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Abstract
In order to improve the contribution of STF and fabric to the stab resistance of STF-impre-
gnated aramid soft armour materials, the plasma treatment of various fabric structures was 
conducted. This study explored the interactive effects of plasma treatment, fabric structure 
and particle size on the spike and knife resistance properties of plasma-treated STF/Aramid 
fabrics. Fumed silica and polyethylene glycol (PEG) based STFs were prepared with various 
particle sizes (15 nm, 75 nm) at a solid content of 15%. Various weave structures of fabrics 
(plain, 2/2 twill, 5/3 satin, 2/2 basket) were impregnated with STF and then plasma-treatment 
conducted. The rheological behaviour of STF in various silica sizes as well as the spike 
and knife quasi-static stab resistances of the resultant plasma-treated STF/aramid fabrics 
in various weave structures were both explored. The results show that the various weave 
structures of STF/Aramid fabrics treated with plasma exhibited a significant enhancement 
of quasi-static spike resistance. Furthermor, 2/2 twill, 5/3 satin and basket weaving plasma
-treated STF/Aramid with a coarser silica particle in STF showed a higher improvement 
in quasi-static spike resistance. Interactive effect results show that the plasma treatment 
of fabric and the silica size in STF affected spike resistance more significantly, while knife 
resistance was only significantly affected by the fabric structure.
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et al. [8] examined the effect of particle 
hardness on the spike puncture behav-
iour of fabrics intercalated with STF, and 
showed that SiO2-based STF had a bet-
ter spike resistance than PMMA-based 
STF. Gong et al. [9] studied the effects 
of dispersing particles and the medium 
on drop-tower knife and spike resistance, 
and indicated that silica-based STF ex-
hibited the highest knife stab resistance. 
Furthermore, the shape of the silica parti-
cle affected the rheological behaviour of 
STF, and it was demonstrated that fumed 
silica-based STF exhibits rapid thicken-
ing behavior in comparison to colloidal 
silica-based STF. Thus, the stab resist-
ance of soft armour can be improved at 
a lower solid content by using fumed 
silica [10]. According to these studies, 
fumed silica in STF possessed excellent 
knife and spike stab resistance due to in-
creasing the friction between yarns.

In order to investigate fabric response 
against quasi-static low-velocity impact 
loading, Lu et al [11] impregnated STF 
into warp-knitted spacer fabric (WKSF). 
It is indicated that WKSF/STF compos-
ites can be used as damping materials 
under impact loading. Messiry and Elta-
han [12] compared the stab resistance 
properties of triaxial woven fabrics as 
well as woven and knitted fabrics and 
showed that Vectran triaxial weave fab-

rics can be designed to enhance stab 
performance. Majumdar and Laha [13, 
14] investigated the effect of the weav-
ing structure on yarn pulling-out and the 
impact properties of STF-impregnated 
fabrics and found that plain weave fab-
rics before and after STF-treatment had 
the highest pulling-out force, and that the 
enhancement of the weaving structure in 
impact energy absorption after STF im-
pregnation was opposite to that before 
STF. These findings were different to the 
results by Chua et al. that structures like 
2/2 basket and satin facilitate high energy 
absorption [15], and that satin and plain 
weaves were best for ballistic protection 
application, as indicated by Shimek and 
Fahrenthold [16]. Unlike these studies, 
we systemically focused on the effects 
of weaving structures and silica size on 
the spike and knife resistance of STF/
aramid fabrics. Furthermore, concepts 
of plasma-treatment to improve the stab 
resistances of STF/aramid fabrics were 
proposed which can provide a reference 
for designing flexible and high-perfor-
mance stab-resisting soft body armours. 
This study provides a substitute for the 
fabric layers in our previous designs of 
flexible stab-resisting composite fabrics 
[17-19] which can reduce the number of 
layers and area weight in soft armour ap-
plication.

	 Introduction
Woven aramid fabrics are used to provide 
protection against sharp-pointed weap-
ons in soft body armour due to their soft 
and flexible structure [1]. Conventional 
body armour requires multiple layers of 
aramid fabrics, which makes it inflex-
ible and bulky in application [2]. Shear 
thickening fluid (STF) has the signifi-
cant benefit of reducing the number of 
layers in stab resistance protection. STF 
is a non-Newtonian flow fluid which 
consists of rigid particles and a disper-
sion medium. This smart fluid exhibits 
a colloidal suspension in a normal state, 
but increases in viscosity under applied 
loadings, presenting a solid-like state. 
After removing the loading applied to the 
medium, the fluid returns to a liquid state 
[3-5]. 

Recently, many studies have been con-
ducted on the impact resistance of 
STF-impregnated aramid fabrics. Decker 
et al. [6] and Hassan et al. [7] reported 
that the stab resistances of STF-treated 
fabrics exhibited a significant improve-
ment over neat fabric with an equivalent 
areal weight. For better understanding of 
the effect of medium and particle charac-
teristics on the stab resistance protection 
of STF-treated fabrics, some studies have 
been carried out by researchers. Kalman 
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	 Material and methods
Materials
The high-performance fabrics used in 
this study were made from Aramid 1414 
strands supplied by Sinopec Yizheng 
Chemical Fibre Co. Ltd, China, whose 
fineness was 112 tex/500f, tenacity – 

128.9 N and elongation at break – 2.49%. 
The STF was based on fumed silica which 
had a particle size of 15 nm and 75 nm, 
provided by Guangzhou GBS high-tech & 
Industry Co. Ltd., China. The liquid medi-
um was Polyethylene glycol (PEG) 200, 
purchased from the Tianjin Xingfu Fine 
Chemical Research Institute, China.

STF preparation and treatment 
of composite fabrics
In order to discuss the influence of the 
fabric structure on the stab resistance of 
aramid fabrics, four weaving patterns 
were designed. Aramid 1414 strands were 
preliminary twisted at 200 turns/m for 
the clean weaving followed. The twisted 
stands were then woven with different 
weaving constitutions (see Figure 1), us-
ing a loom, to fabricate Plain (P), Twill 
(T), Satin (S) and Basket (B) weaves of 
Aramid fabrics. The structures of the 
fabrics are displayed in Figure 2. Phys-
ical parameters of the fabricated aramid 
fabrics are shown in Table 1. The plain, 
twill, satin and basket weaves of aramid 
fabrics were abbreviated as fabrics P, T, 
S and B.

In the STF preparation, various particle 
sizes of fumed silica (15 nm and 75 nm) 
as a dispersion phase were dispersed into 
a PEG 200 medium using a mechanical 
stirrer at 300 rpm for 2 hrs and ultra-
sonic oscillation at 200 Hz for 30 min 
to fabricate 15 nm and 75 nm STF sus-
pensions. A low amount of fumed silica 
was combined with PEG repeatedly until 
there was a solid content of 15% for the 
homogeneous STF suspension system af-
ter three times circulation of mechanical 
stirring and ultrasonic oscillations.

For the STF/Aramid fabrics, pure ara-
mid fabrics were first plasma processed 
at 120 Pa and 100 W for 60 s to increase 
the roughness of the surface of the com-

Figure 1. Four kinds of weaving pattern of aramid fabrics: a) plain weave, b) 2/2 twill weave, c) 5/3 satin weave, d) 2/2 basket weave.

Table 1. Parameters of the four weaves of aramid fabrics. 

Pattern Warp density,
/10 cm

Weft density,
/10 cm

Cross-point 
number,

/cm2

Area weight,
g/m2

Thickness,
mm

Basket weave (B) 130 205 75 408.02 0.732

Plain weave (P) 130 115 52 280.52 0.482
Twill weave (T) 130 160 42 325.93 0.521
Satin weave (S) 130 160 33 347.86 0.586

Table 2. Physical parameters of STF-treated aramid and plasma-treated STF/aramid fabrics.

Name code Warp density,
/10 cm

Weft density,
/10 cm

Area weight,
g/m2

15 nm STF-B 130 210 565.00
15 nm STF-P 130 110 404.12
15 nm STF-T 130 160 484.36
15 nm STF-S 130 160 521.24

PT-15 nm STF-B 130 210 573.12
PT-15 nm STF-P 130 110 464.40
PT-15 nm STF-T 130 160 509.47
PT-15 nm STF-S 130 160 527.35

75 nm STF-B 130 210 655.40
75 nm STF-P 130 110 434.40
75 nm STF-T 130 160 538.09
75 nm STF-S 130 160 557.58

PT-75 nm STF-B 130 210 703.16
PT-75 nm STF-P 130 110 479.24
PT-75 nm STF-T 130 160 582.91
PT-75 nm STF-S 130 160 593.68
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posite fabrics. The treated fabrics were 
impregnated into 15 nm and 75 nm STF 
suspension systems using an ultrasonic 
vibration meter (Changzhou Xinren Ultra-
sonic Equipment Co., LTD) for 120 min. 
The impregnated STF/Aramid fabrics 
were pressed at 625 Pa, and then dried at 
80 °C for 2 hrs using a DZF-6050 Vacuum 
Drying Oven (Shanghai Xinyin medical 
machine Co., LTD). All sample codes and 
specifications of the STF-treated aramid 
fabrics and plasma-treated STF/aramid 
fabrics are revealed in Table 2. Therein, 
15 nm STF-B is the 15 nm STF-impreg-
nated basket-weave aramid fabric, and 
PT-15 nm STF-B is the plasma-treated 
basket-weave STF/Aramid fabric. 

Measurements and characterisation
Rheological behaviour test 
Rheological tests were performed using 
an Autosorb-1C rheometer (Malvern 
Instruments, UK) with 40 mm diame-
ter parallel plate apparatus. The gap be-
tween the plates was kept at 2 mm, and 
the shear rate was increased from 1 to 
1000 s-1. The measurement was complet-
ed at a temperature of 25 °C. 

Flexibility test
The flexibility of STF/Aramid fabrics 
was tested by the incline method with 
a slope angle of 45° (see Figure 2). Fab-
rics pressed by a steel rule were placed on 
a platform, and then pushed ahead slowly 
until the fabric edge touched the incline. 
The rectangular fabric was of 200 mm 
length and 25 mm width. The forward 
distance of the steel rule showed the 
bending length (LB), which was used to 
characterise the flexibility of the fabrics. 
The flexural rigidity (B, cN·cm2/cm) was 
calculated using Equation (1). 

B = 9.81 × 10-8 × W × LB  (1)
Where, W was the weight per unit area, 
g/m2.

Tensile test
The tensile strength of STF/Aramid fab-
rics was tested in accordance with ASTM 
D5035-11. An Instron 5566 universal 
testing machine (Instron, USA) was 
used to measure rectangular specimens. 
The crosshead speed was 200 mm/min, 
and the tensile specimen was 180 mm 
long and 25.4 mm wide.

Quasi-static stab resistance test
According to ASTM 1342-05, different 
weave structures of STF/aramid fabrics 

were tested by an Instron 3369 (Instron, 
USA). Two heads (spike and knife) were 
attached to the load cell and then pene-
trated into the samples, clamped between 
the plates, at a constant velocity. The pen-
etrated speed was 508 mm/min. The test-
ing heads’ dimensions are displayed in 
Figure 3. The instrument can record the 
compression load-displacement curves. 
The maximum compression load shows 
the maximum static stab resistance. 
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Figure 3. Geometric shapes of knife and spike heads: a) knife head, b) spike head. 

Fabric

LB

45°

        

(a) knife head                  (b) spike head
Figure 3. Geometric shapes of knife and spike heads.  

3. Results and Discussion  

3.1 Rheological Behaviour of STF

0 200 400 600 800
1
2
3
4
5
6
7
8

 75 nmSTF
 15 nmSTF

V
i
s
c
o
s
i
t
y
/
(
 
P
a
·

s
)

Shear Rate/s-1

Figure 4. Rheological behaviour of STF with various silica particle sizes.  
  

Figure 4 shows the viscosity of  STF in relation to the steady shear rate. It is found that at  different 
fumed silica particle sizes, shear thinning and shear thickening behaviors are observed. The viscosity of STF  
firstly decreases, then increases to the maximum, and  finally  decreases. It shows that firstly the STF 
underwent shear thinning, then shear thickening, and finally secondary shear thinning after removing the 
loading applied. The thickening mechanism can be explained by the hydrocluster theory, which is based on 
particle interactions in a liquid medium [3, 4]. On the basis of this, the hydrodynamic force induces the 
formation of particle clusters. Hydrodynamic interaction dominates the suspension at low shear rates due to 
the contactless rheology, but under higher shear rates, particles contact with each other, and therefore 
clusters are formed due to Brownian forces [20]. Once the hydroclusters are formed, the average length 
between the aggregates and  Brownian times  increases. By increasing the shear rate, the cluster tends to 
break up and the distance between particles decreases at a higher shear rate, forming orthokinetic 
aggregation when hydrodynamic interactions become predominant [3]. 

Furthermore, with an increasing particle size, the rheological behaviors become more significant, and 
the critical shear rate shifts to a lower value. The critical shear rate decreases from 80 s-1 to 17 s-1 when the 

        

(a) knife head                  (b) spike head
Figure 3. Geometric shapes of knife and spike heads.  

3. Results and Discussion  

3.1 Rheological Behaviour of STF

0 200 400 600 800
1
2
3
4
5
6
7
8

 75 nmSTF
 15 nmSTF

V
i
s
c
o
s
i
t
y
/
(
 
P
a
·

s
)

Shear Rate/s-1

Figure 4. Rheological behaviour of STF with various silica particle sizes.  
  

Figure 4 shows the viscosity of  STF in relation to the steady shear rate. It is found that at  different 
fumed silica particle sizes, shear thinning and shear thickening behaviors are observed. The viscosity of STF  
firstly decreases, then increases to the maximum, and  finally  decreases. It shows that firstly the STF 
underwent shear thinning, then shear thickening, and finally secondary shear thinning after removing the 
loading applied. The thickening mechanism can be explained by the hydrocluster theory, which is based on 
particle interactions in a liquid medium [3, 4]. On the basis of this, the hydrodynamic force induces the 
formation of particle clusters. Hydrodynamic interaction dominates the suspension at low shear rates due to 
the contactless rheology, but under higher shear rates, particles contact with each other, and therefore 
clusters are formed due to Brownian forces [20]. Once the hydroclusters are formed, the average length 
between the aggregates and  Brownian times  increases. By increasing the shear rate, the cluster tends to 
break up and the distance between particles decreases at a higher shear rate, forming orthokinetic 
aggregation when hydrodynamic interactions become predominant [3]. 

Furthermore, with an increasing particle size, the rheological behaviors become more significant, and 
the critical shear rate shifts to a lower value. The critical shear rate decreases from 80 s-1 to 17 s-1 when the 

a) b)

0 200 400 600 800

1

2

3

4

5

6

7

8
 75 nmSTF
 15 nmSTF

Shear rate/s-1

Vi
sc

os
ity

/P
a·

s

Figure 4. Rheological 
behaviour of STF with 
various silica particle 
sizes. 



FIBRES & TEXTILES in Eastern Europe  2020, Vol. 28,  2(140)70

underwent shear thinning, then shear 
thickening, and finally secondary shear 
thinning after removing the loading ap-
plied. The thickening mechanism can 
be explained by the hydrocluster theory, 
which is based on particle interactions in 
a liquid medium [3, 4]. On the basis of 
this, the hydrodynamic force induces the 
formation of particle clusters. Hydrody-
namic interaction dominates the suspen-
sion at low shear rates due to the con-
tactless rheology, but under higher shear 
rates, particles contact with each other, 
and therefore clusters are formed due to 
Brownian forces [20]. Once the hydro-
clusters are formed, the average length 
between the aggregates and Brownian 
times increases. By increasing the shear 
rate, the cluster tends to break up and the 
distance between particles decreases at 
a higher shear rate, forming orthokinetic 
aggregation when hydrodynamic interac-
tions become predominant [3].

Furthermore, with an increasing particle 
size, the rheological behaviors become 
more significant, and the critical shear 
rate shifts to a lower value. The criti-
cal shear rate decreases from 80 s-1 to 
17 s-1 when the silica particle increases 
from 15 nm to 75 nm, and the maximum 
viscosity increases from 0.91 Pa·s to 
1.3 Pa·s correspondingly. This finding is 
consistent with the results indicated by 
Hasanzadeh, Lee and Srivastava et al., 
namely that an increase in silica particle 
size from 100 to 500 nm significantly de-
creases the critical shear rate [3, 4, 21].

Tensile property of STF/aramid 
fabrics
Figure 5 shows the tensile behaviours of 
pure aramid and STF/aramid fabrics with 
a satin-and twill weave. It is found that 
the aramid fabric after STF impregna-
tion exhibited a much higher maximum 
tensile force, which is because STF sig-

nificantly enhanced the inter-yarn fric-
tion of the fabric as confirmed by yarn 
pull-out studies [2, 9, 13, 22]. Further-
more, the silica size affected the tensile 
property significantly; and aramid fabric 
immersed with coarser silica in STF ex-
hibited a higher maximum tensile force, 
reaching 90.6% and 122.8% for the satin 
and twill weave structures, respectively. 
As seen in Figure 6.a, even with plain 
and 2/2 basket, the bigger silica in STF 
still showed a larger enhancement. This 
finding is not associated with the result 
found by Lee et al. [21] that smaller par-
ticles exhibited the largest increment in 
inter-yarn friction, which is due to differ-
ent weight add-on percentages on fabrics 
among the various particle sizes. 

Comparing the different weave structures 
of the fabrics, the 5/3 satin weave showed 
the highest maximum tensile force, fol-
lowed by the 2/2 twill, plain, and 2/2 bas-
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Figure 5. Tensile behaviors of STF-impregnated aramid fabrics with: a) satin weave and b) twill weave. 
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ket weaves, as displayed in Figure 6.a. 
Being impregnated into STF, the satin 
and twill weave aramid fabrics possessed 
the best tensile property compared to the 
plain and basket weaves. The 5/3 satin 
weave has the maximum weft density 
and longest floating length (see Figure 1 
and Table 1), which contributes to the 
STF impregnation amounts and increas-
es the inter-yarn friction. However, even 
the basket weave has the same float-
ing length and higher weft density with 
a twill weave, with the former exhibiting 
the lowest maximum tensile force. This 
difference can be explained by the com-
plicated effects of crossover points and 
STF add-on amounts on thetensile prop-
erty, as shown in Figure 6.b, which dis-
plays the various tensile behaviors with 
different weave structures.

Add-on amounts of STF on fabrics
Figure 7 shows the add-on amounts of 
STF for STF/aramid fabrics and plas-
ma-treated STF/aramid fabrics. In terms 
of the STF fabric, the weight of the 
fabric increases after STF impregna-
tion. However, the weight value with 
different silica diameter exhibited an 
increasing trend. This variation trend 
indicates that the weight of fabric with 
75 nm silica was higher than that of the 
specimen with 15 nm silica. As seen for 
the satin weave, for example, the STF 
amount is 173.38 g/m2 after 15 nm-STF 
impregnation;, and that value increases 
to 209.72 g/m2 when 75 nm silica par-
ticles are dispersed into the STF. For 
a plain structure, the STF amount is 
lower, reaching 123.6 (15 nm-STF)  
and 153 (75 nm-STF), respectively. It is 
because a higher crossover point density 
acts against the immersion of STF be-
tween yarns, but it is positively associ-
ated with pull-out forces and then impact 
energy [13, 14], which shows that the 
fabric structure and STF impregnation 

have a complicated effect on impact re-
sistance. 

Furthermore, plasma treatment is con-
ducive to increasing the impregnation 
amounts of STF in fabric fibres, re-
gardless of the structure of the fabric. 
The enhancement of STF amounts by 
plasma treatment reached 1.2%-14.9% 
for 15 nm-silica and 6.5%-10.3% for 
75 nm-silica. Conversely, plasma treat-
ment improved the plain structure most 
significantly. This is because oxygen 
plasma treatment introduced some new 
polar groups (O – C = O) on the fibre sur-
face, increased the fibre surface rough-
ness by plasma etching and oxidative 
reactions and then increased the specific 
surface area of fibres, and improved the 
coupling bonding and adsorption capaci-
ty of aramid fibres for STF [23-26]. 

The surface of untreated and plas-
ma-treated STF/aramid fabrics was ob-

served by scanning electron microscope 
(TM 3030, Hitach Ltd, Japan). As seen in 
Figure 8, it is found that STF impregna-
tion on the fibre surface treated with plas-
ma is obviously higher than for untreated 
STF/aramid fabrics. Comparing Fig-
ure 8.b and Figure 8.c, the STF amount 
at crossover points becomes higher, and 
Figure 7 confirms that plasma-treatment 
for the plain structure is difficult com-
pounded with STF compared with other 
fabric structure.
 
Stab resistances of STF/aramid 
fabrics
As mentioned above, different struc-
tures became impregnated with various 
STF amounts, resulting in a changed 
areal weight. Spike and knife resistanc-
es also depend on the areal weight, as 
mentioned in our previous study [27]. 
Therefore, the normalised values of 
spike and knife resistances were used 
for an unbiased comparison of results. 

Figure 7. Areal weights of pure aramid, STF/aramid and plasma-treated STF/aramid fabrics.

Figure 8. SEM observations of aramid, STF/aramid and plasma-treated STF/Aramid fabric: a) pure aramid fabric, b) STF/Aramid fabric, 
c) plasma-treated STF/Aramid fabric.
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oxidative reactions and then increased the specific surface area of fibres, and improved the coupling bonding 
and adsorption capacity of aramid fibres for STF [23-26].  

The surface of untreated and plasma-treated STF/aramid fabrics was observed by  scanning electron 
microscope (TM 3030, Hitach Ltd, Japan). As seen in Figure 8, it is found that STF impregnation on the 
fibre surface  treated with plasma is obviously higher than for untreated STF/aramid fabrics. Comparing 
Figure 8(b) and Figure 8(c), the STF amount at crossover points becomes higher \ \, and Figure 7 confirms 
that  plasma-treatment for the plain structure is more obvious????. 

      
       (a) Pure aramid fabric            (b) STF/Aramid fabric         (c) Plasma-treated STF/Aramid fabric 

Figure 8. SEM observations of aramid, STF/aramid and plasma-treated STF/Aramid fabric.  
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Figure 9. Normalised knife and spike resistances of pure aramid, STF/aramid and plasma-
treated STF/aramid fabrics with various weave structures and silica sizes.

Normalisation was made using the fol-
lowing Equation (2).
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Figure 10. (a)Spike resistance and knife resistance (b) behaviours of fabrics with various structures.

As mentioned above, different structures became impregnated with various STF amounts, resulting in a
changed areal weight. Spike and knife resistances also depend on the areal weight, as mentioned in our 
previous study [27]. Therefore, the normalised values of spike and knife resistances were used for an 
unbiased comparison of results. Normalisation was made using the following equation (2). 

A
FFN                                                                              (2) 

Where, NF is the normalised spike and knife resistance, F - the maximum spike and knife resistance 

force, and A is the areal weight (g/m2). 

The normalised spike and knife resistances of pure aramid, STF/aramid and plasma-treated STF/aramid 
fabrics are shown in Figure 9. STF impregnation evidently improved both the spike and stab resistance 
whatever the fabric structure. This is because of two factors: The first is when STF/aramid fabrics were 
penetrated at speed of 508 mm/min, the STF underwent shear-thickening behavior that transformed from the 
liquid state to a solid state, which absolutely enhanced the spike and knife resistance force [7]. The second is 
that STF can increase the interactions of yarns and filaments, which restricts the mobility of yarns and 
filaments,  making it difficult for the spike and knife to separate filaments [2]. Furthermore, the bigger 
silica particles in STF had higher spike and knife resistances,  attributed to the fact that bigger silica 
particles have a smaller critical shear rate and higher viscosity at a lower shear rate, making the inter-yarn 
friction stronger and the stab resistance property higher [3-4].  

Spike and knife resistance behaviours of the different structures of fabrics are displayed in Figure 10(a) 
and 10(b). In an untreated condition, 5/3 satin weave woven fabrics showed the highest spike resistance, 
followed by the 2/2 twill weave, basket weave and plain weave. Interlacement points caused stress 
concentration, as indicated in our study, thus puncture stress transferred loads along yarns difficultly, which 
weakened the spike resistance[28]. However, the 2/2 basket weave exhibited a knife resistance  consistent 
with the high-velocity impact resistance results [15, 29]. The two differences in spike and knife stab 
resistance of the fabric structure is due to the fracture mechanisms.  

     (2)

Where, FN is the normalised spike and 
knife resistance, F – the maximum spike 
and knife resistance force, and A is the 
areal weight, g/m2.

The normalised spike and knife resist-
ances of pure aramid, STF/aramid and 
plasma-treated STF/aramid fabrics are 
shown in Figure 9. STF impregna-
tion evidently improved both the spike 
and stab resistance whatever the fabric 
structure. This is because of two factors: 
The first is when STF/aramid fabrics 
were penetrated at speed of 508 mm/min, 
the STF underwent shear-thickening be-
havior that transformed from the liquid 
state to a solid state, which absolutely 
enhanced the spike and knife resistance 
force [7]. The second is that STF can 
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Figure 10. a) Spike resistance and knife resistance, b) behaviours of fabrics with various structures.
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increase the interactions of yarns and 
filaments, which restricts the mobility of 
yarns and filaments, making it difficult 
for the spike and knife to separate fila-
ments [2]. Furthermore, the bigger silica 
particles in STF had higher spike and 
knife resistances, attributed to the fact 
that bigger silica particles have a smaller 
critical shear rate and higher viscosity at 
a lower shear rate, making the inter-yarn 
friction stronger and the stab resistance 
property higher [3-4]. 

Spike and knife resistance behaviours 
of the different structures of fabrics are 
displayed in Figure 10.a and 10.b. In an 
untreated condition, 5/3 satin weave wo-
ven fabrics showed the highest spike re-
sistance, followed by the 2/2 twill weave, 
basket weave and plain weave. Interlace-
ment points caused stress concentration, 
as indicated in our study, thus puncture 
stress transferred loads along yarns dif-
ficultly, which weakened the spike re-
sistance [28]. However, the 2/2 basket 
weave exhibited a knife resistance con-
sistent with the high-velocity impact re-
sistance results [15, 29]. The two differ-
ences in spike and knife stab resistance of 
the fabric structure is due to the fracture 
mechanisms. 

As seen in Figure 11.a, the damage to 
the fabric caused by a spike stab was 
dominated by yarn separation, and only 
a small part of the fibre was fractured 
due to STF impregnation. Figure 11.b 
shows that after knife stab penetration, 
cut fracture of the yarn and separation 
between yarns were found at the dam-
age surface. The yarn firstly separated 
when the knife point penetrated into the 
fabrics, and then was cut when the knife 
blade contacted the yarn. Yarn fracture 
played the main role in knife stab fail-
ures.

As displayed in Figures 9 and 12, plasma 
treatment improved the spike and knife 
stab resistance of STF/aramid regardless 
of fabric structures and silica size in the 
STF. It is because when the plasma at-
tacked the surface of the aramid fibres, 
free radicals could be generated on their 
surface and the surface of fibres became 
activated; meanwhile, the fibre surface 
was etched, the roughness increased, 
and then the wettability of the fibres im-
proved. Based on the physical-chemical 
effects on the aramid fibres, the chemi-
cal bonds and mechanical interlocking 
between aramid fibres and STF were 
enhanced, which increased the STF im-

As seen in Figure 11 (a), the damage to the fabric caused by a spike stab was dominated by yarn 
separation, and only a small part of the fibre was fractured due to STF impregnation. Figure 11(b) shows 
that after knife stab penetration, cut fracture of the yarn and separation between yarns were found at the 
damage surface. The yarn firstly separated when the knife point penetrated into the fabrics, and then was cut 
when the knife blade contacted  the yarn. Yarn fracture played the main role in knife stab failures.

Figure 11. Failure observations of STF/aramid fabrics after a spike (a) and knife (b) stab.  
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Figure 12. (a) Spike resistances of STF/aramid and plasma-treated STF/aramid fabrics with a satin structure 
and various particles sizes. (b) Knife resistances of STF/aramid and plasma-treated fabrics with a basket 
structure and various particles sizes.
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As seen in Figure 11 (a), the damage to the fabric caused by a spike stab was dominated by yarn 
separation, and only a small part of the fibre was fractured due to STF impregnation. Figure 11(b) shows 
that after knife stab penetration, cut fracture of the yarn and separation between yarns were found at the 
damage surface. The yarn firstly separated when the knife point penetrated into the fabrics, and then was cut 
when the knife blade contacted  the yarn. Yarn fracture played the main role in knife stab failures.

Figure 11. Failure observations of STF/aramid fabrics after a spike (a) and knife (b) stab.  
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Figure 12. (a) Spike resistances of STF/aramid and plasma-treated STF/aramid fabrics with a satin structure 
and various particles sizes. (b) Knife resistances of STF/aramid and plasma-treated fabrics with a basket 
structure and various particles sizes.
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Figure 11. Failure observations of STF/aramid fabrics a) after a spike and b) knife stab. 

a) b)

Table 3. ANOVA analysis of spike and knife resistance results. 

ANOVA analysis of spike resistance 

Source Type III sum  
of squares df Mean square F Sig.

Corrected model 182758.772a 19 9618.883 4.568 .000
Intercept 2993509.784 1 2993509.784 1421.642 .000
Fabric structure 21507.451 3 7169.150 3.405 .027
Plasma treatment 13965.796 1 13965.796 6.632 .014
SiO2 size 75206.903 2 37603.451 17.858 .000
Fabric * SiO2 12904.233 6 2150.706 1.021 .426
Plasma * SiO2 288.504 1 288.504 .137 .713
Fabric * plasma 754.018 3 251.339 .119 .948
Fabric * plasma * SiO2 1103.653 3 367.884 .175 .913
Error 82121.156 39 2105.671
Total 3546495.688 59
Corrected total 264879.928 58
a. R2 = .690 (adjusted R2 = .539) 

ANOVA analysis of knife resistance

Source Type III sum  
of squares df Mean square F Sig.

Corrected model 6187.462a 19 325.656 2.586 .019
Intercept 155137.657 1 155137.657 1231.987 .000
Fabric structure 3329.743 3 1109.914 8.814 .001
SiO2 size 846.890 2 423.445 3.363 .054
Plasma treatment 196.671 1 196.671 1.562 .225
Fabric * plasma 238.545 3 79.515 .631 .603
Plasma * SiO2 20.273 1 20.273 .161 .692
Fabric * plasma * SiO2 16.735 3 5.578 .044 .987
Fabric * SiO2 856.242 6 142.707 1.133 .378
Error 2644.419 21 125.925
Total 175300.668 41
Corrected total 8831.881 40
a. R2 = .701 (adjusted R2 = .430)

pregnation amount and reinforced the 
stab resistance [23, 24].

Especially, the spike resistance of bas-
ket weaving fabric after STF treatment 
is increased by 106% (75 mm silica) 
and 100.5% (15 nm silica). Basket and 
satin weaves impregnated with 75 nm 
STF have a more significant improve-
ment in knife resistance than the other 

fabric structures, which is due to the STF 
amounts between yarns in various fabric 
structures. Plasma treatment played the 
biggest role in the basket weave, with 
the improvement of spike stab resistance 
after plasma treatment reaching 56 N 
(75 nm-STF) and 34 N (15 nm-STF), 
while that of knife resistance was only 
5-15 N, as compared to untreated STF 
fabrics. This implies that the effects of 
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plasma treatment, silica size and fabric 
structure on spike and knife resistances 
are different. Therefore, ANOVA analy-
ses of spike and knife resistances were 
conducted using SPSS software, shown 
in Table 3. It can be found that three 
processing parameters: silica size, fabric 
structure and plasma treatment all affect 
spike resistance significantly at a con-
fidence level of 95%; therein the silica 
size had the most significant influence, 
followed by plasma treatment and fabric 
structure. However, a significance anal-
ysis of knife resistance results showed 
that only the fabric structure affected the 
knife resistance significantly at a confi-
dence level of 95%. The different pro-
cessing parameters influencing spike and 
knife stab resistances can be verified by 
the mechanisms of stab damage, as re-
ported in Figure 11. 

Flexibility of composite fabric
Table 4 shows the flexural length and 
flexural rigidity of pure aramid and STF/
Aramid fabrics. As Equation (1) proves, 
the flexural property of the fabrics de-
pends on the flexural length and area 
weight. That is, the longer the flexural 
length and the bigger the area weight 
were, the bigger the flexural rigidity was. 
A bigger flexural rigidity demonstrates 
that the fabric is hard to bend, hence the 
lower softness. As seen in Table 4, STF 
impregnation tends to decrease the flex-
ural rigidity, which is because the STF 
soaked between fibres, acting as lubri-
cation, and thus increasing the fabric 
softness. Comparatively, the twill and 
satin woven aramid fabrics have a softer 
texture regardless of the impregnation of 
15 nm and 75 nm silica particles because 
both of them have a relatively high-
er floating length and lower crossover 
points, as confirmed in Figure 1; which 

demonstrates that twill and satin-weave 
fabrics can produce softer STF-impreg-
nated body armours. 

	 Conclusions
In this study, plasma treatment and weave 
structure were both designed to improve 
STF-impregnated fabrics. The interac-
tive influences of plasma treatment and 
fabric structure on the stab-resistance 
performances of STF/aramid soft armour 
materials were discussed. Rheological 
behaviour results of STF showed that 
coarser silica particles exhibited more 
significant shear thickening behaviour. 
The critical shear rate decreases from 
80 s-1 to 17 s-1 when the silica particle 
is increased from 15 nm to 75 nm, and 
the maximum viscosity increases from 
0.91 Pa·s to 1.3 Pa·s correspondingly. 
The significant shear-thickening coarser 
silica in STF improved the tensile, spike 
and knife resistances. Moreover, STF im-
pregnation reduced the flexural rigidity 
due to lubrication effects from STF on 
yarns. Plasma treatment increased STF 
amounts significantly, regardless of the 
weave structure of the fabrics, and also 
improved the spike and knife resistance 
at the per unit areal weight. Its enhance-
ment for a spike and knife is different, 
with the former being larger than the 
latter. The main damage mechanism for 
spike resistance is yarn separation, and 
for knife resistance it is the cut fracture of 
the yarn. The plasma treatment increased 
the yarn fracture due to the increment 
in inter-yarn friction. Interactive effects 
showed that the silica size and plasma 
treatment affected the spike resistance 
more significantly, while only the fabric 
structure significantly affected the knife 
resistance. Therefore, an appropriate 
combination of the STF characteristic 
and fabric structure after plasma-treat-

Table 4. Flexibility of STF/aramid fabrics. 

Name codes Flexible length LB,
mm

Area weight W,
g/m2

Flexibility ridigity,
cN·cm2/cm

Standard 
deviation σ

P 118 280.52 45.2 0.96
B 111 408.02 60.5 0.70
T 87 325.93 21.1 1.10
S 98 347.86 32.1 0.79

75 nmSTF-P 91 434.4 32.1 0.81
75 nmSTF-B 98 655.4 54.7 0.78
75 nmSTF-T 74 538.09 21.4 0.59
75 nmSTF-S 83 557.58 31.3 0.93
15 nmSTF-P 82 404.12 21.9 0.77
15 nmSTF-B 101 565 57.1 0.58
15 nmSTF-T 77 484.36 21.7 0.72
15 nmSTF-S 84 521.24 30.3 1.02

ment can effectively eliminate the num-
ber of layers of soft armour, thus provid-
ing a novel direction for designing more 
flexible and lightweight soft armour. This 
study only focuses on the interactive ef-
fects on quasi-static stab resistance, and 
in the following study we will place 
more emphasis on the influence of plas-
ma-treatment on the drop-tower stab re-
sistance of STF/aramid fabrics.
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ul. M. Skłodowskiej-Curie 19/27, 90-570 Łódź, Poland

tel. (+48 42) 638 03 41, e-mail: metrologia@ibwch.lodz.pl

The Laboratory is active in testing fibres, yarns, textiles and medical products. The usability and physico-mechan-
ical properties of textiles and medical products are tested in accordance with European EN, International ISO and Pol-
ish PN standards.

AB 388

Tests within the accreditation procedure: 
n 	 linear density of fibres and yarns, n mass per unit area using small samples, n elasticity of yarns, n breaking force and  

elongation of fibres, yarns and medical products, n loop tenacity of fibres and yarns, n bending length and specific flexural 
rigidity of textile and medical products

Other tests: 
n	for fibres: n diameter of fibres, n staple length and its distribution of fibres, n linear shrinkage of fibres, n elasticity and initial 

modulus of drawn fibres, n crimp index, n tenacity
n	 for yarn: n yarn twist, n contractility of multifilament yarns, n tenacity,
n	 for textiles: n mass per unit area using small samples, n thickness
n	for films: n thickness-mechanical scanning method, n mechanical properties under static tension
n	for medical products: n determination of the compressive strength of skull bones, n determination of breaking strength  

and elongation at break, n suture retention strength of medical products, n perforation strength and dislocation at perforation

The Laboratory of Metrology carries out analyses for:
n 	 research and development work, n consultancy and expertise

Main equipment:
n 	 Instron tensile testing machines, n electrical capacitance tester for the determination of linear density unevenness  

– Uster type C, n lanameter


