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Abstract 

Abstract: This study investigates the effect of in situ grown carbon nanotubes 

(CNTs) on the interfacial mechanical behavior of para-aramid fabrics under 

successive yarn pull-out loading. CNT-functionalized (gCPO) and pristine (KPO) 

fabrics were comparatively examined using single- and multi-yarn (two- and 

three-end) pull-out configurations to evaluate frictional interactions, load 

transfer efficiency, in-plane shear response, and energy dissipation 

mechanisms. Force–displacement data were analyzed to determine maximum 

pull-out force, initial interlacement rupture resistance, and stick–slip 

characteristics, while intra-yarn shear strength and pull-out energy 

components were quantified to provide a comprehensive assessment of 

interfacial performance. The results indicate that CNT growth significantly 

enhances friction-controlled mechanical responses. In single-yarn 

configurations, pull-out force increased nearly threefold, and intra-yarn shear 

strength improved by over 200% compared to pristine fabrics. Similar 

enhancements were observed in two-yarn systems, reflecting improved load 

transfer at yarn crossover regions. However, in three-yarn configurations, a 

transition in the dominant failure mechanism was observed, where the 

advantages of enhanced interfacial friction were partially offset by increased 

stress concentration and thermally induced reductions in filament integrity. 

Stick–slip analysis revealed that CNT incorporation increases the frequency of 

micro-scale frictional interactions while reducing force fluctuation amplitudes, 

resulting in a more stable energy dissipation process. Energy-based 

evaluations further showed that stick–slip friction is the primary contributor 

to total pull-out energy. Overall, CNT-induced nanoscale surface modification 

improves interfacial friction, rupture resistance, shear strength, and energy 

dissipation behavior for possible advanced soft protective applications. 

Keywords: CNT-grown aramid fiber, Successive pull-out, Stick-slip, 

Intra-yarn shear, Absorbed energy.



Yüzey Büyütmeli Karbon Nanotüplerin Para-

aramid Kumaşların Ardışık Çekip-çıkarma 

Yüklemesinde Arayüz Davranışına Etkileri 

Öz 

Öz: Bu çalışma, yerinde büyütülen karbon nanotüplerin (gCNT), para-aramid 

kumaşların ardışık iplik çekme yüklemesi altındaki arayüz mekanik davranışı 

üzerindeki etkisini incelemektedir. CNT ile fonksiyonelleştirilmiş (gCPO) ve 

işlem görmemiş (KPO) kumaşlar, ardıl tekli ve çoklu iplik (iki ve üç uçlu) çekme 

yükü altında karşılaştırmalı olarak değerlendirilmiştir. Bu kapsamda, 

sürtünme etkileşimleri, yük transfer etkinliği, düzlem içi kayma davranışı ve 

enerji sönümleme mekanizmaları analiz edilmiştir. Kuvvet–yer değiştirme 

verileri kullanılarak maksimum çekme kuvveti, başlangıç ayrılma direnci ve 
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tutunma-kayma stick–slip karakteristikleri belirlenmiş; ayrıca iplik içi kumaş kayma dayanımı ve çekme enerjisi 

bileşenleri hesaplanarak arayüz performansı kapsamlı biçimde değerlendirilmiştir. Elde edilen sonuçlar, CNT 

büyümesinin sürtünme kontrollü mekanik davranışları önemli ölçüde iyileştirdiğini göstermektedir. Tek iplik çekme 

kuvveti yaklaşık üç kat artarken, iplik içi kayma dayanımı %200’ün üzerinde yükselmiştir. İki iplikli sistemlerde de 

benzer iyileşmeler gözlenmiş ve iplik kesişim bölgelerinde yük transferinin geliştiği belirlenmiştir. Ancak üç iplikli 

konfigürasyonlarda, baskın hasar mekanizmasında bir geçiş meydana gelmiş; artan gerilme yığılması ve termal etkiler 

nedeniyle filament bütünlüğündeki azalma, arayüz iyileşmelerinin bir kısmını sınırlamıştır. Tutunma-kayma analizi, 

CNT varlığının mikro ölçekli sürtünme etkileşimlerinin frekansını artırırken kuvvet dalgalanmalarını azalttığını ve daha 

kararlı bir enerji sönümleme davranışı sağladığını göstermiştir. Enerji analizleri, toplam çekme enerjisinde baskın 

katkının tutunma-kayma sürtünmesinden kaynaklandığını ortaya koymuştur. Sonuç olarak, CNT tabanlı nano yüzey 

modifikasyonu arayüz sürtünmesini, kopma direncini, kayma dayanımını ve enerji sönümleme performansını önemli 

ölçüde artırmaktadır. Bu yaklaşım, ileri düzey soft koruyucu balistik uygulamalar için potansiyel sunmaktadır. 

Anahtar kelimeler: Karbon nanotüp büyütülmüş aramid lif, Ardışık iplik çekme, Tutunma-kayma, İplik içi 

kayma, Enerji sönümleme 

 

1. Introduction  

Para-aramid fibers are widely recognized as high-performance materials due to their 
exceptional stiffness and superior strength-to-weight ratio. These characteristics make them highly 
suitable for the fabrication of lightweight, flexible, and impact-resistant textile composites, particularly 
in aerospace structures and personal protective systems. The ballistic and impact resistance of such 
materials is governed by a combination of intrinsic fiber properties, fabric architecture, and frictional 
interactions occurring at yarn crossover points [1–3]. Among these parameters, inter-yarn friction is 
of particular importance, as it plays a dominant role in dissipating impact energy. Enhancing frictional 
interactions between yarns has been demonstrated to significantly improve energy absorption 
capability while maintaining flexibility and without increasing areal density [4,5]. 

Various surface modification strategies have been proposed to enhance interfacial interactions 
in para-aramid systems. Techniques such as plasma treatment, chemical oxidation, sol–gel coatings, 
and nanoparticle incorporation have been extensively investigated [6,7]. Despite their effectiveness, 
many of these approaches involve aggressive chemical conditions or high processing temperatures, 
which can negatively affect filament integrity and mechanical performance. As an alternative 
approach, the hydrothermal synthesis of ZnO nanowires on para-aramid fabrics has been shown to 
improve inter-yarn friction, tensile behavior, and stiffness, although this modification introduces a 
moderate increase in mass (approximately 20%) [8]. Under ballistic or impact loading conditions, 
woven fabrics dissipate energy through several mechanisms, including yarn decrimping, axial 
deformation, lateral displacement, and frictional sliding at interlacement regions [9]. Among these 
mechanisms, yarn pull-out and interfacial friction are widely acknowledged as the primary 
contributors to energy dissipation [10]. 

The in-plane shear behavior of para-aramid fabrics is commonly characterized using the yarn 
pull-out method, which provides direct insight into inter-yarn frictional resistance and structural 
interactions within the fabric. Experimental findings indicate that shear strength and rigidity are 
influenced by parameters such as fabric density, specimen geometry, and the number of extracted 
yarns. In addition, the shear jamming angle has been reported to increase with the number of pulled 
yarn ends [11]. The deformation process during shear loading evolves through a sequence of stages, 
beginning with micro-scale friction at yarn intersections, followed by rotational motion of yarns, and 
ultimately leading to progressive locking as contact pressure increases. This progression may result in 
localized deformation phenomena such as bending, buckling, and wrinkling [12]. These mechanisms 
are essential for enabling the fabric to conform to complex geometries [13], while the onset of 
wrinkling typically corresponds to the maximum shear angle, indicating the in-plane deformation limit 
governed by internal frictional resistance [14]. 
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Chemical vapor deposition (CVD) is widely regarded as a versatile and scalable technique for 
the direct synthesis of carbon nanotubes on fiber surfaces, enabling the controlled incorporation of 
nanoscale reinforcements. This approach allows in situ growth with adjustable nanotube orientation, 
density, and interfacial properties [15]. Previous research has indicated that low-pressure CVD 
processes can enhance interfacial uniformity while minimizing defect formation, thereby improving 
bonding efficiency at the fiber–matrix interface [16]. In addition, processing parameters, particularly 
deposition pressure, play a critical role in determining vacancy formation and surface passivation 
mechanisms. Under certain atmospheric conditions, oxygen-assisted interactions may contribute to 
defect healing and stabilization of the nanostructure [17]. Recent advancements in CVD technologies 
have further demonstrated their capability for the precise and scalable production of graphitic 
nanostructures tailored for advanced composite systems [18]. 

Within this framework, the present study focuses on a systematic evaluation of successive yarn 
pull-out behavior and intra-yarn shear response of para-aramid fabrics modified through low-
temperature (450°C) in situ CVD-assisted growth of multi-walled carbon nanotubes. In addition, a 
meso-scale mechanical pre-screening methodology is introduced to assess interfacial performance 
and energy absorption characteristics of flexible nano-engineered fabric structures, with particular 
relevance to soft body armor applications. 

2.  Material and Methods 

2.1. Materials 

In this study, a high-performance para-aramid fabric supplied by Teijin Inc. (Japan) was 
employed. The material corresponds to the Twaron® CT 747 type and features a plain weave (1/1) 
architecture. Both warp and weft yarns possess a linear density of 336 tex, resulting in a balanced 
structural configuration. The yarn density was determined as 6.25 ends per centimeter in both 
principal directions. 

The fabric exhibits an areal density of approximately 410 g/m² and a thickness close to 0.62 mm. 
Crimp ratios were measured as 5.80% in the warp direction and 5.90% in the weft direction, indicating 
a nearly symmetrical interlacement structure. In addition, the fabric surface includes a water-repellent 
treatment, which may influence interfacial interactions and frictional response under mechanical 
loading. 

At the filament scale, the para-aramid fibers have an average diameter of about 12 μm and a 
density of 1.45 g/cm³. These fibers are characterized by a tensile strength of approximately 3200 MPa, 
an elastic modulus of around 115 GPa, and an elongation at break of nearly 2.9%. Thermal stability is 
maintained up to an initial degradation temperature of approximately 450 °C [19]. 

2.2. Preparation of para-aramid substrates via chemical vapor deposition processing  

The para-aramid fabric configurations used in this work, including both untreated and carbon 
nanotube-modified samples, are summarized in Table 1. The modified fabric, referred to as gCPO, 
consists of a single-layer para-aramid substrate functionalized with carbon nanotubes at a 
concentration of approximately 0.315%. The reference material, denoted as KPO, represents the 
untreated (as-received) fabric. 

A schematic illustration and visual representation of the carbon nanotube growth on the fabric 
surface are presented in Figure 1, highlighting the morphological modification introduced by the CVD 
process. 
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Table 1. Prepared samples of para-aramid fabric surfaces modified via in situ carbon nanotube (CNT) 
growth for sequential pull-out test. 

Code of sample 
 

Fabric structure 
 

Layer number 
 

Ratio of grown nano material 
(%) 

gCPO CNTs grown p-aramid fabric 1 CNTs (0.315) 
KPO Pristine fabric 1 - 

  

 

Figure 1. Schematic illustration of carbon nanotube formation on the para-aramid fabric surface via 
the chemical vapor deposition (CVD) technique. 

The CVD procedure was optimized to promote nanotube growth at relatively low temperatures 
in order to limit thermal damage to the polymeric substrate [20]. Fabric specimens were first cut into 
dimensions of 10 cm × 30 cm. The initial water-repellent finish on the fabric surface was removed 
through a mild thermal treatment conducted at 60 °C for 60 minutes, using a controlled heating rate 
of 15 °C/min. Following surface preparation, a catalyst precursor solution was prepared by dissolving 
iron(III) nitrate nonahydrate (Fe(NO₃)₃·9H₂O) and cobalt(II) nitrate hexahydrate (Co(NO₃)₂·6H₂O) in 
ethanol at an equimolar ratio, yielding a total concentration of 0.05 mol/L. The mixture was first 
magnetically stirred at 350 rpm for 10 minutes and subsequently subjected to ultrasonication for an 
additional 10 minutes to ensure homogeneous dispersion. The pre-treated fabric samples were then 
immersed in the catalyst solution under ultrasonic agitation for 10 minutes to achieve uniform 
deposition of catalytic particles onto the fiber surfaces. After impregnation, the samples were dried at 
70 °C for 45 minutes with a heating rate of 5 °C/min to stabilize the catalyst layer. The coated fabrics 
were then positioned in the central zone of a tubular CVD furnace (Protherm STF series, operating 
temperature range of 1200–1300 °C). Prior to nanotube synthesis, the reactor chamber was evacuated 
and stabilized at a pressure of 750 Torr (0.099 MPa). Subsequently, the temperature was increased to 
450 °C at a rate of 10 °C/min under a continuous nitrogen flow of 0.3 L/min. This temperature was 
selected based on thermogravimetric analysis, indicating minimal mass loss of the para-aramid 
substrate under these conditions. Once the desired temperature was reached, a reactive gas mixture 
consisting of hydrogen, acetylene, and nitrogen was introduced at flow rates of 0.15, 0.15, and 0.3 
L/min, respectively. The deposition process was maintained for 10 minutes to facilitate the growth of 
multi-walled carbon nanotubes on the fiber surfaces. After completion of the growth stage, the reactive 
gases were shut off, and the system was allowed to cool down to room temperature under a nitrogen 
atmosphere. The selected processing temperature of 450 °C represents a balance between preserving 
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the structural integrity of the polymer matrix and ensuring sufficient catalytic activity for nanotube 
formation. Thermogravimetric and differential thermal analyses indicated an approximate mass loss 
of 1% at this temperature. Although tensile testing of individual filaments extracted from the modified 
fabrics revealed a reduction in strength compared to the untreated condition, this observation reflects 
an inherent trade-off between polymer stability and effective nanotube nucleation. At lower 
temperatures, nanotube formation was not observed, whereas higher temperatures resulted in 
significant degradation of the fiber structure [20]. The CNT-grown para-aramid fabrics employed in 
the present study were previously comprehensively characterized in our earlier work [20]. The 
morphology, chemical structure, crystallinity, and thermal stability of the synthesized carbon 
nanotubes were confirmed using FESEM, EDX, FTIR, Raman spectroscopy, XRD, and TGA/DTA 
analyses. In particular, the characteristic Raman D (~1346 cm⁻¹) and G (~1585 cm⁻¹) bands together 
with the corresponding ID/IG ratio verified the formation of multi-walled carbon nanotubes 
(MWCNTs), while XRD confirmed the graphitic carbon structure. Since the present work focuses on 
the interfacial mechanical behavior of this previously characterized material system, these 
characterization results are not repeated here in order to avoid redundancy. Accordingly, only 
representative FESEM images are presented in this manuscript to illustrate the surface morphology of 
the previously characterized CNT-grown fabrics, whereas the complete structural characterization is 
available in Ref. [20]. 

2.3. Analysis and characterizations  

A series of analytical and characterization methods were systematically employed to evaluate 
the effects of in situ carbon nanotube growth on para-aramid fabric substrates. The investigation 
primarily focused on key mechanical responses, including sequential yarn pull-out behavior at the 
nanoscale, intra-yarn shear strength, and the associated energy absorption during pull-out processes. 

2.3.1. Yarn pull-out testing  

Yarn pull-out experiments were conducted to assess inter-yarn frictional behavior in para-
aramid fabrics under both sequential single-yarn (1-end) and multi-yarn (2-end and 3-end) extraction 
configurations. The tests were performed along the frayed edges of the fabric specimens using a 
custom-designed gripping fixture [21] mounted on a universal testing machine (Instron 4411, 5 kN 
load capacity, Instron Corp., USA). Fabric specimens modified with carbon nanotubes were prepared 
with dimensions of 50 mm × 200 mm, incorporating a controlled frayed section of 100 mm, while 
maintaining an overall clamped length of approximately 700 mm, as illustrated in Figure 2(a–b). The 
extraction procedure was applied sequentially for individual yarns (first, second, and third), followed 
by simultaneous extraction of two and three yarns in order to represent collective frictional 
interactions within the woven structure. All tests were carried out in the warp direction under 
negligible initial tension, with a constant crosshead speed of 100 mm/min. During the experiments, 
force–displacement (F–δ) data were continuously recorded to determine key parameters such as 
maximum pull-out force, crimp extension, onset of interlacement failure, and the progression of stick–
slip behavior. Crimp extension corresponds to the straightening of yarn waviness inherent to the 
woven architecture [21]. Displacement values associated with minor pre-alignment effects and 
localized structural rearrangements prior to crimp removal were excluded due to boundary 
constraints. Furthermore, potential experimental artifacts, including warp–weft slippage and filament-
level fracture, were not considered in the analysis to ensure consistency and reliability of the results. 
For clarity, the specimen designation used throughout this study is based on the yarn pull-out 
sequence. For example, gCPO11, gCPO12, and gCPO13 represent the first, second, and third successive 
single-yarn pull-out tests performed on the same CNT-grown para-aramid fabric specimen, 
respectively. Likewise, gCPO21–gCPO23 and gCPO31–gCPO33 denote the successive pull-out events 
for the double- and triple-yarn configurations. The differences among these specimen codes therefore 
reflect the progressive structural modification of the woven architecture caused by preceding yarn 
extractions rather than differences in material composition or CNT content. Because the primary 
objective of this study was to investigate the deformation mechanisms associated with successive yarn 
pull-out, one representative specimen was tested for each pull-out configuration. The experimental 
program was constrained by the limited availability of CNT-grown para-aramid fabrics resulting from 
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the laboratory-scale CVD process and the available material quantity. Therefore, repeated pull-out 
experiments were not performed, and the values reported in Table 2 correspond to representative 
measurements of each pull-out configuration.  

 

Figure 2. Experimental setup for the yarn pull-out test. (a) Photograph of the yarn pull-out testing 
configuration mounted on the universal testing machine. (b) Representative photograph of the CNT-
grown para-aramid fabric specimen after the yarn pull-out test, showing the extracted yarns and the 
pull-out region. (c) Schematic illustration of the yarn pull-out configuration and loading direction. 

As shown in Figure 3, the force–displacement response can be divided into distinct deformation 
stages. In the initial stage, corresponding to the crimp extension region, the pull-out force increases in 
a slightly nonlinear manner as the yarn undulations induced by the weave geometry are progressively 
straightened. This stage reflects the initial frictional resistance associated with warp–weft 
interlacement. The second stage, defined as the initial interlacement rupture region, extends up to the 
point of the first major force drop following the maximum pull-out force. This transition signifies the 
initial separation of the warp yarn from the interlaced weft structure. The third stage is characterized 
by a stick–slip mechanism, where the force exhibits repeated fluctuations due to intermittent sliding 
and re-engagement at successive interlacement points. During this phase, the amplitude of oscillations 
gradually diminishes as the yarn is progressively disengaged from the fabric network. Finally, the stage 
following the initial interlacement rupture, in which the yarn continues to slide with reduced 
resistance, can be associated with a kinetic friction regime, representing near-complete separation 
from the woven structure [22]. 

 

Figure 3. Representative force–displacement response of single-yarn pull-out in CNT-grown para-
aramid fabric. 
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2.3.2. Intra-yarn shear strength 

 The intra-yarn shear strength was determined by analyzing the mechanical response of both 
single and multiple warp yarns subjected to axial pull-out along the warp direction. During the 
extraction process, angular deformation of the transverse (weft) yarns was observed prior to the onset 
of stick–slip behavior. This deformation mechanism is critical for describing the shear resistance at 
interaction points between warp–warp and warp–weft yarns within the woven structure. Based on 
the observed mechanical behavior, the intra-yarn shear strength of the nano-functionalized para-
aramid fabrics was calculated using Equation (1): 

𝜏𝑖𝑦 =
𝐹𝑚𝑎𝑥

𝜋 × 𝑅 × 𝑙𝑦
 (1) 

Where τiy represents the intra-yarn shear strength (MPa), Fmax is the maximum pull-out force 
(N), R denotes the yarn diameter (mm), and ly corresponds to the effective yarn length embedded 
within the fabric (mm). 

2.3.3. Pull-out energy analysis  

The pull-out energy associated with both single- and multi-yarn extraction configurations was 
evaluated by calculating the area under the force–displacement (F–δ) curves. This method enables 
quantification of the energy dissipated throughout successive deformation stages, including crimp 
extension, interlacement rupture, and stick–slip sliding. The total absorbed energy was obtained as the 
sum of the contributions from each deformation stage. Numerical integration of the F–δ data for all 
nano-engineered fabric systems was performed using Python (v3.1.2.4, The Python Software 
Foundation, Amsterdam, Netherlands), utilizing scientific computing tools to ensure computational 
accuracy and reproducibility [23]. The pull-out response was categorized into three distinct regions: 
Stage I corresponding to crimp extension, Stage II associated with initial interlacement rupture, and 
Stage III representing stick–slip sliding behavior. The energy contribution of each stage, as well as the 
overall absorbed energy, was determined using trapezoidal numerical integration, as defined in 
Equations (2–6). 

𝐸 = ∫ 𝐹(𝑥)𝑑𝑥 ≈ ∑
𝐹𝑖 + 𝐹𝑖+1

2

𝑁−1

𝑖=1

(𝑥𝑖+1 − 𝑥𝑖) (2) 

𝐸𝐼 = ∫ 𝐹 𝑑𝑥
𝑥𝑚𝑎𝑥

𝑥0

 (3) 

𝐸𝐼𝐼 = ∫ 𝐹 𝑑𝑥
𝑥𝑐

𝑥𝑚𝑎𝑥

 (4) 

𝐸𝐼𝐼𝐼 = ∫ 𝐹 𝑑𝑥
𝑥𝑒𝑛𝑑

𝑥𝑐

 (5) 

𝐸𝑇 = 𝐸𝐼 + 𝐸𝐼𝐼 + 𝐸𝐼𝐼𝐼 (6) 

Here, EI, EII, and EIII represent the energy contributions corresponding to crimp extension, 
interlacement rupture, and stick–slip behavior, respectively, while ET denotes the total energy 
absorbed during the pull-out process. 
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2.3.4. Nano yarn tensile strength testing  

The tensile behavior of carbon nanotube-modified warp yarns extracted from para-aramid 
fabric specimens (120 mm × 300 mm) was examined to assess the influence of nano-functionalization 
on yarn-level mechanical performance. The measurements were performed in accordance with the TS 
EN ISO 2062 standard [24] using a universal testing system (Instron 4411, Instron Corp., USA) 
operated at a constant crosshead speed of 150 mm/min. The tested yarns possessed a linear density 
of 336 tex and a gauge length of 150 mm. Since the yarns were extracted in a straightened form without 
interlacement, the effects associated with crimp were not included in the evaluation. In addition, the 
nanotube coating exhibited a relatively uniform distribution along the filament surfaces, thereby 
reducing local variations in the measured response. The tensile strength of the yarns was determined 
using Equation (7): 

𝜎𝑦 =
𝐹𝑚𝑎𝑥

𝑊𝑦
 (7) 

Where σy represents the yarn strength (tenacity, N/ctex), Fmax is the maximum applied load (N), 
and Wy denotes the yarn linear density (tex). 

2.3.5. Fabric specification tests  

The structural characteristics of the fabrics were evaluated using standardized measurement 
techniques. Crimp values were determined using a digital crimp measurement device (James H. Heal 
Co., UK) in accordance with TS 254 ISO 7211-3 [25]. Fabric thickness was measured using a calibrated 
thickness gauge (James H. Heal Co., UK) following the TS 7128 EN ISO 5084 standard [26]. The areal 
density, defined as the mass per unit area, was calculated based on TS 251 (ISO 3801) procedures [27]. 

3. Results and Discussion 

3.1. Pull-out properties 

3.1.1. Pull-out and initial interlacement rupture force-displacement results 

The force–displacement responses obtained from single- and multi-yarn pull-out experiments 
performed on both carbon nanotube-modified and pristine para-aramid fabrics are summarized in 
Table 2. Representative pull-out curves for successive single-, two-, and three-yarn extraction 
configurations of the carbon nanotube-treated fabrics are presented in Figure 4(a–b). Furthermore, 
Figure 5(a–c) demonstrates the relationship between maximum pull-out force and the corresponding 
initial interlacement rupture load for both pristine (KPO) and carbon nanotube-modified (gCPO) fabric 
systems under single and multiple yarn conditions. These results provide a comparative framework to 
assess how carbon nanotube growth on filament surfaces influences interfacial mechanical behavior. 
The analysis primarily focuses on the modification of friction-governed pull-out responses arising 
from nanotube incorporation, particularly in terms of load transfer and resistance at yarn crossover 
regions. Through this approach, the study aims to establish a clear correlation between interfacial 
frictional interactions and the resulting energy dissipation characteristics of carbon nanotube-
engineered para-aramid fabrics. 
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Table 2. Summary of force–displacement parameters obtained from single- and multi-yarn pull-out 
tests, including maximum extraction force, displacement values, initial interlacement failure 
characteristics, and intra-yarn shear strength of CNT-modified para-aramid fabrics. 

Label 
  

Pull-out 
force 
 
 
(Fmax, N) 

Displace
ment 
 
 
(δmax, 
mm) 

Initial interlacement 
rupture force 
 
(Fir, N) 

Initial 
interlace
ment 
rupture 
displacem
ent 
(δir, mm) 

Intra-yarn shear 
strength 
 
(τiy, MPa) 

Yarn breaking 
force  
(max. force, N) 
(σy, tenacity, 
cN/Tex) 

Single yarn 

gCPO11 74.25 10.11 42.97 12.28 0.0853 
87.63±9.18 
(26.08±2.73) 

gCPO12 13.02 10.25 5.23 11.42 0.0150 - 

gCPO13 12.89 6.89 6.04 8.22 0.0148 - 

KPO11 24.71 7.15 19.20 9.15 0.0271 
493.10±19.78 
(146.75±5.88) 

KPO12 2.81 4.15 1.74 4.65 0.0031 - 

KPO13 4.02 3.96 2.81 5.96 0.0044 - 

Multiple yarns 
Two yarns 

gCPO21 269.22 7.91 85.80 9.41 0.1547 - 

gCPO22 83.65 7.74 49.68 9.91 0.0481  

gCPO23 53.04 5.72 35.58 8.72 0.0305  

KPO21 93.05 7.94 63.37 9.28 0.0510 - 

KPO22 17.86 6.06 12.75 8.22 0.0098  

KPO23 8.85 4.09 5.10 8.25 0.0049  

Three yarns 

gCPO31 278.48 5.59 118.02 6.59 0.1066 - 

gCPO32 250.55 6.71 103.52 8.63 0.0960  

gCPO33 249.08 4.07 178.44 6.07 0.0954  

KPO31 267.88 8.14 145.28 9.30 0.0979 - 

KPO32 18.80 7.67 11.00 10.33 0.0069  

KPO33 14.37 5.73 7.11 12.90 0.0053  

Specimen designation: The first numeral indicates the pull-out configuration (1 = single yarn, 2 = 
double yarn, 3 = triple yarn), whereas the second numeral indicates the sequence of successive yarn 
extraction within that configuration. Thus, gCPO11–gCPO13 denote the first, second, and third 
successive single-yarn pull-out tests, respectively.  

The tensile properties of the yarn are characterized by two parameters: the maximum breaking 
force (N) and the corresponding tenacity (cN/Tex). Yarn tenacity was determined according to the 
standardized ASTM and ISO methodology for textile materials. 
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Figure 4. Consecutive pull-out force–displacement responses of single and multi-yarn configurations 
(2-end and 3-end) in CNT-grown para-aramid fabrics: (a) first-yarn extraction (gCPO); (b) subsequent 
second and third yarn pull-out. 

Based on the pull-out responses summarized in Table 2 and the corresponding force–
displacement profiles presented in Figure 4(a–b), a clear enhancement in friction-governed 
mechanical behavior is observed for the carbon nanotube-modified para-aramid fabric (gCPO) 
compared to the pristine counterpart (KPO). In the single-yarn configuration, the maximum pull-out 
force increases markedly (gCPO11: 74.25 N vs. KPO11: 24.71 N), corresponding to an improvement of 
approximately threefold. A similar trend is evident in the two-yarn case, where the pull-out force rises 
from 93.05 N (KPO21) to 269.22 N (gCPO21), indicating a substantial amplification of inter-yarn 
resistance. For the three-yarn configuration, although the relative increase is less pronounced 
(gCPO31: 278.48 N vs. KPO31: 267.88 N), the CNT-modified structure still maintains a higher load-
bearing capacity under collective yarn extraction. These results collectively suggest that the 
contribution of carbon nanotube growth becomes increasingly dominant in frictional interactions at 
lower yarn counts, while structural constraints and load-sharing effects begin to govern the response 
in multi-yarn systems. The improvement can be explained by the development of a nanoscale surface 
architecture resulting from the in situ growth of carbon nanotubes on the para-aramid filaments. The 
presence of nanotubes generates a roughened, hierarchical interface that promotes mechanical 
interlocking and increases the effective contact area between adjacent yarns. This modification 
facilitates stronger anchoring of filaments within both warp and weft bundles, thereby increasing 
resistance to axial extraction. In particular, the elevated initial interlacement rupture forces recorded 
for gCPO samples (e.g., 42.97 N vs. 19.20 N in single-yarn extraction) indicate that the onset of yarn 
disengagement is significantly delayed, reflecting improved interfacial cohesion at crossover points. 

The force–displacement curves in Figure 4(a–b) further reveal a distinct alteration in stick–slip 
characteristics due to carbon nanotube incorporation. Compared to the control samples, the gCPO 
structures exhibit more frequent oscillations with relatively reduced amplitude fluctuations. This 
behavior indicates a transition toward a more stable yet continuously dissipative sliding mechanism. 
The increased frequency of stick–slip events suggests the formation of numerous micro-scale contact 
junctions, where carbon nanotube-induced asperities act as intermittent pinning sites. During pull-out, 
these junctions repeatedly form and rupture, resulting in a higher number of energy-dissipating events 
over the displacement range. Consequently, the sliding process becomes smoother in terms of force 
variation, yet more effective in dissipating mechanical energy. In contrast, the pristine KPO samples 
display fewer stick–slip cycles with larger force drops, indicative of less stable interfacial interactions 
and more abrupt yarn release events. This difference highlights the role of nanoscale surface 
modification in regulating frictional behavior and stabilizing the pull-out process. Furthermore, the 
increase in intra-yarn shear strength values for gCPO samples across all configurations supports the 
conclusion that carbon nanotube growth enhances resistance against shear-driven yarn mobility 
within the fabric network. 
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Despite these advantages in frictional performance, it should be noted that carbon nanotube 
growth via chemical vapor deposition introduces a trade-off in terms of intrinsic yarn properties. The 
elevated processing temperature can induce partial thermal degradation of para-aramid filaments, 
potentially reducing tensile strength at the filament level. Therefore, while the CNT-modified fabrics 
demonstrate superior interfacial friction and energy dissipation characteristics, optimization of 
processing conditions remains critical. In particular, lower-temperature synthesis routes or 
alternative deposition techniques may offer a more balanced approach, preserving the inherent 
mechanical integrity of the fibers while still achieving effective nanoscale surface functionalization. 

Although the present CVD-assisted CNT growth significantly improves interfacial friction, yarn 
pull-out resistance, and energy dissipation, the accompanying reduction in intrinsic yarn tensile 
strength represents an important processing–performance trade-off. Similar limitations have been 
reported for direct CNT growth on polymeric fibers, where elevated synthesis temperatures may 
partially degrade the molecular structure while simultaneously promoting superior interfacial 
interactions. Therefore, the current processing conditions should not be regarded as an optimized 
manufacturing route for commercial soft ballistic systems. Instead, the present work should be 
interpreted as a mechanistic study demonstrating the influence of CNT-induced nanoscale surface 
modification on friction-controlled deformation mechanisms. The findings establish an important 
scientific basis for future development of lower-temperature CNT synthesis methods or alternative 
surface-functionalization techniques capable of simultaneously preserving fiber integrity and 
enhancing interfacial friction for advanced protective textile applications.  

Based on the pull-out force and initial interlacement rupture data presented in Table 2 and the 
trends illustrated in Figure 5(a–c), a clear differentiation in interfacial mechanical behavior between 
CNT-grown (gCPO) and pristine (KPO) para-aramid fabric systems is observed across single and 
multiple yarn configurations. The initial interlacement rupture force, identified by the first significant 
load drop following the peak pull-out force, represents the critical transition from static inter-yarn 
engagement to progressive sliding. In the single-yarn configuration (Figure 5a), the CNT-
functionalized structure demonstrates a substantial enhancement in both pull-out force and initial 
rupture resistance. Specifically, the maximum pull-out force increases from 24.71 N (KPO11) to 74.25 
N (gCPO11), corresponding to an approximate 200.5% increase. Similarly, the initial interlacement 
rupture force rises from 19.20 N to 42.97 N, indicating a 123.8% improvement. This pronounced 
enhancement confirms that CNT-induced surface roughness significantly strengthens inter-yarn 
anchoring at the filament level. The proportional increase in both Fmax and Fir suggests that frictional 
strengthening is highly effective during the early stages of yarn disengagement, where interfacial 
contact dominates the mechanical response. 

For the two-yarn configuration (Figure 5b), the strengthening effect remains evident but 
becomes less dominant due to the increasing influence of structural constraints and load sharing. The 
pull-out force increases from 93.05 N (KPO21) to 269.22 N (gCPO21), corresponding to a 189.3% 
enhancement, while the initial interlacement rupture force rises from 63.37 N to 85.80 N, reflecting a 
more moderate 35.4% increase. This discrepancy between the relative gains in Fmax and Fir indicates 
that while CNT growth continues to enhance frictional resistance, the rupture process begins to be 
influenced by collective yarn interactions and geometric confinement within the woven structure. The 
increasing number of contact points leads to partial saturation of frictional gains, reducing the relative 
improvement in rupture force compared to the single-yarn case. In contrast, the three-yarn 
configuration (Figure 5c) exhibits a distinct shift in behavior. Although the pull-out force shows only a 
marginal increase from 267.88 N (KPO31) to 278.48 N (gCPO31), corresponding to approximately 
3.96% improvement, the initial interlacement rupture force actually decreases from 145.28 N to 
118.02 N, indicating a 18.8% reduction. This inverse trend highlights a critical transition in the 
governing failure mechanism. While frictional interactions are still enhanced by CNT presence, the 
cumulative stress concentration within multiple yarns leads to premature filament-level damage. The 
reduction in rupture force suggests that the structural integrity of CNT-grown yarns becomes the 
limiting factor under higher load-sharing conditions. 
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The combined interpretation of Figure 5(a–c) reveals that CNT-induced enhancements are most 
effective under conditions where friction dominates over tensile failure, particularly in single and two-
yarn configurations. The increased density of nano-asperities on filament surfaces promotes stronger 
interfacial adhesion, thereby elevating both pull-out and rupture forces. However, as the number of 
extracted yarns increases, the load distribution among yarns amplifies internal stress levels, making 
the system more sensitive to any reduction in intrinsic fiber strength caused by high-temperature 
processing. This trade-off becomes particularly evident when comparing the scaling behavior of pull-
out force and rupture force. While pull-out force continues to exhibit a nonlinear increase with yarn 
number in both gCPO and KPO systems, the rate of increase is significantly higher for gCPO in lower 
yarn counts. Conversely, the decline in rupture force at higher yarn counts in gCPO indicates that 
frictional gains are eventually offset by material degradation effects. Therefore, the results emphasize 
that CNT functionalization enhances interfacial mechanics primarily through frictional amplification 
and mechanical interlocking, but its effectiveness is strongly dependent on the balance between 
surface modification and preservation of fiber integrity. Optimizing chemical vapor deposition 
parameters, particularly temperature and exposure duration, is essential to maximize interfacial 
benefits while minimizing structural degradation. In addition, the interlacement rupture behavior is 
influenced not only by surface modification but also by fabric architecture parameters, including 
weave pattern, yarn density [28], fabric thickness [29] and density [30], and interlacement frequency 
[31]. These factors collectively determine the stress distribution and frictional contact conditions 
within the fabric, thereby governing the overall pull-out and rupture response. 
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Figure 5. Comparison of the maximum pull-out force (Fmax) and initial interlacement rupture force 
(Fir) between CNT-grown (gCPO) and untreated (KPO) para-aramid fabrics. (a) Successive single-yarn 
pull-out tests (gCPO11–13 and KPO11–13). (b) successive double-yarn pull-out tests (gCPO21–23 and 
KPO21–23). (c) successive triple-yarn pull-out tests (gCPO31–33 and KPO31–33). The plotted values 
are directly obtained from the experimental results summarized in Table 2. 

3.1.2. Intra-yarn shear strength result  

The intra-yarn shear strength measured for single-, double-, and triple-yarn pull-out 
configurations in both CNT-modified (gCPO) and untreated (KPO) para-aramid fabrics is summarized 
in Table 2 and comparatively shown in Figure 6(a–b). The results reveal a consistent enhancement in 
intra-yarn shear strength for the CNT-modified structures across nearly all configurations, with values 
ranging approximately between 0.003 MPa and 0.155 MPa depending on yarn count and sample 
condition. In the single-yarn configuration (11–12–13 series, Figure 6a), the gCPO samples exhibit a 
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pronounced increase in intra-yarn shear strength compared to the KPO counterparts. For instance, the 
shear strength rises from 0.0271 MPa (KPO11) to 0.0853 MPa (gCPO11), corresponding to an 
approximate 214.8% increase. Similarly, in subsequent extractions (gCPO12 and gCPO13), the shear 
strength values remain significantly higher than those of KPO12 and KPO13, showing improvements 
of approximately 384% and 236%, respectively. This substantial enhancement indicates that CNT 
growth effectively reinforces inter-filament friction and improves resistance to shear-induced yarn 
mobility during initial extraction stages. For the two-yarn configuration (21–22–23 series), a similar 
but slightly moderated trend is observed. The intra-yarn shear strength increases from 0.0510 MPa 
(KPO21) to 0.1547 MPa (gCPO21), representing an enhancement of approximately 203.3%. For the 
second and third extraction sequences, gCPO22 and gCPO23 also demonstrate higher shear strength 
values than their pristine counterparts, with improvements of approximately 391% and 522%, 
respectively. These results suggest that CNT-induced surface roughness continues to enhance inter-
yarn friction, although the relative contribution begins to distribute across multiple contact interfaces 
as yarn count increases. In the three-yarn configuration (31–32–33 series, Figure 6b), the trend 
exhibits a transition in behavior. While the first extraction (gCPO31) still shows a moderate 
improvement over KPO31 (0.1066 MPa vs. 0.0979 MPa, approximately 8.9% increase), subsequent 
extractions demonstrate a significantly larger enhancement. Specifically, gCPO32 (0.0960 MPa) 
compared to KPO32 (0.0069 MPa) yields an increase of approximately 1291%, while gCPO33 (0.0954 
MPa) compared to KPO33 (0.0053 MPa) results in an improvement of approximately 1700%. This 
dramatic increase indicates that CNT-functionalization becomes increasingly effective in maintaining 
shear resistance under progressive yarn disengagement, particularly when the pristine structure 
experiences rapid degradation in interfacial cohesion. 

The observed improvements in intra-yarn shear strength can be attributed to the nanoscale 
surface modification induced by carbon nanotube growth. The presence of CNTs introduces a 
hierarchical roughness and increases the effective contact area between filaments, thereby enhancing 
mechanical interlocking and frictional resistance at yarn crossover points. This effect is particularly 
pronounced during the crimp extension and early sliding stages, where interfacial adhesion governs 
the mechanical response. In contrast, the pristine KPO samples exhibit a rapid decline in intra-yarn 
shear strength with increasing yarn extraction sequence, reflecting weaker inter-filament interactions 
and reduced resistance to shear deformation. The comparison between gCPO and KPO clearly 
demonstrates that CNT incorporation significantly stabilizes interfacial mechanics, delaying the loss of 
shear resistance even under multi-yarn pull-out conditions. Overall, the results confirm that carbon 
nanotube growth effectively enhances intra-yarn shear strength by improving frictional load transfer 
and interfacial stability within the woven structure [11, 30, 29, 32]. However, as previously noted, 
these benefits must be balanced against potential reductions in intrinsic fiber strength due to thermal 
processing, emphasizing the need for optimized synthesis conditions. 
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Figure 6. Intra-yarn shear strength (IYSS) of pristine (KPO) and CNT-grown (gCPO) para-aramid 
fabrics as a function of yarn configuration across sequential pull-out stages. (a) gCPO and (b) pristine 
(KPO) fabric structures. 

3.1.3. Pull-out energy result 

The pull-out energy measured for both single- and multi-yarn extraction configurations of CNT-
modified para-aramid fabrics is reported in Table 3. Additionally, Figures 7 and 8(a–b) illustrate the 
distribution of energy dissipation components obtained from successive single-yarn pull-out tests 
performed on the gCPO surface. These components consist of crimp extension energy, initial 
interlacement rupture energy, and stick–slip frictional energy [22], which together characterize the 
progressive energy dissipation behavior during the pull-out process.  
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Table 3. Yarn pull-out energy values for CNT-modified and pristine para-aramid fabrics. 

Label 
 
 

Crimp extension 
Energy 
 
(J) 

Initial interlacement 
rupture force energy 
(J) 

Stick-slip energy 
 
(J) 

Total energy 
 
(J) 

Single yarn 
gCPO11 0.27 0.13 1.98 2.39 
gCPO12 0.05 0.01 0.49 0.55 
gCPO13 0.05 0.01 0.53 0.59 
KPO11 0.08 0.05 0.84 0.96 
KPO12 0.01 0.01 0.22 0.23 
KPO13 0.01 0.01 0.33 0.35 
Multiple yarns 
Two yarns 
gCPO21 0.70 0.15 3.62 4.47 
gCPO22 0.27 0.15 2.73 3.16 
gCPO23 0.16 0.13 1.92 2.21 
KPO21 0.32 0.18 4.20 4.70 
KPO22 0.06 0.05 1.02 1.12 
KPO23 0.03 0.03 0.48 0.54 
Three yarns 
gCPO31 0.38 0.15 6.17 6.70 
gCPO32 0.37 0.23 4.52 5.12 
gCPO33 0.30 0.42 2.73 3.45 
KPO31 0.87 0.12 10.35 11.34 
KPO32 0.07 0.04 0.91 1.01 
KPO33 0.05 0.05 0.72 0.81 

The pull-out energy results summarized in Table 3 and illustrated in Figures 7 and 8(a–b) reveal 
that energy dissipation is strongly governed by both yarn configuration (single vs. multi-yarn) and 
extraction sequence. Across all cases, stick–slip energy dominates the total energy, confirming that 
frictional sliding is the primary energy absorption mechanism. 

For single-yarn pull-out, the CNT-modified fabric (gCPO) exhibits a clear enhancement in total 
energy for the first extraction. Specifically, total energy increases from 0.96 J (KPO11) to 2.39 J 
(gCPO11), corresponding to an approximate 149% improvement, mainly driven by the increase in 
stick–slip energy (0.84 → 1.98 J, ~136%). However, in subsequent extractions (12 and 13), the 
difference becomes less pronounced, with gCPO showing only moderate improvements (~139% for 
12, ~69% for 13), indicating that the CNT effect is most effective during the initial pull-out where 
interfacial contact is highest. 
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Figure 7. Sequential single-yarn pull-out energy for CNT-grown and pristine para-aramid fabric 
substrates. 

In the two-yarn configuration (Figure 8a), a different trend emerges. While gCPO21 shows a 
slightly lower total energy than KPO21 (4.47 J vs. 4.70 J, ~−4.9%), subsequent extractions demonstrate 
a significant advantage for the CNT-modified structure. For example, total energy increases from 1.12 
J (KPO22) to 3.16 J (gCPO22) (~182%) and from 0.54 J (KPO23) to 2.21 J (gCPO23) (~309%). This 
indicates that CNT-induced friction becomes increasingly effective as the structure undergoes 
progressive yarn disengagement, stabilizing energy dissipation in later stages. 

In the three-yarn configuration (Figure 8b), the initial extraction again shows a lower total 
energy for gCPO compared to KPO (6.70 J vs. 11.34 J, ~−40.9%), primarily due to the significantly 
higher stick–slip energy of the pristine structure (10.35 J). However, similar to the two-yarn case, 
subsequent extractions reveal a strong recovery and enhancement for the CNT-modified fabric. The 
total energy increases from 1.01 J (KPO32) to 5.12 J (gCPO32) (~407%) and from 0.81 J (KPO33) to 
3.45 J (gCPO33) (~326%). This behavior highlights that while the pristine structure dissipates more 
energy initially due to abrupt and unstable sliding, the CNT-modified system maintains a more 
sustained and controlled energy dissipation over sequential pull-outs. The anomalously higher total 
pull-out energy observed for the pristine KPO31 specimen indicates that energy dissipation during the 
first three-yarn extraction is governed by a different balance between frictional sliding and structural 
failure than that observed in the single- and two-yarn configurations. Simultaneous extraction of three 
adjacent yarns substantially increases the load-sharing requirement and the geometric confinement 
imposed by the surrounding woven architecture. In the pristine fabric, the relatively smooth filament 
surfaces permit more extensive yarn rearrangement and longer sliding distances before complete 
disengagement. This prolonged stick–slip process generates a larger sliding path and consequently a 
greater area under the force–displacement curve, resulting in the higher total pull-out energy despite 
the lower interfacial friction level. In contrast, the CNT-grown fabric develops stronger mechanical 
interlocking and higher local friction at yarn crossover regions. Although these mechanisms increase 
pull-out resistance, they also promote earlier stress localization within the constrained three-yarn 
bundle. Combined with the partial reduction in filament tensile integrity caused by the CVD process, 
this limits the available sliding distance and shortens the stick–slip regime, thereby reducing the total 
absorbed energy during the first three-yarn extraction. This interpretation is also consistent with the 
corresponding force–displacement responses shown in Figure 4, where the pristine KPO31 specimen 
exhibits a more extended stick–slip sliding region than the CNT-modified counterpart. Therefore, the 
unique energy response observed for KPO31 reflects a transition from predominantly friction-
controlled energy dissipation toward a deformation mechanism increasingly governed by collective 
load sharing, geometric confinement, and filament integrity under high multi-yarn loading conditions. 

Overall, the results indicate that CNT functionalization redistributes energy dissipation from a 
single dominant event (as in KPO) to a more stable, progressive mechanism (in gCPO). The enhanced 
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stick–slip continuity and reduced energy drop across sequential extractions confirm improved 
interfacial stability and frictional consistency. This effect is particularly critical in multi-yarn 
configurations, where maintaining energy absorption capability after initial yarn removal is essential 
for structural integrity and impact resistance. One limitation of the present study is the absence of 
repeated pull-out measurements for each configuration. This was primarily due to the limited 
availability of CNT-grown para-aramid specimens produced through the laboratory-scale CVD process 
and the corresponding material constraints. Consequently, the present work should be interpreted as 
a mechanistic experimental investigation focusing on the evolution of interfacial behavior during 
successive yarn pull-out rather than as a statistical assessment of experimental variability. 
Nevertheless, the observed trends remain internally consistent across all pull-out configurations and 
are supported by the corresponding force–displacement responses, pull-out force, intra-yarn shear 
strength, and energy analyses. Future studies will include independent repeated experiments with a 
larger specimen population to quantify statistical variability and further validate the mechanisms 
proposed in the present work. 

 

Figure 8. Sequential pull-out energy for multi-yarn configurations in CNT-modified and pristine para-
aramid fabrics. (a) Two-yarn case and (b) three-yarn case. 

4. Conclusion 

This study systematically investigated the interfacial mechanical behavior of para-aramid 
fabrics modified via in situ carbon nanotube growth under sequential single and multi-yarn pull-out 
conditions. The results clearly demonstrate that carbon nanotube functionalization significantly 
enhances friction-governed responses at the yarn–yarn interface, leading to improved pull-out 
performance, intra-yarn shear strength, and energy dissipation characteristics. In single-yarn 
configurations, the carbon nanotube-modified fabrics exhibited substantial increases in both 
maximum pull-out force and initial interlacement rupture resistance, indicating stronger filament 
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anchoring and delayed yarn disengagement. Similar improvements were observed in two-yarn 
configurations, where frictional amplification and increased contact area contributed to enhanced load 
transfer. However, in three-yarn systems, although pull-out forces remained comparable or slightly 
higher, a reduction in interlacement rupture resistance was observed. This behavior reflects a 
transition in the governing failure mechanism, where increased internal stress concentrations and 
reduced filament integrity begin to outweigh frictional gains. 

The intra-yarn shear strength results further confirmed that carbon nanotube growth improves 
inter-filament friction and stabilizes the mechanical response, particularly under progressive yarn 
extraction. Notably, the CNT-modified structures maintained significantly higher shear resistance 
compared to pristine fabrics, even in later extraction stages where the control samples exhibited rapid 
degradation. Energy-based analysis revealed that stick–slip friction is the dominant energy dissipation 
mechanism across all configurations. Carbon nanotube incorporation redistributed the energy 
absorption behavior from a single dominant event in pristine fabrics to a more stable and sustained 
dissipation process in modified structures. While pristine fabrics exhibited higher initial energy 
absorption in certain multi-yarn cases, CNT-modified fabrics demonstrated superior performance in 
maintaining energy dissipation across sequential pull-outs. 

Overall, the findings highlight that carbon nanotube functionalization effectively enhances 
interfacial friction and mechanical stability in para-aramid fabrics. However, the associated reduction 
in intrinsic yarn strength due to thermal processing introduces a critical trade-off. Therefore, 
optimizing chemical vapor deposition parameters or exploring alternative low-temperature surface 
modification techniques is essential to achieve a balanced improvement in both interfacial and 
intrinsic mechanical properties for advanced protective textile applications. Future work will focus on 
performing repeated pull-out experiments using a larger number of independently prepared CNT-
functionalized specimens to establish statistical confidence and further validate the mechanistic 
trends identified in the present study. 
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