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A B S T R A C T   

Shear thickening fluids (STFs) refer to non-Newtonian fluids of the dilatant variety, wherein their 
viscosity experiences a significant surge with an escalation in the shear rate. In this investigative 
work, the friction behavior between yarns (pull-out) and absorption of static and kinetic energy 
during the phenomenon of friction between yarns in STFs are performed by monophase (MP-STF) 
adding nano SiO2 and dual-phase (MP-STF) adding carbon nanotubes. The ρ-Aramid fabrics were 
reinforced via the “foulard process”, and carried out on MP-STF, and DP-STF/ρ-Aramid-impreg-
nated fabrics to evaluate and compare with the enhancement in interfacial friction properties 
between yarns. The results showed that DP-STF has more significant than MP-STF and MP-STF in 
ultimate load, kinetic shear stress, static shear stress, and friction energy level effects. The DP-STF 
exhibits various friction enhancement mechanisms at the yarn interface, leading to higher ab-
sorption of static and kinetic energy related to interfacial friction, as indicated by the results 
obtained. Furthermore, the DP-STF/ρ-Aramid impregnated fabrics exhibited ultimate load (22.23 
± 0.522 N), kinetic shear stress (35.73 ± 0.850 MPa*100), static shear stress (36.28 ± 0.900 
MPa*100), and friction energy level (610.33 ± 0.250). Increased ultimate load (581.7% and 
180.7%), kinetic shear stress (621.4% and 174.6%), static shear stress (550.5% and 159.1%), and 
friction energy level (680.2 and 186.7%) compared to WT-STF and MP-STF, respectively. The 
current discoveries hold immense potential for various applications in the fields of engineering 
and smart material technologies. These applications span a multiplicity of industries, including 
sports products, medical advancements, space technology, as well as protective and shielding 
products.   

1. Introduction 

The frictional behavior between yarns of woven fabrics is a relevant factor in determining their mechanical properties, particularly 
in applications, where sliding between yarns is expected [1]. In composite materials, such as those used in protective clothing and 
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ballistic armor, the friction behavior between yarns can greatly influence the energy absorption and deformation resistance of the 
material [2]. Therefore, understanding and optimizing the friction behavior between yarns on composite fabrics is critical to improve 
their performance. The test of yarn pullout is a widely used method to measure the interfacial properties in composite for protection 
materials [3]. The yarn pullout test comprises extracting an individual yarn from the fabric, and analyzing the curve of 
force-displacement acquired to estimate the properties of interfacial friction [4]. Dual-phase shear thickening fluids are currently being 
studied due to impact resistance applications due to their unique properties and superior performance over traditional STF [5,6]. The 
behavior of these colloidal suspensions is mainly determined by the interfacial properties between the different phases. Therefore, 
understanding the interfacial behavior of dual-phase STF/ρ-Aramid impregnated fabrics is essential for optimizing their performance 
[7]. The properties of interfacial friction in dual-phase STF/ρ-Aramid impregnated fabrics containing STFs, and ρ-Aramid woven [5]. 
In 2019, researchers conducted an investigative study on a modified model aimed at fully capturing the rheological characteristics of 
multi-phase STFs (Suspensions, Slurries, or Soft Matter Fluids). The enhancements made to the flow prediction model for multi-phase 
STFs resulted in significant improvements, particularly in accurately describing the behavior of shear thinning in these materials [8]. n 
2020, other researchers delved into exploring the smart fluids of multi-phase rheology using an innovative intelligent model, marking 
a groundbreaking milestone in the field. Their pioneering work demonstrated that intelligent modeling proves to be highly efficient, 
mainly attributed to the algorithm of parameter-free and capability of remarkable fitting. These findings signify a significant 
advancement in the understanding and application of multi-phase STFs [9]. 

In recent years, dual-phase composite fabrics composed of STFs and ρ-Aramid fibers have been developed and shown promising 
results in improving the impact properties of fabric-based composites [10]. STFs are suspensions of colloidal particles that exhibit a 
unique shear-thickening behavior, which enhances the energy dissipation and, impact resistance of fabric-based composites [11,12]. 
While ρ-Aramid fabrics are well known for their high strength and stiffness. The combination of STF and ρ-Aramid fabrics has been 
shown to provide superior energy absorption and impact resistance properties in fabrics used for various applications mainly for 
personal protection [13]. 

Several methods be used to understand the friction behaviors between yarns experimental [4,14,15], numerical [16], Modelling 
[17], and, factorial [18,19]. The factorial design is a statistical method that allows the systematic variation of multiple factors 
simultaneously, while 3D-RSM is a modeling technique that can visualize the effects of multiple factors on a response variable. By using 
these techniques, identify the most significant factors that affect the friction between yarns of the fabric-based composite and their 
levels of frictional resistance. This study, was investigate the friction behavior between yarns of dual-phase STF/ρ-Aramid fabrics using 
a statistical approach. Was employ a factorial design and 3D-RSM (3-Dimensional Response Surface Methodology) to analyze the 
impacts of various factors, such as STF type (WT-STF, MP-STF, and DP-STF), and the speed of pull-out (100, 550, and 1000 mm/min), 
on the inter-yarn friction behavior. The findings obtained from this research endeavor offer significant insights into the interfacial 
characteristics of dual-phase STF/ρ-Aramid fabrics. This valuable information has the potential to advance the development of 
fabric-based composites applied to impact and various cut resistance situations such as various applications, including protective 
clothing, ballistic armor, and other engineering uses, ensuring high-performance outcomes. 

2. Materials and methods 

High-performance ρ-Aramid fabrics are materials that have been repeatedly used and applied and applied to shear thickening 
fluids. For all experiments, ρ-Aramid fabrics were used, as exhibited in Table 1. 

2.1. Factorial design 

Table 2 presents the variables and conditions utilized for the experimental planning in this statistical study, conducted using the 
statistical software Design Expert 13 [20,21]. The investigation aimed to examine the friction properties behaviour of dual-phase 
STF/ρ-Aramid impregnated fabrics [19,22] and employed a factorial design of 22 with 4 replicates and 1 central point. The 
response properties (refer to Table 2) were assessed and analyzed through analysis of variance (ANOVA), which involved determining 
the F-value, the probability of significance (ρ-value), the determination coefficient R2, and the response surface 3D (RSM) [23]. 

2.2. Shear thickening fluid preparation 

The shear thickening fluids monophase and dual-phase were prepared with polyethylene glycol 400 g/mol as dispersant phase, 

Table 1 
Material characteristics and Geometric parameters of ρ-Aramid fabrics.  

Material characteristics Geometric parameters 

Structure 1x1Taffeta 
Grammage 472-522± g/m2 
Linear density - Weft 336–344.4 Tex 
Linear density - Warp 341–346.1 Tex ±2.56 
Weft/cm 7 
Warp/cm 7  
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ethanol (99%) was used to dilute the STFs, as well as silica (SiO2 - powder) spherical nanoparticles (20 nm from EVONICK), and carbon 
nanotubes (CNTs – acquired from university) was utilized as the dispersed phase. For preparation of the MP-STF composition, SiO2 
nanoparticles were added based on the mass percent concentration [24] as exhibited in Table 3; Later on, they were combined and 
vigorously stirred for over 12 h via sonication to obtain a stable colloidal suspension. To obtain DP-STF, the same procedure used for 
MP-STF was performed. After the 12 h being mixed and stirred, the 2nd dispersed phase (CNTs) were added to the STF monophase and 
mixed, stirred for more than 12 h via sonication. So, the preparation of DP-STF was finalized as exhibited in Fig. 1. 

2.3. Impregnation in the ρ-Aramid fabrics 

The MP-STF and DP-STF were prepared using a process via impregnation called foularding. Initially, was diluted each STFs with 
ethyl alcohol in 1 ethanol/4 STF, and the ρ-Aramid fabrics were cut into square pieces with dimensions of 11 cm × 11 cm. Each 
ρ-Aramid fabric was immersed in the STF with different dispersed phases (MP-STF and DP-STF), for 15 min. Then, the ρ-Aramid fabrics 
were squeezed through a foularding process (0.5 bar pressure and 3 m/min rollers velocity) with the aim of extracting excess Shear 
thickening fluids. Afterward, the ethanol was eliminated through evaporation using a laboratory stenter machine (75 ◦C per 1 min and 
30 s) [5]. Finally, was produced STF’s different dispersed phases. 

3. Characterization 

3.1. Analysis of scanning electron microscopy (SEM) 

After impregnation with MP-STF and DP-STF, the ρ-Aramid fabrics were subjected to a drying process and subsequently charac-
terized using HITACHI scanning electron microscopy (SEM), model TM3000 (Hitachi, Tokyo, Japan). The objective of this analysis was 
to assess the distinctions among the ρ-Aramid fabrics, namely: untreated ρ-Aramid fabric (WT-STF), ρ-Aramid fabric impregnated with 
dispersed monophase STF (MP-STF), and ρ-Aramid fabric impregnated with dispersed dual-phase STF (DP-STF). 

3.2. Rheological test of STF 

The rheological properties of DP-STF – 0.5%, DP-STF – 0.4%, DP-STF – 0.3%, DP-STF – 0.2%, MP-STF, and PEG 400 were tested by 
rheometer of TA Company. The flat rotor had a diameter of 25 mm, with a spacing value of 0.5 mm. The environment temperatures 
were 25 ◦C ± 2 ◦C. Fig. 2 depicts the viscosity versus shear rate relationship by plotting curves across a shear rate scanning range of 
0.1–1000 1/s. 

When the mass fraction of Carbon Nanotubes (CNT) reaches 0.5% in the DP-STF, both the initial and peak viscosity of the STF 
increase simultaneously. This is attributed to the gradual increase of the number of ’new particle groups,’ causing a reduction in the 
distance between the particles, thus impeding their flow. The DP-STF containing 0.5% CNT exhibits significant properties of shear 
thinning and shear thickening, resulting in a substantially higher peak viscosity compared to DP-STF with 0.4% CNT, 0.3% CNT, and 
0.2% CNT, respectively. So, for that reason, it was used DP-STF (with 0.5% CNT) in this statistical approach study. 

3.3. Yarn pull-out test 

Experiments were conducted utilizing a tensile testing machine (Tensolab 3000 from Mesdan), and samples with dimensions of 10 

Table 2 
Variables, experimental conditions, and power responses for the study.  

Variable Type Low Middle High 

A - Composition Numeric 1 (WT-STF) 2 (MP-STF) 3 (DP-STF) 
B – Pull-Out speed Numeric 100 550 1000 

Design of the power responses for the study  
Units Delta (Signal) Sigma (Noise) Signal/Noise Power of A Power of B 

Yarn pull-out force N 2 1 2 96% 96% 
Kinetic shear stress (MPa)* 100 2 1 2 96% 96% 
Static shear stress (MPa)* 100 2 1 2 96% 96% 
Friction energy mJ 2 1 2 96% 96  

Table 3 
Composition of each shear thickening fluid.  

Sample PEG 400 (%) SiO2 (%) CNTs (%) 

WT-STF (without STF) – – – 
MP-STF (monophase) 65 35 [5] – 
DP-STF (dual-phase) 65 34.50 0.50  
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cm length and 2 cm width are exhibited in Fig. 3A. This test was used to explore the influence, and behavior of the WT-STF, MP-STF, 
and DP-STF in the friction among the yarns. A deliberate cut was required below the lower end of the single yarn to ensure its freedom. 
The tensile test machine’s movable jaw was set to three different speeds: 100 mm/min, 550 mm/min, and 1000 mm/min as shown in 
Fig. 3A, B. To measure the friction force against the yarns, the ρ-Aramid fabric was securely fastened to the bottom jaw of the machine, 
and a single yarn was then extracted by the movable jaw of the tensile machine, as shown in Fig. 3B. 

4. Results and discussions 

4.1. Analysis of scanning electron microscopy – SEM 

4.1.1. SEM micrographs of shear thickening fluids with MP-STF (M0 and M1) and DP-STF (M2 and M3) 
In the case of MP-STF, SEM micrographs typically show regular-shaped SiO2 particles dispersed throughout the fabric surface. 

Fig. 1. Illustration of the production process of the different STFs.  

Fig. 2. Rheological performance of PEG 400, MP-STF, and the optimization of DP-STF with CNTs.  
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These particles are seen to form clusters or agglomerates, which contribute to the shear thickening behavior of the fluid. As exhibited in 
Fig. 4 (M2, and M3) the SEM micrographs of (DP-STF) typically show a more uniform dispersion of both SiO2 particles and CNTs 
throughout the fabric surface [25]. The CNTs act as a "skeleton” to support the SiO2 particles, preventing their clustering and leading to 
a more stable and uniform microstructure. This results in enhanced STFs behavior and improved resistance to the force of yarn 
pull-out, the energy consumed by the interface, static and kinetic friction interface, and protective capabilities. Furthermore, SEM 
micrographs of DP-STF often reveal a network of interlocking CNTs. SEM micrographs of MP-STF (SiO2) and DP-STF (SiO2+CNT) 
reveal important differences in microstructure that impact the fluid’s shear thickening behavior [26]. 

4.2. Statistical analyzes 

Silica (SiO2) nanoparticles are commonly used as the primary filler in STFs (MP-STF), as they promote improvement its perfor-
mance compared to WT-STF. However, the addition of a secondary filler (CNTs) to STFs (DP-STF) enhanced the properties as exhibited 
in Fig. 5. This happens because CNTs form a strong network within the fluid, increasing its strength and viscosity [27]. Additionally, 
the high proportion of CNTs allows them to form entangled networks, which provide reinforcement and prevent the formation of large 
clusters of nanoparticles that could lead to sedimentation and separation of the fluid over time [28]. The results showed that DP-STF 
(SiO2+CNTs) exhibit higher yarn pull-out forces compared to those MP-STF (SiO2) and WT-STF (without STF). This is due to the high 
aspect ratio of CNTs, and they form entangled networks within the STF, which can provide reinforcement and increase the adhesion 
between the STF and the fibers or yarns [29]. In contrast, MP-STF does not exhibit the same level of reinforcement, and adhesion 
caused by the absence of entangled networks formed by the nanoparticles [30]. As obtained result, the force of yarn pull-out in MP-STF 
was inferior to those using DP-STF [31]. In summary, the addition of CNTs to STFs (DP-STF) improves the reinforcement and adhesion 

Fig. 3. Representation of (A) test configuration and (B) test on equipment.  

Fig. 4. SEM images of surfaces in (M0 and M1) MP-STF/ρ-Aramid fabrics; (M2 and M3) DP-STF/ρ-Aramid fabrics.  
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properties of the STF, leading to higher yarn pull-out forces and better overall performance in composite materials for use in personal 
protection [32]. The speed of the pull-out positively affects the yarn pull-out force in shear thickening fluids (STFs) because it affects 
the shear rate and fluid viscosity surrounding the fiber or yarn during the test [33]. As the rheological properties in the DP-STF 
(SiO2+CNTs) were superior to those of MP-STF (SiO2) and WT-STF (without STF). When the pull-out was carried out at a higher 
speed (1000 mm/min), the shear rate of the DP-STF increases more than those of others (MP-STF and WT-STF), which cause a 
nonlinear increase in its viscosity. This increase in viscosity lead to a higher force of yarn pull-out as STFs becomes more resistant to 
deformation and flow. On the other hand, when the pull-out test is performed at a lower speed (100 mm/min), the shear rate of the 
MP-STF and WT-STF decreases drastically compared to DP-STF (SiO2+CNTs), which causes an intense reduction in its viscosity to 
MP-STF and WT-STF, this did not happen to DP-STF. Which promotes the protective performance of composite fabrics against impact 
loads. Then, the high aspect ratio of CNTs allows them to form entangled networks, which prevent the formation of large clusters and 
separation of the fluid over time. Therefore, the speed of the pull-out test has a significant impact on the force of yarn pull-out in STFs 
as showed in Fig. 5. 

During the test of yarn pull-out in STFs, the energy absorbed by the interface between the fiber or yarn and the STF is a critical 
parameter that affects the overall performance of the protective fabrics. The level of interface friction energy consumption was affected 
by the STF type (DP-STF, MP-STF, and WT-STF) and the speed of pull-out used in the test. MP-STF does not exhibit the same level of 
resistance to fiber or yarn sliding due to the lack of entangled networks formed by the nanoparticles. As a result, the interface friction 
energy consumption level during yarn pull-out in MP-STF was lower than DP-STF (SiO2+CNTs). Fig. 6 shows that STFs using a 
combination of silica nanoparticles and carbon nanotubes (DP-STF) exhibit higher interface friction energy consumption levels during 

Fig. 5. Result of yarn pull-out force in different shear thickening fluids (WT-STF, MP-STF, and, DP-STF) using 3D surface.  

Fig. 6. Result of Friction energy in different shear thickening fluids (WT-STF, MP-STF, and, DP-STF) of using 3D surface.  
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yarn pull-out tests compared to those MP-STF, and WT-STF [34]. This occurred because the CNTs form entangled networks within the 
STF, which provide more resistance to the deformation and sliding of the fiber or yarn during the pull-out test. The SiO2+CNTs 
(DP-STF) improve the resistance to fiber or yarn sliding and increase the interface friction energy absorption level during the test of 
pull-out. This lead to better overall performance in protective materials that use shear thickening fluids as a reinforcement. When a 
yarn is pulled out of an STF, the frictional force between the yarn and the fluid generates energy that is dissipated. The level of energy 
consumption during yarn pull-out in STFs is influenced by several factors, including the speed of the yarn pull-out. At low speeds of 
yarn pull-out (100 mm/min), the STF has enough time to flow around the yarn and effectively lubricate its movement, resulting in 
lower levels of frictional force and energy consumption (MP-STF, and WT-STF) as exhibited in Fig. 6. However, as the speed of pull-out 
increases (1000 mm/min), the STF is unable to flow around the yarn as quickly, leading to a higher level of frictional force and energy 
consumption (DP-STF). Therefore, the speed of yarn pull-out is an important factor to consider when designing systems that use STFs 
for energy absorption or damping purposes, as it can significantly affect the energy dissipation capabilities of the fabrics impregnated. 

Static interfacial friction in MP-STF (SiO2) was inferior to those in DP-STF (SiO2+CNTs) due to the synergistic effect because CNTs 
interact with SiO2 particles to form a more stable and stronger network structure. This enhances the interparticle interactions and 
increases the rheological properties and STFs behavior in the fluid, resulting in higher interfacial friction. Then, a higher surface area 
than the CNTs, which allows for more effective contact with the opposing surface, resulting in increased friction significantly higher in 
DP-STF compared to MP-STF. The increased surface area also provides more sites for the formation of hydrogen bonds and other 
intermolecular interactions, further enhancing the interfacial friction as exhibited in Fig. 7. CNTs can align themselves in the applied 
shear direction, creating a more ordered structure that enhances the STFs behavior in the fluid, clearly remarked in behavior of DP- 
STF. This alignment also increases interfacial friction by creating more contact points between the fluid and the opposing surface [35]. 
Overall, the DP-STF significantly improve their interfacial friction, making them more effective in protective applications. The static 
friction interface in shear thickening fluids was affected by yarn pull-out speed (100 mm/min, 550 mm/min, and 1000 mm/min). 
Pull-out of yarn refers to the process of pulling a yarn or fiber out of a fabric structure. If the yarn is pulled out too slowly (100 
mm/min), the STF may have more time to form a stable network around the yarn, resulting in a lower static friction interface. On the 
other hand, when the yarn is pulled out too quickly (1000 mm/min), the STF may not have enough time to form a stable network 
around the yarn, resulting in a higher static friction interface. In both DP-STF (SiO2+CNTs) and MP-STF (SiO2) the speed at which the 
yarn was pulled out affected positively the static friction interface compared to WT-STF [21]. However, DP-STF was more affected than 
the others (MP-STF, and WT-STF), due to the time-dependent behavior of STFs and the formation and breakage of particle networks 
within the STF as showed in Fig. 7. 

The kinetic friction interface in shear thickening fluids (STFs) also was affected by the yarn pull-out speed. Observed that yarn was 
pulled out of a STF at different speeds as shown in Fig. 8, it can affect the kinetic friction interface between the yarn and the STF (DP- 
STF, MP-STF, and, WT-STF). Specifically, a slower yarn pull-out speed (100 mm/min) was lead to a lower kinetic friction interface, 
while a faster yarn pull-out speed (1000 mm/min) leads to a higher kinetic friction interface this phenomenon was observed by DP-STF 
(SiO2+CNTs), and MP-STF (SiO2) except WT-STF. This effect be explained by the time-dependent behavior of STFs. DP-STF 
(SiO2+CNTs) exhibit time-dependent behavior superior to MP-STF (SiO2), where their viscosity and other properties can change 
over time [36]. This time-dependent behavior is often attributed to the formation and breakage of particle networks within the STF. 
Then, when a yarn is pulled out of a DP-STF at a higher speed, the STF particles (SiO2+CNTs) have more time to form a stable network 
around the yarn. This network can create more points of contact and increase the kinetic friction interface, resulting in higher 
resistance to motion between the yarn and the STF compared to those prepared only with SiO2. Finally, the yarn pull-out speed affected 

Fig. 7. Result of Static (Shear stress) in different shear thickening fluids (WT-STF, MP-STF, and, DP-STF) of using a 3D surface.  
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both the static and kinetic friction interfaces in DP-STF and MP-STF due to the formation and breakage of particle networks. 
The force-displacement curves for fabrics impregnated with different types of STFs - WT-STF, MP-STF, and DP-STF - exhibited 

distinct characteristics. In Fig. 9b, it can be observed that the friction force during extraction experienced a sudden increase for each 
variant of STF. This phenomenon is attributed to the presence of a dispersed second phase in DP-STF, which contributes to an 
additional friction force. Specifically, the DP-STF (SiO2+CNT) demonstrated the highest peak extraction force at 22.3 N, surpassing the 
WT-STF value of 7.57 N by 194.6%. Furthermore, the introduction of carbon nanotubes (CNT) in the dual-phase STF (DP-STF) 
enhanced the friction between yarns. This effect impeded the pulled yarn from slipping and hindered the projectile penetration. As a 
result, the significant factor was the friction between the yarns, which played a critical role in enhancing the dissipation and absorption 
of kinetic energy during projectile impacts. Additionally, Fig. 9a and b illustrate that the curve of force-displacement in WT-STF at a 
speed of 1000 mm/min exhibited lowest frictional force of 7.57 N, accompanied by a relatively smaller displacement of 3.3 mm. In 
summary, the curves of the force-displacement on the fabrics impregnated with different STF variants demonstrated varying friction 
forces, with the DP-STF (SiO2+CNT) exhibiting the highest extraction force. The incorporation of Carbon Nanotubes (CNT) in the DP- 
STF resulted in enhanced inter-yarn friction, significantly reducing yarn slippage and greatly improving the fabric’s ability to dissipate 
and absorb kinetic energy from projectile impacts. 

In Table 4 shear thickening fluids MP-STF (SiO2) are generally inferior to those DP-STF (SiO2+CNTs) for several reasons as an 
aggregation because SiO2 particles tend to aggregate in STFs, which results in poor dispersion and reduces their effectiveness in 
improving the viscosity of the fluid [37]. DP-STF (SiO2+CNTs), on the other hand, due to nanotubes carbon have a high proportion and 
strong van der Waals forces, which make them well-dispersed and evenly distributed in the fluid. Viscosity range because MP-STF 
(SiO2) tends to produce STFs with a narrow viscosity range, while DP-STF (SiO2+CNTs) are capable of producing fluids with a 
broad range of viscosities [38]. This broad range is due to the self-assembly of CNTs, resulting in a network of entangled nanotubes that 
provide unique rheological properties. Shear stress sensitivity because MP-STF (SiO2) is often more sensitive to changes in shear stress 
and can experience a sudden drop in viscosity at high shear rates [39]. DP-STF (SiO2+CNTs), on the other hand, exhibit a higher 
tolerance to shear stress and can maintain their viscosity at high shear rates. Applications because DP-STF (SiO2+CNTs) was applied in 
a wider range of fields, including aerospace, defense, biomedical, and electronics industries, thanks to their unique properties. MP-STF 
(SiO2), however, are more limited in their applications due to their less desirable properties [40]. Finally, DP-STF (SiO2+CNTs) are 
superior to MP-STF (SiO2) due to their superior dispersion, broader viscosity range, higher tolerance to shear stress, and a wider range 
of applications. 

Dual-phase suspensions are a type of composite material that offer unique properties and advantages compared to traditional 
monophase materials [41]. In this case, the dual-phase material is composed of a combination of CNT + SiO2/ρ-Aramid, M-MWNT +
SiO2/ρ-Aramid, GO + SiO2/ρ-Aramid, Gr + SiO2/ρ-Aramid, which is made up of carbon nanotubes (CNTs), multi-wall carbon 
nanotubes (M-MWNT), graphene oxide (GO), graphene (Gr), silica dioxide (SiO2) and ρ-Aramid fabrics. Their exceptional the 2◦ phase 
dispersed (CNTs, GO, Gr, and M-MWNT) promotes strength, stiffness, and thermal conductivity making it a material with great po-
tential in the design of advanced STF for several applications in engineering and smart material technologies. Dual-phase STFs are 
dilatant fluids that combine a second phase and disperse the first phase (SiO2). The second phase can be used nanoparticles of one, two, 
or three dimensions (1-D, 2-D, or 3-D) that enhance the rheological and application properties, thus the dual-phase STF are more 
versatile and have great value and high engineering properties. For example, it can be used in the production of the lightweight, 
high-force of yarn pull-out, as well protective gear manufacturing for military and police, as well as, in the production of sports 
equipment such as helmets and body armor-based innovative materials impregnated with STF. Dual-phase shear thickening fluids are a 

Fig. 8. Result of Kinetic (Shear stress) in different shear thickening fluids (WT-STF, MP-STF and, DP-STF) of using a 3D surface.  
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promising technology that has unique properties that can be tailored to meet specific needs. Its potential applications are numerous 
and diverse, making it an exciting area of research in the field of material science. These combinations of CNT + SiO2/ρ-Aramid [42, 
43], M-MWNT + SiO2/ρ-Aramid [24], GO + SiO2/ρ-Aramid [43], Gr + SiO2/ρ-Aramid [42,44], promote high loads, lightweight, the 

Fig. 9. Results of force versus displacement of the WT-STF, MP-STF, and DP-STF.  

Table 4 
Results ANOVA in WT-STF, MP-STF, and, DP-STF.   

Yarn pull-out force Shear stress (Kinetic) Shear stress (Static) Friction energy  

F value ρ-value F value ρ-value F value ρ-value F value ρ-value 
Model 4499.9 <0.0001 4592.8 <0.0001 4631.5 <0.0001 1132038.2 <0.0001 
A - Composition 10750.2 <0.0001 11474.2 <0.0001 12113.0 <0.0001 2729297.3 <0.0001 
B - Pull-out speed 1459.8 <0.0001 1136.1 <0.0001 961.0 <0.0001 334397.7 <0.0001 
AB 1289.7 <0.0001 1168.0 <0.0001 820.7 <0.0001 332419.6 <0.0001 
STD 0.262 0.425 0.425 0.467 
Mean 10.6 17.13 18.3 283.0 
C.V. % 2.46 2.48 2.32 0.17 
R2 0.99 0.99 0.99 0.99  

Table 5 
Top 10 articles applied to a yarn pull-out test.   

Friction between yarns 

Author Journal Year Reference STF/fabric base Test speed Ultimate 
Force 

Displacement 

Santos, Thiago 
et al. 

– 2023 This 
paper 

CNT + SiO2/ 
ρ-Aramid 

1000 mm/ 
min 

21.9 N 11.3 mm 

Katiyar, Ajay 
et al. 

Journal of Polymer Research 2021 [42] Gr + SiO2/ρ-Aramid 300 mm/ 
min 

41 N 3 mm 
CNT + SiO2/ 
ρ-Aramid 

33 N 6.4 mm 

Zhang, Junshuo 
et al. 

Composites Part A 2021 [46] SiO2/ρ-Aramid 600 mm/ 
min 

11.6 N 2.4 mm 

Santos, Thiago F. 
et al. 

Journal of Composite Materials 2020 [14] SiO2/ρ-Aramid 100 mm/ 
min 

10.50 N 4 mm 

Liu, Lulu et al. Thin-Walled Structures 2020 [43] CNT + SiO2/ 
ρ-Aramid 

50 mm/ 
min 

10.0 N – 

GO + SiO2/ρ-Aramid 500 mm/ 
min 

11.3 N 

Bai, Ruixiang 
et al. 

Composites Part B 2019 [47] SiO2/ρ-Aramid 1000 mm/ 
min 

74.20 N 18.4 mm 

Yeh, Shu-Kai 
et al. 

Journal of Polymer Research 2019 [48] SiO2/ρ-Aramid 80 mm/ 
min 

35.3 N 4.2 mm 

Feng, Yang et al. IOP Conference Series: Materials Science 
and Engineering 

2018 [49] SiO2/ρ-Aramid 100 mm/ 
min 

68.1 N 19.6 mm 

Tan, Zhuhua et al. Smart Materials and Structures 2018 [44] Gr + SiO2/ρ-Aramid 400 mm/ 
min 

29.8 N 6.4 mm 

Li, Danyang et al. Polymers 2018 [24] M-MWNT + SiO2/ 
ρ-Aramid 

100 mm/ 
min 

30 N 4.8 mm  
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static and kinetic friction interfaces and the energy absorbed by the interface between the yarn and the STF make it an excellent choice 
for component applied to personal protection that needs to withstand and stresses. The CNT + SiO2/ρ-Aramid, M-MWNT + SiO2/-
ρ-Aramid, GO + SiO2/ρ-Aramid, Gr + SiO2/ρ-Aramid dual-phase material has numerous potential applications, and offers a unique 
combination of properties that make it an attractive option for several applications in engineering and smart material technologies like 
sports products, medical products, space technology, and protection, and shielding products [45] exhibited Table 5. 

5. Conclusions 

Shear thickening fluids belong to the category of non-Newtonian fluids that shows a pronounced upsurge in viscosity when sub-
jected to applied shear stress. These fluids demonstrate a nonlinear escalation in viscosity with higher shear rates or applied stress 
levels. Dual-phase of CNT-SiO2 (DP-STF) in shear thickening fluids has been shown to significantly improve their performance 
compared to STFs with SiO2 (MP-STF). The presence of CNTs creates a more interconnected network structure within the fluid, which 
enhances its ability to resist deformation and shear thickening behavior. However, MP-STF does not exhibit the same level of 
improvement in the fluid’s properties. Although it can still contribute to the formation of a network structure, it lacks the specific 
properties that allow for efficient interparticle interaction and reinforcement, which are necessary for optimal STFs behavior. The 
results suggest that the DP-STF can significantly enhance their properties (force of yarn pull-out, the energy consumed by the interface, 
static and kinetic friction interface) and potential applications, particularly in areas such as protective clothing, sports equipment, and 
automotive engineering, where such shear thickening fluids can provide improved impact resistance and energy absorption. The 
nanoparticles, SiO2+CNTs (DP-STF), significantly improved the properties of STFs, including their static and kinetic interfacial fric-
tion. This is because CNTs have a high aspect ratio, which allows them to form a network-like structure within the STF. CNTs have high 
surface energy and bond strongly with the STF, further enhancing the frictional properties. In contrast, SiO2 nanoparticles alone do not 
have the same aspect ratio or surface energy as CNTs and may not be able to form a strong network within the STF. As a result, the static 
interfacial friction of SiO2-based STFs (MP-STF) may be inferior to those using SiO2+CNTs (DP-STF). DP-STF have wide applicability 
in industrial and engineering uses, such as in shock absorbers and body armor, protective clothing, as well sports equipment, due to 
their ability to provide enhanced impact resistance and energy absorption. 
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