
1.	 Introduction
The primary objective of body armor research is to develop 

a low cost, lightweight, wearable garment system with improved 
impact resistance. Currently used body armors, particularly 
those for military use, are considered too heavy, limiting the 
agility and mobility of the wearer and eventually leading to 
increased casualties. Body armor standards require that an 
impactor should be stopped under impact, and the penetration 
depth into a backing material to the armor should not exceed 
1.73 inches. If penetration depth exceeds this value, a wearer 
can acquire serious blunt trauma1. Therefore, the demand for 
substantial improvement in the performance-to-weight ratio 
of body armor as well as the performance-to-thickness ratio 
is very high. Conventional body armor materials, typically 
comprised of many layers of high performance Kevlar® fabric 
with optional ceramic tile inserts, are too bulky and stiffer for 
application in extremities protection2.  

Kevlar fibre is characterized by low density, high strength, 
and high energy absorption. Unfortunately, most ballistic 
fabrics produced using these high strength fibers provide 
little protection against spike threats and the resulting bulk 
and stiffness of the armor limits its comfort and flexibility. 
A material is needed which can offer the equivalent ballistic 
performance of existing body armor materials, but with 
significantly more compactness, low cost and flexibility. Shear 
thickening is a Non Newtonian flow behavior observed as 
an increase in viscosity with increasing shear rate or applied 

stress3. The phenomenon of shear thickening fluid is due to 
the suspension of highly concentrated oxide nano particles 
(silica) in solvent medium (polyethylene glycol). This shear 
thickening phenomenon can damage processing equipment 
and induce dramatic changes in suspension microstructure, 
such as particle aggregation, which results in poor fluid and 
coating qualities4. It has been demonstrated that reversible 
shear thickening in concentrated colloidal suspensions is 
due to the formation of jamming clusters bound together by 
hydrodynamic lubrication forces, often denoted by the term 
hydro clusters5. The performance enhancement provided by 
the STF may be due to an increase in the yarn pullout force 
upon transition of the STF to its rigid state. Shear thickening 
fluid based armor is not sufficient to protect the wearer against 
higher energy threats. Also the interface between STF and 
fibres can be significantly improved to achieve better adhesion6. 
Silane coupling agents are excellent surface modifiers that can 
enhance mechanical properties of STF by increasing inter 
particle friction7. Silanes are choice reagents in improving 
adhesion properties between fluids and fabrics, which will 
increase energy dissipation capabilities8. Shear thickening 
fluids composed of silica particles functionalized with silane 
coupling agents demonstrated better stab resistance during 
drop tower impact test and quasistatic tests. The objective of 
this study is to investigate the impact resistance properties 
of knitted Kevlar fabrics impregnated with different silane 
coupling agents that exhibit the shear thickening effect. At 
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low strain rates, associated with normal motion of the wearer, 
the fluid will offer little impediment to fabric flexure and 
deformation. However, at the high strain rates associated with 
a ballistic impact event, the fluid will thicken and enhance the 
ballistic protection of the fabric9. Tests are performed using 
spike impactor, based on the National Institute of Justice 
(NIJ) standard 0115.0, for stab protective armors. Additional 
results are included for quasi static stab loading of fabrics. The 
examination and analysis of distribution and interpretation of 
chemical bonding and structures of STF in fabrics is done using 
Scanning electron microscope (SEM) and Fourier transform 
infrared spectroscopy (FTIR). The performance of multilayer 
STF-Kevlar targets is compared to neat Kevlar target and 
Kevlar targets impregnated with only STF and of comparable 
areal density. Both quantitative depth-of-penetration data and 
qualitative descriptions of fabric damage are reported.

2.	 EXPERIMENTAL
2.1	 Materials
2.1.1	 Shear Thickening Fluid

The shear thickening fluid (STF) used in the targets 
is composed of silica particles (15 nm) suspended in 
polyethylene glycol 200 Mw (Sigma Aldrich) at a volume 
fraction approximately 52 per cent. This STF undergoes a 
shear thickening transition at a shear rate of 102 s-1. 

2.1.2	 Kevlar Fabric
The Kevlar fabric used in all targets was rib type knitted 

aramid (polyparaphenylene terephthalamide), 24 yarns per inch, 
and high performance fabric with areal density of 130 g/m2. The 
Kevlar layers were cut to 15 cm x 18 cm and stacked in four 
layers and a stitch was provided to hold it together. 

2.1.3	 Silane Coupling Agents
To improve the penetration resistance of the target fabric, 

silica particles were functionalized with a silane coupling 
agent. Silane coupling agent is used to form a durable bonds 
between inorganic and organic materials such as silica 
particles and polyethylene glycol. The silane coupling agents 
used in this work are Methyl trimethoxy silane (MTMS) and 
Vinyl triethoxy silane (VTES) purchased from Sigma Aldrich. 
Methyl trimethoxy silane (MTMS) has a density of 0.995 g/cm3 
and molecular weight of 136.22 g/mol. Vinyl triethoxy silane 
(VTES) has a density of 0.885 g/cm3 and molecular weight 
of 190.31 g/mol. The inorganic compatibility comes from the 
alkoxy group attached in the silicon atom in silane molecular 
structure. The bond is hydrolytically unstable and in presence 
of moisture hydrolyses to an intermediate Si-OH bond. It 
condenses with the surface bound OH groups on the inorganic 
surface to form stable bonds.

2.2	T arget Preparation
Target 1 is taken as the neat Kevlar fabric in four layers, 

cut in the dimensions of 15cm x 18 cm without impregnating 
with any STF. Actual fabrication procedures include the 
mixing of silica particles, polyethylene glycol and ethanol in a 
ratio of 7.9:6.5:85.6 by weight. This ratio eventually results in 
a mixture of silica and polyethylene glycol at 55:45 by weight 

after drying out ethanol. The addition of ethanol aids in the 
dispersion and breakup the silica agglomerations and to aid 
the infusion of STF mixture into the Kevlar fabric. After an 
hour of continuous stirring, the mixture was used to soak 4 
layers of Kevlar fabric cut in dimensions of 15 cm x 18 cm. 
To impregnate the fabric, the layers were stitched together and 
placed in sealed plastic bag along with the STF mixture. After 
fifteen minutes, it is placed inside an oven and baked at 70oC 
until it was dry, i.e. all the ethanol had evaporated. The four 
layers of Kevlar impregnated with the STF mixture resulted 
in an areal density of approximately 0.120 g/cm2. Thus target 
2 is prepared. Functionalization of silica particles is done to 
prepare target 3 and 4. The modification of silica particles 
with the use of silane is followed according to manufacturer’s 
procedures and early studies. First the MTMS is added to 95 
per cent of ethanol and 5 per cent water to yield 2 per cent 
final concentration of silane. Then it is mixed with silica 
particle and stirred continuously for 3 h at room temperature. 
Then it is allowed to dry to get modified silica particles. This 
functionalized silica particle is mixed with polyethylene 
glycol and ethanol and allowed to impregnate with four layers 
of Kevlar fabric, dried in oven to obtain target 3. Target 4 is 
obtained by mixing VTES with ethanol and water and stirred 
continuously at 60 oC for 2 h. Then the functionalized silica 
obtained after drying is mixed with polyethylene glycol and 
ethanol as above procedure for 3 h and allowed to impregnate 
with four layers of Kevlar fabric. Then it is allowed to dry in 
oven and the target 4 is obtained. The total weight of target, 
amount of STF added and its areal density were calculated and 
shown in Table 1. These STF impregnated targets were sealed 
in polyethylene film pouch.

Table. 1 Description of prepared targets

Target Description
Total 

weight 
(g)

Weight of 
STF added

(g)

Areal 
density
(g/cm2)

1 4 layers of neat Kevlar 
fabric only

32.50 0 0.120

2 4 layers of Kevlar fabric 
impregnated with STF

80.17 47.67 0.296

3 4  layers of Kevlar fabric 
with functionalized STF 
(STF + MTMS)

86.36 53.86 0.316

4 4 layers of Kevlar fabric 
with functionalized STF 
(STF + VTES)

95.68 63.18 0.354

2.3	 Impact Tests
The impact tests performed are based on the NIJ Standard 

0115.0 for stab resistance body armor. The NIJ-specified 
impactor used is the spike. The spike is rigidly mounted to 
the crosshead hammer using a tool fixture arrangement in 
a charpy impact tester. The prepared targets are placed on 
a multi layer foam backing shown in Fig.1 as specified by 
the NIJ standard 0115.0. This backing consists of four layers 
of 5.8 mm thick neoprene sponge, followed by one layer of 
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31 mm thick polyethylene foam, backed by two 6.4 mm thick 
layers of rubber. Synthetic polymer based polyart witness 
papers were placed between the target and foam backing and 
behind each layer of neoprene sponge10. To perform an impact 
test, the spike impactor is mounted to the crosshead hammer 
of specific mass. The hammer is dropped from a fixed heights 
to impact the targets in two energy levels namely, 24 J and 
36 J. The depth of penetration of into the targets is quantified 
in terms of the number of witness paper layers penetrated by 
the impactor11-15. Two sets of experiments were performed for 
each target. For the first set, the hammer with mass 3.567 kg is 
dropped from a fixed height of 0.714 m, so that impact energy 
of 24 J is obtained. For the second set of experiments, the drop 
height is fixed at 1m, so that impact energy of 36 J is obtained. 
Tests were performed on all targets and same targets were 
used for all tests, with each impact point spaced at least 6mm 
from the target edge and from the previous impact locations. 
The targets were held firmly using a metal frame in place and 
strapped along with the backing material using nylon strap. 
The sharpness of the impactor was monitored between tests, so 
it did not vary systematically during experiments.

The impact test procedure used in this study differs from 
the NIJ study in two ways. First, the NIJ standard uses two-
mass, damped impactor. This damping is more closely to the 
realistic impact dynamics than our rigidly-mounted impactor16. 
So our energy values cannot be directly compared to NIJ-based 
energy values. Secondly, NIJ standard measures the penetration 
depth based on measuring the final location of the spike in 
the backing material. This approach is very inaccurate, time 
consuming17. Our witness paper approach is objective, rapid 
and simple to implement.

2.4	 Quasistatic Impact Test
To complement the impact test, quasistatic impact tests 

were also performed. The spike impactor was mounted to 
the upper grip of a universal testing machine with the target 
placed below the impactor and on top of the same multi-
layered backing as used in the previous impact tests. The spike 
impactor was then pushed into the target at a rate of 5mm/s to 
a total depth of 30 mm. Load versus displacement data was 
recorded.

3.	R ESULTS AND DISCUSSION
3.1	 Impact Test Results

The impact test results for a series of targets composed of 

4 layers of Kevlar fabric and impregnated with different STF 
composition (see Table 1) are shown in Fig. 2 and summarized 
in Table 2. The impactor should be stopped in all targets. Fig.  
shows the penetration depth for these targets and with the 
targets 3 and 4 impregnated with functionalized STF showing 
significantly less penetration depth than the targets without 
impregnating functionalized STF. The clay witness penetration 
profiles also show a marked difference in shape, as deep 
penetration profiles in non-functionalized STF targets, while 
blunt and shallow penetration profiles in targets impregnated 
with functionalized STF. These results clearly shows that, 
even though the non functionalized STF impregnated target 
does show improvement relative to the neat Kevlar, the 
functionalized STF impregnated targets shows significant 
improvement in impact resistance. The unimpregnated and 
non functionalized targets show that the Kevlar yarns that were 
directly impacted by the impactor pullout significantly from 
the weave, producing the well-documented cross pattern in 
the fabric. Note that the Kevlar layers exhibit little actual fibre 
breakage, although some fibre stretching near the impact point 
may have occurred. 

Figure 1. Multilayer foam backing construction.

Table 2.	 Impact performance of targets for impact energy    
24 J and 36 J

Target Description
Penetration 

depth for 24 J 
(mm)

Penetration 
depth for 36 J 

(mm)

1 4 layers of neat 
Kevlar fabric only 42 76

2

4 layers of Kevlar 
fabric impregnated 
with STF 

23 45 

3

4 layers of Kevlar 
fabric with 
functionalised STF  
(STF + MTMS) 

28 40 

4

4 layers of 
Kevlar fabric with 
functionalised STF 
(STF + VTES)

15 23 

Figure 2.	 Effect of STF fictionalisation on impact performance 
of STF-Kevlar targets.

3.2	 Quasistatic impact test results
Quasistatic tests performed with spike impactor were 

able to penetrate the targets materials and showed similar 
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qualitative deformation behaviour during loading. Backing 
layer penetration was also similar; penetrating 3 witness layers 
for functionalized STF targets and 4witness layers for STF-
Kevlar targets and 5 witness layers for unimpregnated Kevlar 
targets. This difference can be explained by comparing the 
load-displacement curves for these targets. 

The functionalized STF-Kevlar targets experience 
significantly higher loads to peak displacement than the other 
targets (340 N, 420 N vs 262 N, 315 N respectively) as shown 
in Table 3. This difference indicates that the functionalized 
STF-Kevlar targets are more efficiently loading the spike and 
resisting the penetration. The neat Kevlar fabric target becomes 
penetrated at a small displacement and load and thereafter 
provides little resistance to further penetration. While the 
functionalized STF-Kevlar targets shows little damage or 
penetration in fibre when comparing with others.

The difference in load-displacement curves for the targets 
under quasistatic test on velocity of penetration of 5mm/s is 
shown in Fig. 3. It demonstrates that the final load for the 
functionalized STF-Kevlar targets is dramatically higher than 
that of impregnated and non functionalized STF targets (492N 
vs 260N respectively).

3.3	 Fourier Transform Infra Red Analysis
It is observed, in Figs. 4, 5, and 6 that the modified silica 

nanoparticles absorb more energy than the silica particles 
without silane. The largest peak wave number 1090 cm-1, 
represents the siloxane bond (Si-O-Si) which naturally occurs 
in silica. The infrared (IR) absorption of the siloxane bond 
increased from approximately 0.2 to over 1.0 with the addition 
of silane for modification of the silica nano particles, indicating 
an increase in the number of chemical bonding.

The peak is sharper signifying a stronger siloxane 
bond. Figure 6. shows an increase in area under the curve 

Target Description Load (N)

1 4 layers of neat Kevlar fabric only 262.17

2
4 layers of Kevlar fabric impregnated 
with STF 314.46 

3
4  layers of Kevlar fabric with function-
alized STF (STF + MTMS) 339.56 

4
4 layers of Kevlar fabric with function-
alized STF (STF + VTES) 419.47 

Table 3.	 Quasistatic impact performance of targets for velocity 
at penetration 5 mm/s

Figure 3. Load vs. Displacement during Quasistatic testing.

Figure 4.  FTIR result of unmodified STF.

Figure 5.  FTIR result of modified STF with MTMS.

Figure 6.  FTIR result of modified STF with VTES.
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suggests an increase in concentration of Si-O-Si bonds due to 
functionalization. At approximately 1250 cm-1, there is another 
spike that has increased due to the modification of silica particles. 
This enhanced peak indicates formation of a new carbon-
hydrogen (C-H) single bond because of surface modification 
of silica particles. The presence of other high frequency bonds, 
such as methyl (CH3) group and the methylene (CH2) group 
arising from the silane linker is apparent at approximately 
2920 cm-1 (please see Table. 4).

Chemical 
compound Group

Wave numbers (cm-1)

Target 2 Target 3 Target 4
PEG OH Stretch - - - 

CH2 aliphatic 2922 2922 2921 

C-O-C ether 1113 1092 1095 

Silica C-O-C ether 1113 1090 1095 

Si- CH2 1400 - - 

Si-O-Si Siloxane 1042 1092 1095 

MTMS CH2-CH3 ali-
phatic 

- 2922 - 

Si- CH2 - - - 

Si-O-CH3 - - - 

Si-O-CH3 - 1090 - 

VTES CH2 aliphatic - - 2920 

C-H - - 1250 

Si-O-CH3 - - 1092 

Si-O-Si siloxane - - 1092 

Table 4.	 Experimental FTIR assessment for STF materials 
(cm-1)

3.4	 Micro Structural Analysis
The improved performance of the Kevlar composite is 

attributed to the infusion of the silica and polyethylene glycol 
mixture to coat the fabric18-20. The distribution of such coating 
mixture over the fabric as well as the surface area of the tows 
can be seen by viewing it at a microscopic level. In addition to 
the distribution of the mixture infusion, it is important to see the 
agglomerations that are expected to occur with dispersing silica 
nanoparticles in the PEG and ethanol. Although the clusters 
will occur during increase in shear rate, the objective is to still 
maintain a size in the nano meter range. The microstructure and 
agglomeration within the targets were analysed using scanning 
electron microscope (SEM)21,22.

3.4.1	 Unmodified STF- Kevlar Microstructure 
A thin coating of silica-PEG mixture formed over the 

surface of the Kevlar fabric is shown in Fig. 7. This coating 
is present at the top and bottom of the fabric covering the 
entire area of the laminate. This coating offers the first line of 
resistance during the spike penetration. The coating consists 
of agglomerated silica particles embedded in the body of the 
matrix as seen in Fig. 8. Because of the high concentration of 
silica particles, they could not be dispersed fully within the 
matrix23. 

Figure 7. A thin coating of STF mixture on the surface of the 
Kevlar fabric.

Figure 8. Agglomerated unmodified silica particles and PEG 
mixture

Nevertheless, the agglomerated particles are still in 
nanometer range. A large number of such tows are shown 
in Fig. 9. Here a large number of agglomerated particles are 
adhered to the fibre tows especially in region where they 
are bonded with the neighbouring tows. The presence of the 
particles at this inter-tows area offers resistance when the spike 
penetrates through this region. It is observed that the mixture 
of unmodified STF-PEG incorporates multiple phases of 
resistance on to the Kevlar fabric24.

3.4.2	 Functionalized STF- Kevlar Microstructure
Figure 10 shows agglomerated silica particles in the 

coating over the Kevlar fabric. The modified silica particles 
mixed with the PEG result in agglomerations ranging from 
approximately 6 to 15 micrometers. Figure 11 demonstrates 
significant improvement corresponding to the adhesion of STF 
to the fabric layers. There is still consistent coating on the 
surface of the tows and between adjacent tows. 

This adhesion to the tows is credited to the silane coupling 
agent that was used to modify the silica particles and as a 
result, this adhesion feature visible even after a fibre has been 
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impacted from spike during the test25-27. It is projected that, the 
loss of impact resistance at higher impact energy in target 3 
was due to the larger agglomerations, where size of majority 
of particles was beyond the nanoscale range in the mixture that 
coat the Kevlar fabric, seen in Fig.12. This reduces the surface 
energy, in turn reducing particle inter affinity with the PEG 
but improves adhesion with the fabric. The silated silica-PEG 
mixture with VTES covered the entire Kevlar fibre as seen 
in Fig. 13, and the concentration of silica between the fibres 
and dispersed over the regions of fibres away from interstitial 
spaces. 

Comparing to the previous three fabric composites, this 
appears to be the best coating of the fibres, which enhances the 
multiple phases to enable for impact resistance.   

During the impact test, there is less time to deform due to 
sudden impact. The results of Table 2 clearly demonstrate that 
under our test conditions, impregnating neat Kevlar fabric with 
functionalized STF enhances the impact strength properties of 
the fabric. More precisely, the addition of modified STF to 

Figure 9. The silica-PEG mixture adhering to the surface of 
the Kevlar tows

Figure 10.	Agglomeration of the silica and PEG mixture on the 
Kevlar fibre with a size range of approximately 6µm 
to 15µm.

Figure 11.	Functionalized silica particle adhesion to the tows of 
the Kevlar fabric.

Figure 12.	A close-up of the particle adhesion retained on the 
fractured fibre, which reveals particle agglomerates 
under a micron.

Figure 13.	Adhesion of the functionalized silica and PEG coating 
over the Kevlar tows and between adjacent tows.
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the fabric increases the amount of impacting energy that is 
absorbed by the target. These results suggest that the modified 
STF constraints the Kevlar yarns as they are pulled through the 
fabric. The increase in energy dissipation in the impregnated 
target could be due in part to an increase in force required 
to pull out each yarn from the fabric, so that less total pull 
out is required to absorb the impacting energy. In the case of 
quasistatic testing, the force is applied over a period of time. 
During this time, the backing material absorbs the energy and 
in turn deforms. The total depth of penetration, which includes 
the thickness of the composite (3 mm), the single layer witness 
paper (0.178 mm) and the spike protruding past the witness 
layer by 0.50 mm. The other 55.32 mm (of the 60 mm) was 
the deformation of the backing material. Also looking at 
Fig. 3 there is no major peaks drop offs to designate a sudden 
penetration, which indicates that the spike under quasistatic 
loading is slowly and continuously penetrating the composite 
while deforming the backing material. A technique has been 
established to functionalize nanoscale silica particles and utilize 
them in the fabrication of the flexible fabric composite. Impact 
resistance of the composite with functionalized silica particles 
exceeds any of the present systems. The functionalized system 
does not allow any penetration up to 6 J - 8 J and only one layer 
penetration throughout the loading range up to 12 J - 15 J. SEM 
and FTIR studies have shown that the key to the enhancement 
in impact resistance may be due to the nano scale dimension 
of the particle in the system and increase in bonding strength 
between silica and PEG due to functionalization. Although the 
prediction of maximum depth of penetration is not accurate 
when comparing with early studies, it can capture the trend of 
the experimental values.

4.	CONC LUSIONs
It has been demonstrated that flexible fabric composite 

can be developed by dispersing nanoscale silica particles 
into a mixture of PEG and ethanol and substituting the STF 
fabrication route to functionalization. It was also shown that 
the performance of the newly developed nanoparticle based 
composites is superior to that of the conventional STF- based 
composites. Comparisons with fabrics impregnated with non-
functionalized STF shows that the shear thickening effect 
is critical to achieving enhanced performance. Also, when 
compared with neat Kevlar fabrics and unmodified Kevlar 
fabrics, the functionalized STF based Kevlar fabrics provides 
more protection, yet it is much thinner and more flexible. The 
performance enhancement provided by the STF may be due to 
an increase in the yarn pull out force upon transition of the STF 
to its rigid state.
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