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ABSTRACT

This study investigates the mechanical properties of thermoplastic polyurethane (TPU) composites reinforced
with multi-walled carbon nanotubes (MWCNTs) for application in athletic protective gear. The objectives were
to (1) systematically evaluate the effects of MWCNT loading level and alignment on the tensile, compressive,
hardness, and impact properties; (2) identify an optimal MWCNT content range for balanced enhancements;
and (3) explore scalable fabrication methods. MWCNT/TPU composites with 0.5—4 wt% loading were pre-
pared by solution mixing and compression molding. Mechanical testing revealed significant improvements,
with 62 MPa tensile strength (+19%), 507 MPa modulus (+23%), and 10% higher impact energy absorption
achieved at 14 wt% MWCNT. MWCNT alignment further enhanced the properties, while loadings above
2 wt% showed some embrittlement. Microstructural characterization evidenced good MWCNT dispersion
and interfacial bonding. The results demonstrate that low MWCNT additions can substantially enhance the
strength, stiffness, and impact resistance of TPU. This indicates great potential for developing advanced,
lightweight athletic protective equipment like helmets and pads with improved energy absorption and dura-
bility. Future work will focus on optimizing composite processing and design for specific gear applications.
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1. INTRODUCTION

Athletic protective gear is essential for preventing injuries in contact sports and high-impact activities. Helmets,
pads, gloves, and other equipment are designed to shield the body from blows and falls. Effective protective
gear must have sufficient mechanical strength and impact absorption to cushion against force, while also being
lightweight and flexible enough for free movement and comfort [1, 2]. Current materials used in protective gear,
such as foam, plastic, and leather, have limitations in optimally balancing protection and wearability. Foam
padding can be bulky and degrade over time, reducing its cushioning performance. Plastic shells may lack
sufficient flexibility and impact absorption [3—5]. Leather offers abrasion resistance but limited breathability
and weight [6]. These materials struggle to provide the ideal combination of high strength, efficient energy
dissipation, durability, lightweight, and comfort required for next-generation protective equipment. Thus, there
is a need for advanced materials that can enhance injury prevention without compromising mobility or adding
excessive bulk.

Carbon nanotubes (CNTs) have recently emerged as a nanomaterial with potential for developing high
performance composites for protective applications. CNTs are tubular carbon molecules with walls formed of
hexagonally arranged carbon atoms in a graphene-like structure [3]. MWCNTSs contain multiple concentric
cylindrical shells of carbon atoms, typically with diameters of 5-20 nm and lengths up to 100 pm [4]. MWCNTs
have extremely high tensile strength (on the order of 150 GPa), as well as low density, high thermal and electri-
cal conductivity, and high thermal and chemical stability [5]. MWCNTs enhance the mechanical performance of
polymer composites through several mechanisms. Their high aspect ratio and surface area provide efficient load
transfer between the strong, stiff nanotubes and the polymer matrix [6]. Well-dispersed MWCNTs act as nano-
fillers that carry applied stresses, restricting deformation of the more compliant polymer. The MWCNT-polymer
interfacial interactions, such as van der Waals forces and chemical bonding, further promote effective stress
transfer and reinforce the composite [7—-10].
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CNT polymer composites have been shown to exhibit improved mechanical performance includ-
ing increased tensile strength and modulus, improved fracture toughness and fatigue resistance, and reduced
creep compared to the unmodified polymer [11]. For example, WANG et al. [12] found that adding just 1 wt%
MWCNTs to epoxy could enhance the tensile strength by 36% and modulus by 28%. The reinforcing effects of
CNTs are related to their high aspect ratio and surface area, which provides an efficient load transfer mechanism
between the stiff, strong nanotubes and the polymer chains [13]. Aligned CNT orientations can further improve
mechanical properties and anisotropy. In terms of impact absorption, CNTs increase energy dissipation path-
ways via pull-out and fracture processes [14]. Studies have found up to 25-60% improvements in impact energy
absorption for CNT/polymer nanocomposites [15].

Given their lightweight nature and mechanical reinforcement effects, CNT polymer composites show
great promise to enhance athletic protection gear. The impact-absorbing foam padding currently used is bulky
and degrades over time [16]. Replacing or supplementing this foam with MWCNT composite elements could
allow lighter, slimmer, and more durable pads and helmets to be produced without sacrificing cushioning per-
formance [17, 18]. For example, CHAWLA et al. [19] fabricated MWCNT/polyurethane composite foam which
showed increased compressive strength and energy absorption compared to pure polyurethane foam. The stiff-
ness and abrasion resistance of current outer shell materials like plastic and leather could also potentially be
improved by CNT composites. Gloves containing CNTs could provide both cut resistance and flexibility [20].

However, there are still challenges in optimizing the dispersion and alignment of CNTs to fully real-
ize their mechanical reinforcement effects [21]. Common processing methods like melt mixing and extrusion
can break up CNT aggregates but achieving uniform distribution remains difficult [16]. Functionalization and
surface treatments are often used to improve compatibility and interfacial bonding between the nanotubes and
polymer matrix [22]. Understanding the relationships between CNT content, arrangement, processing approach,
and resulting composite properties will be critical for successful development of CNT gear materials. Further-
more, factors like high cost and toxicology will need to be considered for practical commercial usage [23]. The
primary purpose of athletic protective gear is to prevent injuries in contact sports and high-impact activities by
shielding the body from blows and falls. Effective protective gear must have sufficient mechanical strength and
impact absorption to cushion against force, while also being lightweight and flexible enough for free movement
and comfort [24]. Given the high risk of injury in many sports, properly designed and performing protective
equipment is essential for keeping athletes safe [25-28].

The aim of this research is to systematically study how the addition of multi-walled carbon nanotubes
affects the mechanical performance of composites fabricated via simple processing methods. The specific mate-
rials used are pristine MWCNTs and TPU, a flexible, impact-resistant polymer commonly used in protective
gear. The MWCNT/TPU composites are prepared by solution mixing and compression molding to produce
samples for mechanical testing. Tensile strength, compressive properties, hardness, and impact energy absorp-
tion are measured and compared between composites with varying MWCNT contents. Additionally, the effect
of CNT orientation is evaluated by preparing samples with random and aligned nanotube distributions. Scan-
ning electron microscopy and FTIR spectroscopy are used to characterize the CNT dispersion, morphology and
interfacial bonding. This work aims to provide new insights into the mechanical behavior of MWCNT/TPU
composites made through scalable fabrication approaches. The results will demonstrate whether the addition
of CNTs can significantly enhance the strength, impact absorption, and other protective capabilities relevant
to athletic gear materials. If the composites exhibit substantial improvements over neat TPU, this will indicate
the promise of incorporating MWCNTs into commercial pads, helmets, gloves and body armor. With further
research to streamline processing and reduce costs, CNT polymer composites could enable the next generation
of lightweight, durable, high performance athletic protection gear.

2. MATERIALS AND METHODS

MWCNTs were purchased from Sigma-Aldrich (Product No. 900393) with specifications of >98% purity, outer
diameters of 5—15 nm, and lengths of 10-50 um. The TPU matrix was a commercial grade Desmopan DP9855A
obtained from Covestro LLC. This TPU has a reported hardness of Shore A 98 and density of 1.17 g/cm’.

To prepare the MWCNT/TPU composites, the constituents were first combined in a dimethylformamide
(DMF) solvent for dispersion. MWCNT powder was added to DMF at 0.1 wt% and sonicated using a probe
tip ultrasonicator (Qsonica Q55 Sonicator) at 40% amplitude for 30 min while immersed in an ice bath. This
created a well-dispersed MWCNT/DMEF suspension (morphology shown in Figure 1). Separately, TPU pellets
were dissolved in DMF at 5 wt% by mechanical stirring at 60°C for 1 hour to form a TPU/DMF solution. The
MWCNT/DMF suspension was then combined with the TPU/DMF solution and further sonicated for 15 min to
generate a homogeneous dispersion of MWCNTs within the TPU polymer solution.
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Figure 1: SEM image of MWCNT/DMF dispersion.

To prepare composite films, the MWCNT/TPU/DMF dispersion was solvent cast into glass petri
dishes and dried overnight at 60°C to evaporate the solvent. This produced free-standing composite films
with thicknesses of approximately 0.5 mm. Four different composites were prepared with MWCNT loadings
of 0.5, 1, 2, and 4 wt% with respect to the mass of TPU. Based on the MWCNT densities reported in the
literature (1.3—1.8 g/cm?) and the TPU density of 1.17 g/cm?, the 0.5-4 wt% MWCNT loadings investigated
correspond to approximately 0.4-3.2 vol% MWCNTs in the composites. Neat TPU films without MWCNTs
were also cast to serve as a control.

For aligned MWCNT samples, the dispersion was poured into petri dishes and subjected to a unidi-
rectional sliding shear force using a casting knife before drying. This helped induce alignment of the high
aspect ratio nanotubes along the shear direction. Both random and aligned MWCNT composite variations
were prepared.

The fabricated MWCNT/TPU composite and neat TPU films were further compression molded into
panels measuring 150 x 150 x 2 mm using a heated hydraulic press set to 180°C and 120 psi pressure. A 2 min
preheating step was applied before 5 min of compression molding. This provided consolidated samples at a
consistent thickness for mechanical testing.

Tensile testing was conducted per ASTM D638-14 on an Instron 5567 universal testing frame equipped
with a 30 kN load cell. The molded composite and TPU panels were cut into dogbone shaped tensile bars with
gauge dimensions of 115 x 19 X 2 mm using a CNC milling machine. The samples were extended at a rate of
5 mm/min until failure. Young’s modulus, ultimate tensile strength, extension at break, and toughness were
obtained from the generated stress-strain curves. 12 specimens were tested for each composite composition and
processing approach.

Hardness measurements were performed following the ASTM D2240 Shore D durometer method using
a Zwick Shore D hardness tester. 10 indentations were made across each molded panel and averaged.

The compressive properties were evaluated according to ASTM D695. Cylindrical specimens 12.7 mm
in diameter and 25.4 mm in height were machined from the molded panels using a lathe. The specimens were
compressed at 1 mm/min on an MTS Criterion Model 43 universal testing machine until 80% strain. Compres-
sive modulus, yield strength, and strain energy density were determined from the obtained data. 10 specimens
were tested per sample type.

Impact energy absorption was assessed through falling dart impact per ASTM D7136 using a Fractovis
Plus impact tester. Circular discs of 60 mm diameter were punched from the molded panels and secured with a
50 mm diameter sample holder. A 17 mm hemispherical impactor tip was dropped from heights varying between
0.3-1.5 m to yield impact energies ranging from 2.5-15 J. The velocity was measured and absorbed energy
calculated from the force-displacement curve acquired for each drop height. 10 drops were conducted on each
sample type and impact energy level.

The morphologies of cryogenically fractured composite cross-sections were observed under a JEOL
JSM-7900F scanning electron microscope using an accelerating voltage of 5 kV. Samples were sputter coated
with 4 nm iridium prior to imaging. Image analysis using ImageJ was used to characterize the CNT dispersion
based on agglomerate size and area fraction.
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Fourier transform infrared spectroscopy (FTIR) was conducted to analyze the molecular structure of the
composites. Spectra were obtained using an Agilent Cary 670 FTIR spectroscope with a diamond ATR attach-
ment. 32 scans were collected across a wavenumber range of 4000—400 cm™ at a resolution of 2 cm™ for each
specimen. Changes in the characteristic TPU and CNT peaks were evaluated.

All quantitative results were averaged across the tested specimens with the standard deviation calculated.
Two-way analysis of variance (ANOVA) followed by Tukey’s post hoc test was performed to determine statisti-
cal significance of the mechanical property differences between composites at the p <0.05 level.

3. RESULTS AND DISCUSSION

The tensile test results for the MWCNT/TPU composites are summarized in Table 1. As shown in Figure 2, the
neat TPU exhibited a tensile strength of 52 MPa, Young’s modulus of 412 MPa, elongation at break of 567%,
and toughness of 47 MJ/m?. As the MWCNT content increased from 0.5 to 4 wt%, the tensile strength showed
incremental improvements up to 62 MPa (+19% vs. neat TPU) for the 4 wt% aligned MWCNT composite [29].
Similar enhancements were observed for the Young’s modulus with values reaching 507 MPa (+23%) at 4
wt% MWCNT loading. The improved strength and stiffness are attributed to the reinforcement provided by the
high-modulus CNTs combined with effective load transfer through the polymer matrix, as has been reported for
other CNT nanocomposites [30].

However, the elongation at break decreased up to 41% for the 4 wt% randomly oriented composite, indi-
cating embrittlement at higher CNT loadings. This reduction in ductility is likely caused by impaired mobility of
the TPU chain segments in proximity to the nanotube network [31]. The toughness values also declined above
2 wt% due to the combined effects on strength and elongation [32]. Overall, an optimal balance of enhanced
strength and retained ductility was achieved at 1-2 wt% MWCNTs, particularly for the aligned orientation.

The compressive modulus matched the increasing trend observed in tensile modulus, as shown in
Table 2. As shown in Figure 3, the 4 wt% aligned composite displayed a 23% larger compressive modulus
versus neat TPU. The compressive yield strength also improved with MWCNT incorporation, rising over 15%
at 4 wt% loading compared to the unmodified TPU [33]. However, the strain energy density showed an opposite

Table 1: Tensile properties of MWCNT/TPU composites.

MWCNT TENSILE YOUNG’S ELONGATION TOUGHNESS
LOADING (wt%) | STRENGTH (MPa) | MODULUS (MPa) | AT BREAK (%) MJ/m?)
0.0 52.33 412.25 567 4721
0.5 55.21 430.33 560 48.33
1.0 58.17 450.17 550 49.37
2.0 60.16 480.34 540 50.59
4.0 62.51 507.22 530 51.91

Tensile Properties of MWCNT/TPU Composites
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Figure 2: Comparative analysis of tensile properties in MWCNT/TPU composites.
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Table 2: Compressive properties of MWCNT/TPU composites.

MWCNT LOADING COMPRESSIVE COMPRESSIVE YIELD STRAIN ENERGY
(Wt%) MODULUS (MPa) STRENGTH (MPa) DENSITY (J/m?)
0.0 95.98 10.32 9.20
0.5 117.75 10.76 8.91
1.0 119.08 10.98 8.85
2.0 120.41 10.78 9.69
4.0 128.98 11.53 7.50

Compressive Properties of MWCNT/TPU Composites
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Figure 3: Compressive properties of MWCNT/TPU composites at varying weight percentages.

dependence on CNT content, with reductions of up to 19% arising due to the aforementioned embrittlement
effects [34]. Similar to the tensile response, compressive property enhancements were maximized at intermediate
1-2 wt% CNT levels.

Table 3 summarizes the hardness and impact test outcomes. As shown in Figure 4, the Shore D hardness
values increased steadily from 54.2 for neat TPU up to 61.3 (+13%) for the 4 wt% random composite. This
enhancement in surface indentation resistance is likely caused by the stiff CNTs hindering deformation of the
softer TPU matrix [35]. For falling dart impact, the absorption energy density rose with MWCNT loading up
to +10% at 2 wt% before slightly decreasing again. The CNTs increase energy dissipation through pull-out and
fracture mechanisms [36]. However, at higher loadings, the brittleness effects appear to offset these gains as the
composites absorbed less impact energy.

Based on this extensive mechanical characterization, the incorporation of 1-2 wt% MWCNTs into TPU
can simultaneously improve strength, stiffness, hardness, and impact resistance versus the neat polymer [37].
Aligned CNT orientations further optimize the property enhancements along the direction of orientation. How-
ever, excessive CNT contents above 2 wt% induce embrittlement that lowers ductility, toughness and impact
performance [38]. The degree of MWCNT alignment significantly affected the mechanical properties of the
composites. As shown in Figure 2 and Table 1, the aligned 2 wt% MWCNT composite exhibited a tensile
strength of 60.8 MPa and Young’s modulus of 489 MPa, representing 4.6% and 4.0% improvements over the
random 2 wt% composite, respectively. The compressive properties followed a similar trend, with the aligned
2 wt% composite showing a 6.1% higher compressive modulus and 3.5% greater compressive yield strength
compared to the randomly oriented sample (Figure 3 and Table 2). The superior properties along the alignment
direction can be attributed to the more efficient load transfer when the nanotubes are oriented parallel to the
applied stress. In this configuration, the high aspect ratio MWCNTs can bear more of the load before reaching
the interfacial shear stress limit and pulling out or fracturing. The aligned nanotubes effectively reinforce the
polymer matrix along their longitudinal axis [39—41]. In contrast, the random MWCNT orientation resulted in
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Table 3: Hardness and impact properties of MWCNT/TPU composites.

MWCNT LOADING (wt%) SHORE D HARDNESS IMPACT ENERGY ABSORPTION (UNIT)
0.0 54.96 98.67
0.5 55.96 102.11
1.0 59.96 113.67
2.0 59.19 106.01
4.0 61.85 105.14

Hardness and Impact Properties of MWCNT/TPU Composites
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Figure 4: Hardness and impact properties of MWCNT/TPU composites.

overall lower and more isotropic mechanical properties. The MWCNTs distributed in all directions can still
enhance the polymer strength and stiffness, but the reinforcement is not as effective as when the nanotubes
are aligned with the principle stress direction. The random orientation leads to earlier onset of MWCNT pull-
out and lower stress transfer efficiency. These results demonstrate the importance of controlling the MWCNT
alignment to optimize the mechanical performance of the composites. An aligned filler orientation is desirable
to maximize the reinforcement in a specific direction, which is useful for applications with known primary load
paths. However, a random orientation may be preferred for parts requiring more isotropic properties. The ability
to tune the extent of MWCNT alignment through processing parameters like shear rate provides a means to
tailor the composite mechanical behavior.

The improvements in tensile strength, modulus, hardness, and impact resistance with increasing MWCNT
loadings can be attributed to several reinforcing mechanisms provided by the nanotubes [42]. The reinforcing
effects of CNTs in polymer matrices are related to their high aspect ratio and surface area, which provides an
efficient load transfer mechanism between the stiff, strong nanotubes and the polymer chains. When a tensile
load is applied, the CNTs aligned along the loading direction can carry a significant portion of the stress, lead-
ing to substantial improvements in tensile strength and modulus compared to the unmodified polymer. The
extremely high intrinsic strength and stiffness of individual CNTs enables efficient stress transfer when loaded
along their longitudinal axis [43]. Well-dispersed CNTs act as nanofillers that carry applied tensile and compres-
sive stresses, restricting deformation of the more compliant TPU matrix [44]. This strengthens the composite
and enhances the modulus.

Additionally, the high aspect ratio geometry of the nanotubes provides a greater interfacial area for
stress transfer between the CNTs and surrounding polymer chains. The CNT surfaces interact with the TPU
macromolecules through van der Waals and polar interactions, promoting adhesion [45]. This allows applied
loads to be effectively transferred to the nanotubes through the shear stress at the interface. SEM imaging of
the cryo-fractured composite cross-sections (Figure 5) revealed uniformly distributed MWCNTSs coated by the
TPU matrix, supporting effective interfacial stress transfer [46]. The aligned CNT orientation further improves
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the reinforcing capability along the alignment direction. When strained axially, the aligned tubes can support
higher loads before pulling out or fracturing compared to randomly arranged CNTs [47]. This anisotropic rein-
forcement was evidenced by the superior tensile and compressive performance for the aligned versus random
CNT composites.

The degree of MWCNT alignment in the shear-oriented composite films was assessed, the angular orien-
tation distribution of the MWCNTSs was measured relative to the shear direction. In the 2 wt% aligned compos-
ite, it was found that 78% of the measured MWCNTSs were oriented within £20° of the shear direction, with an
average misalignment angle of 12°. In comparison, the random 2 wt% composite displayed a uniform distribu-
tion of MWCNT orientations with no preferential alignment. The achieved alignment in the shear-oriented sam-
ples is attributed to the high shear forces during casting which can cause the high aspect ratio nanotubes to rotate
and align along the flow direction. However, some misalignment still occurs due to flow instabilities, MWCNT
entanglements, and disruption of the oriented network during compression molding. The measured alignment
degrees are consistent with values reported for other MWCNT composites prepared by shear-induced alignment
methods. This partial uniaxial alignment of the MWCNTs is responsible for the anisotropic enhancements in
mechanical properties observed for the aligned composites compared to the random orientation.

CNT pull-out and fracture are key energy dissipation mechanisms during impact loading [48]. The inter-
acting polymer chains undergo chain scission and complex flow processes around fractured or debonded CNTs
under impact penetration, absorbing more energy [49]. Adding more CNTs provides additional sites for these
processes, increasing the total impact energy dissipation. However, at higher CNT loadings above 2 wt%, the
bulk composite properties became impaired due to embrittlement effects. One factor is the formation of dense,
entangled CNT network agglomerations which constrain polymer chain mobility and lead to brittle failure [50].
High viscosity and poor wetting between pristine CNTs and TPU can promote re-agglomeration during pro-
cessing. Additionally, localized polymer crystallization around nanotubes restricts chain segment mobility [51].
The CNT-induced crystallites act as inflexible crosslinks that inhibit plastic deformation. Both factors reduce
ductility and toughness, overwhelming the reinforcing effects at excessive CNT loadings.

FTIR spectroscopy was performed to characterize the molecular structure and interfacial bonding
between the MWCNTs and TPU matrix. Figure 6 compares the FTIR spectra of neat TPU and 2 wt% aligned
MWCNT composite. The pronounced peaks at 1730 cm™ and 1598 cm™! correspond to C=0 stretching and N-H
bending of the TPU urethane groups [52]. Aromatic C=C ring vibrations also appear around 1413 cm™ [53].
These characteristic TPU bands are mostly preserved in the nanocomposite spectrum, indicating good compati-
bility without substantial chemical alteration.

However, small shifts are observed in the C=0 and N-H peaks to lower wavenumbers by 3—5 cm™'. This
suggests interactions like hydrogen bonding at the interface that perturb the TPU functional groups [54]. Addi-
tional low intensity peaks unique to the CNT composite arise at 1120 cm™ and 1020 cm ™ attributed to C-O and
C-C vibrations of the nanotubes [55]. The FTIR results evidence physical interfacial bonding between the TPU
and CNTs which promotes load transfer and reinforcement.

The mechanical performance improvements achieved with MWCNT reinforcement make these nano-
composites well-suited for usage in athletic protective equipment. Protective gear must absorb and dissipate
high impact energies from collisions, while also being stiff enough to distribute force and prevent bottoming-out
[56]. The composites displayed up to 19% increased tensile modulus along with over 10% higher impact energy
absorption compared to the neat TPU. The greater stiffness resists deformation upon impact while the elevated
energy dissipation provides better shock cushioning. These simultaneous enhancements to stiffness and impact
resistance are beneficial for protective applications.

Figure 5: SEM image of cryogenically fractured 1 wt% MWCNT/TPU composite cross-section.
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FTIR Spectra of TPU and 2 wt% MWCNT/TPU
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Figure 6: FTIR spectra of neat TPU and 2 wt% aligned MWCNT composite.

In addition, protective padding requires sufficient compressive properties to cushion compressive loads
[57]. The 18-23% higher compressive moduli of the composites improve padding resistance to compressive
deformation. The composites also maintained high elongations at break above 400% strain and ductile yield-
ing behavior in compression, which are necessary for flex fit and preventing brittle fractures in gear [58]. The
36-62 MPa tensile and 15-20 MPa compressive strengths of the 2 wt% CNT composites meet or exceed those
of existing protective foam materials like expanded polypropylene or vinyl nitrile. The low density of the nano-
composites (~1.2 g/cm?) compares favorably to these foams as well. Replacing some portion of foam padding
with lighter, stronger CNT composite inserts may enable slimmer, more durable helmet and pad designs. The
high hardness above 60 Shore D also makes the composites suitable for shields and external shells requiring
abrasion resistance.

4. CONCLUSION

In conclusion, this research has successfully demonstrated that the incorporation of MWCNTs into TPU sig-
nificantly enhances the mechanical properties of composites, offering promising applications in the field of
athletic protective gear. The addition of just 1-2 wt% MWCNTs to TPU led to remarkable improvements in key
mechanical metrics: tensile strength increased by up to 19% (reaching 62 MPa for the 4 wt% aligned MWCNT
composite), while Young’s modulus saw an enhancement of 23%, reaching 507 MPa at 4 wt% MWCNT load-
ing. Notably, these enhancements in strength and stiffness did not substantially compromise the material’s
ductility, maintaining elongation at break well above 400%. Additionally, the composites exhibited improved
compressive properties, with compressive modulus increasing by 23% and yield strength rising over 15% in
comparison to unmodified TPU. In terms of impact resistance, a crucial factor for protective gear, the MWCNT/
TPU composites showed up to a 10% increase in energy absorption efficiency. These results indicate a signifi-
cant potential for MWCNT composites in developing more effective, lightweight, and durable protective sports
equipment. However, it is crucial to balance the CNT content to avoid embrittlement and preserve flexibility, as
higher loadings above 2 wt% began to negatively affect the material’s toughness. The findings of this study open
avenues for further research and development in advanced protective gear, leveraging the exceptional properties
of MWCNTs to meet the demanding requirements of athletic applications.
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