rather than 
being uniformly dispersed. This agglomeration 
is a common issue in composites where there is 
limited chemical compatibility between the mod-
ifier and the polymer. The resultant clusters create 
localized zones that fail to reinforce the matrix 
uniformly and instead act as stress concentra-
tors under mechanical loads. Consequently, dur-
ing the application of tensile or bending forces, 
these aggregates become sites for the initiation 
and propagation of cracks, thereby compromis-
ing the mechanical integrity of the composite 

[73]. Furthermore, this issue is compounded by 
the poor interfacial adhesion between the sili-
cone phase and POM. Effective load transfer 
necessitates a robust bond between the matrix 
and the filler; however, silicones possess lower 
polarity and surface energy compared to POM, 
which weakens the interfacial bonds. In the re-
gions where the silicone phase agglomerates, the 
absence of a strong bond allows defects to form, 
which diminishes tensile and flexural strength, as 
corroborated by Li et al., who noted that poor ad-
hesion facilitates crack development and deterio-
rates mechanical properties [74]. In conclusion, 
the presence of aggregates and inadequate adhe-
sion of the silicon phase result in the formation 
of localized defects, which disrupt uniform stress 
distribution and limit the capacity of the compos-
ite to bear and dissipate loads. This results in a 
reduction in mechanical properties, particularly 
evident in tensile and bending tests. Consequent-
ly, it is imperative to optimize the dosage of the 
modifier, enhance its dispersion, and strengthen 
the interfacial bond to mitigate these adverse ef-
fects. The impact of aggregation and adhesion on 
composite parameters is corroborated by other 
studies on various polymer systems [75]. The 
incorporation of silicone modifiers into the poly-
mer matrix introduces a softer, more viscoelastic 
phase, resulting in a reduction in overall stiffness, 
as observed in hysteresis loop tests. This decrease 
in stiffness is attributed to the lower modulus of 
elasticity of silicone additives compared to the 
base matrix, which diminishes the resistance of 
the composite to deformation under load [76]. 
The silicone phase is characterized by highly 
elastic polymer chains that can readily change 
orientation and deform, resulting in a more re-
sponsive material. Simultaneously, these intrinsic 
properties of silicones facilitate significant energy 
dissipation during cyclic loading. Large hystere-
sis loops obtained during loading and unloading 
cycles indicate that a substantial portion of the 
mechanical energy is consumed by internal fric-
tion within the silicon phase. More specifically, 
silicone deformation involves mechanisms such 
as chain loosening, molecular rearrangement, and 
sliding between chains, which convert mechani-
cal work into heat through internal friction [76]. 
These deformation processes at the molecular 
level enhance the ability of the composite to ab-
sorb and dissipate energy, rendering the material 
particularly effective in damping applications. 
Moreover, the energy dissipation mechanism is 
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not solely due to the viscoelastic nature of sili-
cone but also due to the internal friction gener-
ated during deformation. Computational and 
experimental studies have demonstrated that the 
dissipated energy is largely related to the inter-
action and friction between molecular segments, 
where even minor movements within the silicon 
phase during cyclic loading contribute to addi-
tional damping [77]. Although the introduction of 
silicone additives impairs stiffness, the increased 
damping capability can be advantageous in ap-
plications where shock absorption and vibration 
damping are desired.

The biological response to POM composites, 
particularly in the context of osteointegration, is 
determined by both the surface characteristics 
and the internal composition of the composite. 
While POM is typically regarded as bioinert, the 
addition of reactive or bioactive fillers can alter 
its surface chemistry and topography to facilitate 
bone tissue integration. For instance, the integra-
tion of nano-SiO₂ into POM matrices has been 
demonstrated to improve mechanical properties, 
potentially creating a surface favorable for apatite 
nucleation, which is essential for osteointegra-
tion [78]. These reactive fillers may offer nucle-
ation sites that support the deposition of calcium 
phosphate layers, akin to the structures found 
in other bioactive composites intended for bone 
substitution [79-80]. The impact of the compos-
ite surface on the biological response is multifac-
eted. Surface roughness, chemical composition, 
and the presence of specific functional groups 
are all critical in regulating protein adsorption, 
cell adhesion, and osteoblast differentiation [81]. 
Composite surfaces that emulate the extracellular 
matrix (ECM)—such as those with hierarchical 
micro- and nanostructures—are recognized for 
enhancing osteoblast adhesion and proliferation 
[82]. In scaffolds where bioactive fillers, such as 
hydroxyapatite or bioactive glass, have been in-
corporated, the surface morphology promotes en-
hanced adsorption of serum proteins, encourag-
ing the formation of a bone-like apatite layer and 
accelerating the osteointegration process [83]. 
While research specifically examining POM com-
posites within the realm of bone tissue engineer-
ing remains limited, current insights indicate that 
strategic modifications to the composite surface 
may similarly enhance the biological responses of 
POM-based materials. Furthermore, the chemical 
characteristics of the composite, including the na-
ture of the incorporated fillers, play a crucial role 

in influencing the biological response by enhanc-
ing mechanical stability and regulating the local 
ionic environment. Studies on composite materi-
als have shown that specific pore sizes and chemi-
cal compositions can enhance osteoconductivity 
and osteogenesis, thereby facilitating improved 
bone tissue integration [84]. By embedding an ap-
propriate concentration of bioactive fillers, such 
as reactive nano-SiO₂, within the POM matrix, it 
is possible to influence local pH and ion release, 
thus creating an environment that promotes the 
differentiation of osteoprogenitor cells and sup-
ports the deposition of mineralized tissue [85]. 
Such synergistic strategies—optimizing both the 
mechanical robustness of the composite and its 
surface bioactivity—are essential for advancing 
materials for orthopedic applications.

In conclusion, although POM is inherently 
bioinert, its composite form can be engineered to 
induce a favorable biological response through 
specific modifications of surface properties and 
the incorporation of bioactive components. By 
enhancing surface roughness, altering chemical 
characteristics, and integrating reactive fillers, 
POM composites can be transformed into the ma-
terials that facilitate osteoblast attachment, pro-
mote apatite formation, and ultimately achieve 
improved osteointegration. These strategies par-
allel those successfully applied in other bone tis-
sue engineering composites [79–80, 82].

Numerous plastics and composites are em-
ployed within the medical industry, among which 
polymethyl methacrylate (PMMA) is notably uti-
lized as bone cement in orthopedic surgery. This 
is primarily due to its biocompatibility and its ca-
pacity to effectively bond implants to bone tissue. 
However, a significant limitation of PMMA is its 
restricted mechanical properties, which can lead 
to the loosening of implants under physiological 
stress conditions. To enhance the properties of 
PMMA, extensive research has been conducted 
over the years on its modification with various 
additives. Bioactive fillers, such as calcium phos-
phates (α-TCP, β-TCP) and hydroxyapatite (HA), 
have been demonstrated to enhance the biocom-
patibility of the material, facilitate bone regenera-
tion, and improve load transfer at the cement-bone 
interface. Nevertheless, the impact of these addi-
tives on mechanical strength is contingent upon 
their type and concentration; while small quanti-
ties can reinforce the composite, higher concen-
trations often result in diminished strength. Ad-
ditionally, additives that alter the structure and 
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polymerization process, such as vitreous carbon 
(GC), are utilized. The influence of these addi-
tives on the mechanical properties of PMMA is 
largely dependent on the size and distribution of 
the particles; fine-grained fillers tend to be neutral 
or slightly enhance the material, whereas coarser 
fillers can disrupt the polymerization process, 
leading to reduced strength [86-88].

In conclusion, the mechanical properties of 
polymer composites incorporating silicone ad-
ditives are predominantly influenced by the mi-
crostructure of the material and the quality of 
interfacial interactions. Homogeneous particle 
dispersion and effective phase compatibilization 
contribute to enhanced flexibility and mechani-
cal stability. Conversely, silicone agglomeration, 
inadequate adhesion, and increased porosity, as 
observed in the presented results, result in the 
formation of stress concentrators and structural 
weakening. Current studies, while affirming the 
impact of additive quantity and distribution on 
composite properties, are largely confined to 
short-term analyses, neglecting aging processes 
under real-world conditions and comprehensive 
evaluations of the interface and functionality, 
such as actual antimicrobial activity. Consequent-
ly, future research should prioritize long-term 
durability assessments, advanced microstructural 
analysis, and the development of more efficient 
compatibilizers to optimize composite properties 
and broaden their practical applicability.

CONCLUSIONS

This study demonstrated the successful de-
velopment of innovative POM-based composites 
modified with TiO₂ nanoparticles, high-molec-
ular-weight silicone, and aramid fibers. The ex-
perimental results showed that the incorporation 
of long aramid fibers improved the stiffness of 
the composites (increase in Young’s modulus by 
~700 MPa) and enhanced the impact strength by 
approximately 20%, confirming the importance of 
strong fiber–matrix adhesion for effective stress 
transfer. In contrast, increasing the silicone con-
tent, particularly at 20%, reduced tensile strength 
by up to 28% and flexural strength by 20% due to 
agglomeration and poor interfacial bonding. Dy-
namic tests demonstrated that silicone modifiers 
enhanced energy dissipation, with higher additive 
concentrations amplifying this effect, although 
at the cost of reduced stiffness. The composites 

reinforced with aramid fibers maintained stable 
energy attenuation during cyclic loading, sup-
porting their suitability for applications requiring 
durability under dynamic stress. The addition of 
silicone significantly increased the hydrophobic-
ity of the surface, with a ~50% reduction in wetta-
bility compared to the unmodified composite. The 
composites with aramid fibers exhibited the high-
est surface tension (up to ~5% increase), while 
those with silicone showed a reduction of 11–
18%. This balance between increased hydropho-
bicity and surface energy supports improved anti-
adhesive and antibacterial potential. Overall, the 
combination of TiO₂, aramid fibers, and silicone 
resulted in a composite material with optimized 
dynamic and surface performance — capable of 
effective energy dissipation under cyclic loads 
while maintaining antibacterial surface character-
istics. These findings underscore the crucial role 
of compatibilizers in enhancing interfacial adhe-
sion and achieving a balance between mechani-
cal strength and durability. The results provide 
a solid foundation for further industrial applica-
tions, particularly in medical and laboratory com-
ponents requiring long service life as well as high 
biological resistance.
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