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Abstract

Terrorist attacks occur constantly, which subsequently arouses awareness of self-

protection. In order to alleviate the harm caused by sharp objects of knives and daggers,

a design of flexible stab-resistant materials that are impregnated with the shear thicken-

ing fluid (STF)/multi-walled carbon nanotubes (MWCNTs) system and different texture

of fabrics is presented. STF/MWCNTs are composed of polyethylene glycol (PEG 200)

as the dispersion medium and silica (SiO2) of 12 nm and 75 nm as disperse phase as well

as MWCNTs as supplementary reinforcement, in expectation to provide the aramid

fabrics with high strengths, low critical shear rate, and a short thickening response time.

The textures of aramid fabrics—plain (P), twill (T), satin (S), or basket (B) weave—are

0(0) 1–18

! The Author(s) 2019

Article reuse guidelines:

sagepub.com/journals-permissions

DOI: 10.1177/1528083719830144

journals.sagepub.com/home/jit

1Innovation Platform of Intelligent and Energy-Saving Textiles, School of Textiles Science and Engineering,

Tianjin Polytechnic University, Tianjin, China
2Tianjin and Ministry of Education Key Laboratory for Advanced Textile Composite Materials, Tianjin

Polytechnic University, Tianjin, China
3Department of Bioinformatics and Medical Engineering, Asia University, Taichung
4Fujian Key Laboratory of Novel Functional Textile Fibers and Materials, Minjiang University, Fuzhou, China
5Department of Medical Research, China Medical University Hospital, China Medical University, Taichung
6College of Textile and Clothing, Qingdao University, Shandong, China
7Laboratory of Fiber Application and Manufacturing, Department of Fiber and Composite Materials, Feng

Chia University, Taichung
8School of Chinese Medicine, China Medical University, Taichung
9Department of Fashion Design, Asia University, Taichung

Corresponding author:

Jia-Horng Lin, Fujian Key Laboratory of Novel Functional Textile Fibers and Materials, Minjiang University,

Fuzhou 350108, China.

Email: jhlin@fcu.edu.tw

http://orcid.org/0000-0002-5448-6347
http://orcid.org/0000-0002-6913-8986
https://uk.sagepub.com/en-gb/journals-permissions
https://doi.org/10.1177/1528083719830144
journals.sagepub.com/home/jit
http://crossmark.crossref.org/dialog/?doi=10.1177%2F1528083719830144&domain=pdf&date_stamp=2019-02-18


saturated in the STF/MWCNTs system. The synergetic influences of silica size and

texture on tensile strength, quasi-static knife, and spike stab resistances of the STF/

MWCNTs-impregnated aramid fabrics are examined. Results show that the plain

aramid fabric immersed in the STF/MWCNTs system containing 12 nm SiO2 (SM12)

exhibit the maximum tensile strength and quasi-static knife stab resistance, 14.7 MPa

and 8.9 MPa, respectively, which is 1.15 and 1.43 times higher than pure aramid fabrics.

Moreover, the basket-weave aramid fabric immersed in the STF/MWCNTs system

containing 12 nm SiO2 have the maximum quasi-static spike stab resistance of

17.12 MPa compared to other textures of fabrics, which is 1.05 times higher than

those immersed in the 75 nm SiO2 STF/MWCNTs (SM75) system and 1.33 times

higher than that of pure basket aramid fabrics.

Keywords

Technical textiles, high-performance fabrics, fabrication weaving, shear thickening fluid,

quasi-static stab resistance, protective fabrics

Introduction

People pay increasingly intensive attention to personal safety, which extends devel-
opment and applications of individual protective products [1–3]. In particular, the
popular stab-resistant flexible clothings that are soaked in a shear thickening fluid
(STF) not only meet the primitive requirements of being light, soft, comfortable,
and flexible but also have extraordinary impact resistance and stab resistant. STF
has a reversible non-Newtonian fluid behavior and is commonly composed of a
dispersion medium and a material at a disperse phase [4,5]. The shear thickening
behaviors of STF are principally characterized by the viscosity and the rate of
critical shear thickening. Once the shear rate or shear stress reaches the critical
value, the balance of the system is sabotaged and the mobility of the system is
prevented, resulting in greater viscosity [6,7]. When the shear rate or shear stress
gradually decreases, the viscosity returns to its initial value [8]. In short, applying
an external force to STF-impregnated high-performance fabrics can transform
STF from a fluid state to a solid state. This transformation enhances the impact
resistance of the fabric. STF was first found in hard ball type dispersions and
named in 1938, after which the US military laboratory and Dr. Wetzel cooperated
to develop bulletproof and flexible system armors [9]. Lee studied the SiO2/PEG
200 STF-impregnated Kevlar fabrics and found that the energy absorption of the
composite was proportional to the volume of STF [10]. In addition, Kalman et al.
examined how the STF system composed of PMMA or SiO2 at a dispersion phase
influenced the protective properties of the fabrics. The test results indicated
that regardless of whether it was PMMA or SiO2 that comprised the STF, the
STF-impregnated fabrics exhibited good spike stab resistance [11]. There
have been many fruitful studies on STF protective materials; however, it remains
difficult to have proper raw materials, concentration of STF, and content ratio of
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STF that are compatible with spike/knife stab resistant and dynamic STF compos-
ites [10,11].

Multi-walled carbon nanotubes (MWCNTs) have become a focus in the fields of
chemistry, physics, and materials due to the unique structure and mechanical and
electrical properties [12–14]. MWCNTs also have high strength, high modulus, low
density, and high band absorbent width and progress to a breakthrough being used
in the nanoelectronic devices and super composite materials [15,16]. MWCNTs
were first discovered in 1991 by Lijim in NEG Corporation of Japan, and its
synthesis and purification technology has made great progress [17]. Given the
numbers of graphite layers, carbon nanotubes can be divided into single-walled,
double-walled, and multi-walled carbon nanotubes, the latter of which has a diam-
eter of 5–20 nm and a length at a micron scale [18,19].

Moreover, para-aramid fiber as an aromatic polyamide fiber has many advan-
tages such as high strength, high modulus, and high temperature resistance and is
usually used in protective fields [20,21].Therefore, in this study, STF/MWCNTs
systems with a good dispersion, low critical shear rate, and a short thickening time
are formed using SiO2 (12 nm and 75 nm) as a dispersion phase and MWCNTs as
reinforcement after mechanical stirring and ultrasonic oscillation. The para-aramid
textiles with plain (P), twill (T), satin (S), and basket (B) textures are separately
immersed in the STF/MWCNTs systems. Tensile strength, quasi-static knife stab,
and spike stab tests of STF/MWCNTs-impregnated fabrics are conducted to seek
for optimal manufacturing parameters and to investigate the effects of SiO2 particle
size and fabric texture on these properties.

Experimental

Material

PEG 200 (Tianjin Xingfu Fine Chemical Research Institute, China) has a chemical
purity. SiO2 (Guangzhou GBS High-Tech & Industry, China) has two sizes of
12 nm and 75 nm. Anhydrous ethanol (Tianjin Fuyu Fine Chemical, China) has
a concentration of 99.7%. Multi-walled carbon nanotubes (MWCNTs; Shanxi
Fuhong Mineral Products, China) have specifications that are summarized in
Table 1. Para-aramid filaments (Sinopec Yizheng Chemical Fiber, China) have a
fineness of 112 tex/500f, a tenacity of 128.9N, and an elongation at break of 2.49%.

Table 1. Specification of MWCNTs.

Density

(g/cm3)

Purity

(wt%)

Real

density

(g/cm3)

Specific

surface

area (m2/g)

Resistivity

(s/cm)

Inside

diameter

(nm)

Outside

diameter

(nm)

Length

(lm) Preparation

0.15 >95 2.1 >233 100 3–5 8–15 50 CVD

CVD: Chemical Vapor Deposition.
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Preparation of samples

STF/MWCNTs systems: The STF is composed of polyethylene glycol (PEG 200) as
the dispersion medium, silica (SiO2) of 12 nm and 75 nm as the disperse phase, and
MWCNTs are used as supplementary reinforcement. The process of STF/
MWCNTs systems comprising 15% of SiO2, 0.2% of MWCNTs, and 84.8% of
PEG 200 is shown in Figure 1. PEG 200 firstly blended with 99.7% ethanol at a
ratio of 1:2 at 100 rpm. SiO2 with 12 nm or 75 nm is slowly mixed into the PEG/
ethanol mixture by a mechanical stirring at 600 rpm for 2 h and then by an ultra-
sonic oscillation for 5 h in order to form the stable and uniform STF. Next,
MWCNTs dispersed in 100ml ethanol are then poured into the STF and ultrason-
ically oscillated for another 5 h, forming the STF/MWCNTs systems. Four kinds
of STF and STF-MWCNTs systems, S12, S75, SM12, and SM75, prepared by the
above process, are kept at the room temperature for 20 h and then dried in a
vacuum dryer at 30�C for 8 h. Therein, S12 and S75 represent the STF containing
12 nm and 75 nm SiO2, respectively; SM12 and SM75 represent the STF/MWCNT
system containing 12 nm and 75 nm SiO2, respectively.

STF/MWCNTs-impregnated aramid fabrics: A semi-automatic sample loom (DWL5016,
Tianjin Longda Electromechanical Technology Development Co., Ltd., China) is
used to fabricate the plain (P), twill (T), satin (S), and basket (B) aramid fabrics
with warp and weft density of 130 counts/10 cm (Figure 2). The weaving loom with
multi-arm blade opening has 50cm width and 16 healds.

The aramid fabrics in size of 180mm� 25mm and 100mm� 100mm were first
dried in a vacuum drying oven at 150�C for 2 h, and then impregnated into the
STF/MWCNTs systems after ultrasonic oscillation for 10min. STF/MWCNTs-
impregnated aramid fabrics were placed at room temperature for 24 h, and then
compressed at 625 Pa, and finally air-dried for 24 h. The SEM images of different
textures (1/1 P, 2/2 T, 5/3 S, and 2/2 B) of aramid fabrics impregnated with SM12
are observed by a scanning electron microscope (TM 1000, HITACHI, Japan) and
are shown in Figure 3, and the morphology of the pure aramid fiber and aramid
fibers impregnated with S12 and SM12 systems is observed by a scanning electron
microscope (TM 3030, HITACHI, Japan) and is shown in Figure 4. Figures 3 and
4 confirm that the STF and STF/MWCNTs successfully impregnated on the

SiO2

PEG200 

Ultrasonic oscillation MWCNTs

Figure 1. Process of the preparation of the STF/MWCNTs system. PEG: polyethylene glycol;

SiO2: silica; MWCNT: multi-walled carbon nanotube.
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aramid fibers. The add-on amounts of STF/MWCNTs on fabrics aramid fabrics
(P, T, S, and B) before and after impregnation are shown in Table 2.

Characterization and performance tests

Rheological response: The rheological response of the STF (S12 and S75) and STF/
MWCNTs (SM12 and SM75) systems is measured by a Malvern rotational rhe-
ometer (Autosorb-1C, Malvern Instruments, UK) as shown in Figure 5. The plate
has a diameter of 40mm. The shear rate is between 0.1 and 1000 s�1.

Tensile strength: A HT-2402 Universal Testing Machine (Hung Ta Instrument,
China) is used to measure the tensile strength of the STF/MWCNTs-impregnated
aramid fabrics as specified in ASTM D 5035-11 [22,23]. The experimental groups

Figure 3. SEM of different textures (1/1 P, 2/2 T, 5/3 S, and 2/2 B) of aramid fabrics impregnated

with SM12. P: plain; T: twill; S: satin; B: basket.

1/1 P 2/2 T 5/3 S 2/2 B

Figure 2. Textures of aramid fabrics: (a) 1/1 P, (b) 2/2 T, (c) 5/3 S, and (d) 2/2 B. P: plain; T: twill;

S: satin; B: basket.
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are SM12 and SM75 aramid fabrics. The control group is pure aramid fabrics.
Each sample has a size of 180mm�25mm. The tensile rate is 200mm/min, the
distance between clamps is 76mm, and the breakpoint ratio is 5%.

Quasi-static knife/spike stab resistance: According to GA68-2008, STF/MWCNTs-
impregnated aramid fabrics (SM12 and SM75) are tested for quasi-static knife or
spike stab resistance using an Universal Testing Machine (Hung Ta Instrument,
China) equipped with the knife or the spike stabs as seen in Figure 6 [24]. The
control group is pure aramid fabrics. Each specification has three samples and
samples are trimmed into 100mm� 100mm. The tensile rate is 200mm/min and
the breakpoint ratio is 5%.

Table 2. The add-on amounts of STF/MWCNTs of aramid

fabrics before and after impregnation.

Fabric type

weight

Before

impregnation

(g/100 cm2)

After

impregnation

(g/100 cm2)

Add-on

amount

(g/100 cm2)

SM12

P 1.68 6.92 5.24

T 2.02 7.11 5.09

S 2.17 7.36 5.19

B 2.43 7.79 5.36

SM75

P 2.05 7.34 5.29

T 2.27 8.42 6.15

S 2.45 9.36 6.91

B 2.37 9.25 6.88

P: plain; T: twill; S: satin; B: basket.

Figure 4. SEM images of (a) pure aramid fiber, and aramid fibers impregnated with (b) S12 and

(c) SM12 systems.
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Results and discussion

Rheological properties of four shear thickening systems

Figure 7 shows the rheological properties of STF and STF/MWCNTs systems
(S12, S75, SM12, and SM75). The four systems have a viscosity that undergoes
three stages of shear thinning, thickening, and thinning. Based on the particle
transition mechanism proposed by Hoffman, a low shear rate increases the
degree of order of the particles, which has a negative influence on the viscosity
of the system [25]. Increasing the shear rate strengthens the fluid force that is
exerted on the particles. When the shear rate reaches the critical point, the particles
have a random order, enhancing the viscosity of the system [25–27]. Based on the
particle cluster mechanism proposed by Brady and Bossis G, a low shear force

Figure 5. The malvern rotational rheometer.

Figure 6. Specifications of (a) the knife stab and (b) the spike stab.
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effect causes the particle to be arranged with a high degree of order, forming a
stratiform structure and a thinner viscosity of the system [28,29]. Increasing the
shear rate allows the hydrodynamic force to exceed the repulsion between particles,
which increases the viscosity of the system [30]. Moreover, the initial viscosity
(point a) and the maximum viscosity after thickening effect (point c) of the STF
and the SM12 are greater than S75 and SM75. But the critical shear rate of SM12 is
lower, which is ascribed to the averagely smaller particle size. At the same mass
basis, 12 nm SiO2 is smaller than 75 nm SiO2, and there is thus a greater number of
small-sized particles in the system, which contributes to a more frequent reaction
among particles and an obvious shear thickening response. In addition, the
MWCNTs also have an influence on the rheological properties of the STF. The
addition of MWCNTs provides the STF/MWCNTs system with a higher viscosity
and significant shear thickening effect. This is because MWCNTs have a long
tubular structure and can be agglomerated around SiO2 particles. However, the
internal force between MWCNTs and PEG is lower which increase the slip of them.
Consequently, the obvious phase separation is generated and thereby the shear
thickening behavior is enhanced. For the SM12, the initial shear rate of the
system is 0.1 s�1 and the corresponding viscosity of the system is 22.91 Pa�s (a1).
The viscosity of the system has a declining trend as a result of the increasing shear
rate. In particular, the minimum viscosity of 12.79 Pa�s (b1) occurs when the critical
shear rate is 0.79 s�1. Afterwards, when the shear rate is 7.5 s�1, the viscosity of the
system rapidly increases and the viscosity reaches the maximum as 104.90 Pa�s (c1).
The maximum viscosity of the SM12 is 9.49 times greater than SM75, and 33.29
times greater than S12. Moreover, the critical shear rate of the SM12 is 73.17%
lower than SM75, and 81.58% lower than S12. The results indicate that the
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Figure 7. The steady-state rheological curves of the STF and the STF/MWCNTs systems as

related to the particle size of SiO2 and the addition of MWCNTs.
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addition of MWCNTs expedites the generation of particle clusters and then the
critical shear rate.

Tensile strength and mechanisms of STF/MWCNTs-impregnated aramid
fabrics

Figure 8(a) and (b) shows the effects of particle sizes of SiO2 and texture of fabrics
on the tensile properties of the STF/MWCNTs-impregnated aramid fabrics.
Comparing to the control group (i.e. pure aramid fabrics), the STF/MWCNTs-
impregnated aramid fabrics have greater maximum stress. Namely, the tensile
properties of STF/MWCNTs-impregnated aramid fabrics are improved.

Plain aramid fabrics impregnated with SM12 have a maximum stress and strain
that are 15.20% and 20% greater than those of the pure aramid fabrics. Similarly,
plain aramid fabrics impregnated with SM75 have a maximum stress and strain
that are 6.74% and 80% greater than those of the pure aramid fabrics. The results
are ascribed to the transformation of STF/MWCNTs system. The STF/MWCNTs
systems transform into a solid phase as a result of the impact of an external force,
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which restricts the slip of fibers and fiber bundles. Subsequently, STF/MWCNTs-
impregnated plain aramid fabrics have improved tensile strength and are thus
characterized with greater tensile properties [31].

For different SiO2 size, the SM12 has a greater viscosity than SM75. A higher
viscosity generates a greater cohesion, strengthening the tensile properties. Namely,
the SM12 has greater viscosity that provides the plain aramid fabrics with higher
tensile strength. Figure 8(a) also shows that for different texture of fabrics, STF/
MWCNTs-impregnated aramid fabrics, plain aramid fabrics have greater stress
than twill, satin, or basket aramid fabrics. The twill and satin aramid fabrics
have comparable stress. The plain aramid fabrics used as the substrate can effect-
ively enhance the tensile properties because the plain fabrics have closely related
interlacing points. The more the interlacing points, the more stabilized the fabric
structure. With the same add-on amounts of STF, the maximum tensile stress of
STF/MWCNTs-impregnated aramid fabrics is normalized in Figure 8(c) according
to (where r1 is the maximum tensile stress in Figure 8(a), r2 is the normalized
maximum tensile stress, and G is the add-on amounts (g) in Table 2). The trend
of normalized tensile stress as related to SiO2 size and fabric texture is in conform-
ity to that of maximum tensile stress in Figure 8(a), which shows that SM12-
impregnated plain aramid fabrics have the best tensile strength.

Figure 9 shows the tensile stress–strain curves of the STF/MWCNTs plain
aramid fabrics, and the particle size of SiO2 is 12 nm. When enduring an external
force, the aramid fabrics demonstrate deformation which is primarily ascribed to
the extension of macromolecular chains of fibers. The tensile deformation consists
of the bond length and angle, and can be plotted into a lasting smooth curve that
meets the Hooke law [32]. When the external force steadily increases, the macro-
molecular chains of the amorphous area start to change until overcoming the
non-chemical bond to trigger further extension. In the meanwhile, some macro-
molecular chains may also be broken or dissociate from the irregular crystalline
area. Due to the different breaking points of fibers and yarns, the stress curve
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Figure 9. (a) The tensile stress–strain curves of STF/MWCNTs plain aramid fabrics. The par-

ticle size is 12 nm. (b) The fractured sample diagram after the tensile property measurement.
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fluctuates with the maximum stress and corresponding strain until the aramid
fabrics break [33]. Then the stress value drastically drops as a result of the breakage
of the aramid fabrics (Figure 9(b)).

Quasi-static knife stab resistance and mechanism of
STF/MWCNTs-impregnated aramid fabrics

Figure 10(a) and (b) shows the influence of the particle size of SiO2 and the texture
of fabrics on the quasi-static knife stab resistance of STF/MWCNTs plain aramid
fabrics. Moreover, STF/MWCNTs-impregnated plain aramid fabrics have greater
knife stab resistance than that of pure plain aramid fabrics. With SM12, the max-
imum knife stab stress and strain are 43.32% and 2.28% greater than those of pure
plain aramid fabrics. With SM75, the maximum knife stab stress value and strain
value are 7.09% and 14.59% greater than those of pure plain aramid fabrics. The
STF/MWCNTs immersion enables the aramid fabrics to endure the pierce because
the SiO2 particles at a disperse phase agglomerate to form solid matter, which in
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turn restricts the slip of fiber bundles and fibers. Therefore, the aramid fabrics have
greater knife stab resistance [34]. As far as the particle size is concerned, S12 pro-
vides the STF/MWCNTs system with greater maximum stress than S75. S12 can
generate greater viscosity than S75, which efficiently improves the knife stab resist-
ance of the STF/MWCNTs-impregnated plain aramid fabrics. As far as the texture
of the fabric is concerned, the STF/MWCNTs-impregnated plain aramid fabrics
have the highest maximum stress. When used as a matrix of the STF/MWCNTs-
impregnated aramid fabrics, the plain texture has the most interlaced points,
making the warp and weft yarns to be woven compactly, and thus creates the
greatest knife stab resistance. Figure 10(c) shows the normalized maximum knife
stab stress of the STF/MWCNTs-impregnated aramid fabrics as related to the size
of SiO2 and the texture of the fabrics. The normalized maximum knife stab stress at
unit add-on amount is defined as the similar to the normalized tensile stress. The
trend of the normalized knife stab stress conforms well to that of tensile strength as
seen in Figure 10(a), which can be explained by the fact that yarn fracture becomes
the main knife resistance mechanism. Moreover, Figure 10(a) also shows that
SM12-impregnated plain aramid fabrics have the greatest knife stab resistance
property.

Figure 11 shows the knife stab stress–strain curve of STF/MWCNTs-impreg-
nated plain aramid fabrics. The maximum knife load of composite fabrics is
36.33N at displacement of 17.30mm, corresponding to 0.63J knife resistance
energy. Basically, a knife stab can be divided into a shear force perpendicular to
the fabric and a stretching force parallel to the fabric. When the knife impacts on
the fabric, the fabric is deformed, and meanwhile, the shear thickening behavior of
the STF/MWCNTs system dissipates some impact energy [35]. The knife stress
value resultantly increases with the strain. As the knife continues to penetrate,
the fabric around the knife tip begins to break forming crack. The fibers gradually
accumulated near the crack, and then the fibers contacting with knife blade frac-
tured. As the knife blade deepens, the above process is repeated and simultaneously
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the knife stress value fluctuated until the crack reaches the maximum. Afterwards,
the knife is no longer subjected to external forces, and the stress value drops
sharply [36]. The maximum crack after knife stab can be confirmed by
Figure 11(b) and (c) for SM12 plain aramid fabrics.

Quasi-static spike stab resistance and mechanism of
STF/MWCNTs-impregnated aramid fabrics

Figure 12 shows the influence of the particle size of SiO2 and the texture of the
fabric on the quasi-static spike stab resistance of the STF/MWCNTs-impregnated
plain aramid fabrics. The spike stab resistance of STF/MWCNTs-impregnated
plain aramid fabrics is higher than that of pure aramid fabrics. Comparing to
the pure plain aramid fabrics, an immersion in SM12 provides the STF/
MWCNTs-impregnated plain aramid fabrics with a 15.78% higher maximum
stress and 4.29% higher maximum strain. Similarly, an immersion in SM75 pro-
vides the STF/MWCNTs-impregnated plain aramid fabrics with an 11.12% higher
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Figure 12. (a) The maximum quasi-static spike stab stress and (b) strain and (c) normalized

maximum spike stab stress of the STF/MWCNTs-impregnated aramid fabrics as related to the

size of SiO2 and the texture of the fabrics.
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maximum stress and 5.09% higher maximum strain. The results show that the
STF/MWCNTs system effectively improves the spike stab resistance of the
aramid fabrics, which is ascribed to the STF/MWCNTs system containing SiO2

at a disperse phase. The SiO2 particles agglomerate to form particle clusters as a
result of the impact of a spike. The resulting shear thickening behavior then
decreases the slip of fibers and fiber bundles and generates a greater friction against
the spike, thereby improving the spike stab resistance [37]. For the plain aramid
fabrics, the SM12 provides a higher spike stab resistance than SM75, but the
opposite is the case for the twill and satin aramid fabrics. As far as the angle of
textures is concerned, the STF/MWCNTs-impregnated basket aramid fabrics have
a greater spike stab resistance than the STF/MWCNTs-impregnated plain, twill,
and satin aramid fabrics. As far as the particle size of SiO2 is concerned, the SM12
has a greater viscosity than SM75, which is beneficial to the cohesion between fiber
bundles. Therefore, the SM12-impregnated basket aramid fabrics can withstand a
greater shear force and demonstrate a greater spike stab resistance. Figure 12(c)
shows the normalized maximum spike stab stress of the STF/MWCNTs-impreg-
nated aramid fabrics as related to the size of SiO2 and the texture of the fabrics.
This normalized spike stab stress has consistent trend to knife stab stress and
tensile strength. Furthermore, SM12-impregnated basket aramid fabrics have
better spike stab resistance than other fabrics.

Figure 13 shows the spike stab stress–strain curve of the STF/MWCNTs plain
aramid fabrics, and the particle size of SiO2 is 12 nm. The maximum spike load is
193.04N at displacement of 9.97mm, corresponding to 1.92 J energy. When the
spike first contacts the aramid fabrics, the STF/MWCNTs system efficiently thick-
ens to maximize the friction among fiber bundles and fibers, prohibiting the spike
from piercing the aramid fabrics [38,39]. As a result, the stress rises with an increase
in the corresponding strain. The maximum stress (i.e. the highest external force that
the fabrics can bear) occurs when the spike just pierces the fabrics. The friction
among fiber bundles and fibers resists the penetration against the spike, during
which the stress reaches the maximum, which is exemplified by the first peak in
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Figure 13. (a) The spike stab stress–strain curve of STF/MWCNTs plain aramid fabrics. The

particle size of SiO2 is 12 nm. (b) Images of the front and (c) the back of the sample after the spike

stab resistance test.
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Figure 13(a), and plummets subsequently. When the spike finally penetrates the
fabric, the stress stops changing [40]. The biggest difference between the spike and
the knife is that the knife has a blade on one side, which acts on the fabric to
produce shearing force for cutting the yarn. However, when the spike acts on the
fabric, the fiber bundle is squeezed around the spike, and the spike passes through
between the bundles. At the same time, only a small part of the fiber filament
breaks, which is the reason for the small fluctuation of the spike stress value
compared with the knife. The damage of spike to the SM12 plain aramid fabrics
is shown in Figure 13(b) and (c).

Conclusion

In this study, the stable STF/MWCNTs systems are formed using PEG 200 as the
dispersion medium, 12 nm or 75 nm SiO2 particles as disperse phase, and
MWCNTs as reinforcement. Afterwards, plain, twill, satin, and basket weaving
aramid fabrics are immersed in the STF/MWCNTs systems to make soft composite
fabrics. The fabrics are tested for tensile strength, knife stab resistance, and spike
stab resistance. The test results show that all of the four systems (S12, S75, SM12,
and SM75) exhibit three stages as shearing shining, thickening, and then thinning.
In particular, the SM12 has the highest initial viscosity, the highest viscosity after
thickening, and the lowest critical shear rate among the four systems. The STF/
MWCNTs-impregnated aramid fabrics have higher tensile strength and stab resist-
ance than those of the pure aramid fabrics. Due to a greater viscosity, the SM12
provides the aramid fabrics with a higher knife stab resistance than SM75; with the
same warp and weft density, the STF/MWCNTs-impregnated plain aramid fabrics
have better tensile strength and greater knife stab resistance than other textured
fabrics. The STF/MWCNTs-impregnated basket aramid fabrics have the highest
spike stab resistance. This study explores the role of fabric textures and STF sys-
tems on stab resistance properties, and can be used for the design of soft stab-
resistant body armor in the near future.
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