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encompassing each single fiber with the mixture. This can be clearly observed in Figure 

50. 

 
Figure 51:  Silane-Silica-Gluta/Kevlar bonding 

On the other hand, the impregnation of Spectra fabric with the silane-silica-

glutaraldehyde mixture does not seem to bond as well. Figure 51 shows that the 

reinforcement coated onto the Spectra fibers does not bond uniformly. Large areas of 

fibers are not covered and more agglomerates are present. The study based on the NIJ 

Spike test show that both neat Kevlar and neat Spectra have similar performance. 

However after the impregnation of silane-silica-glutaraldehyde onto the Kevlar fabric 

the resistance to the spike penetration is significantly improved. This is simply not the 

case regarding the Spectra fibers which still show poor performances after being 

treated. The observation of the coating of the reinforcement onto the fibers is an 

explanation to this variation in spike resistance and is further explained by the 
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difference in terms of material composition. The Kevlar fabric shows an amide group 

which is believed to link with the glutaraldehyde. Spectra fibers made out of UHMWPE 

do not have such goup, therefore the bonding to the fibers is not occurring and only 

connections in between silica particles are present. Those connections help the 

reinforcement to surround the spectra fibers but do not hold the energy received during 

impact as the particles will wear off after impact as seen in Figure 51. 

 
Figure 52:  Coating of the silated SiO2 with glutaraldehyde onto the surface of the 

Spectra fabric. 



 

73 

 
Figure 53:  Coating of the silated SiO2 with glutaraldehyde mixture wearing off the 

surface of the Spectra fabric after impact. 
 

The presence of reinforcement deposited onto the Spectra fibers still helps 

improving the performances of the composite. The examination of the NIJ knife test 

results shows that reinforced Spectra fabric performs better than neat Spectra. This 

believed to results in part from the reinforcement deposition at the surface of the fibers. 

Even though the reinforcement does not bond to the fibers the thin coating existing 

provides the first line of defense to the knife impact. Further studies on NIJ knife test 

show that Spectra presents at the third layer penetration, a plateau of resistance which 
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differs greatly from the Kevlar composite. The explanation to this variation can be 

found in the material properties of the fabrics. 

The examination of the Shear moduli of the fabrics shows great differences. 

Spectra fibers have a shear modulus of 25.57 MPa compare to Kevlar fibers which only 

have a shear modulus of 0.146MPa. This variation explains the difference observed 

during the mechanical tests performed as well as the difference in knife resistance. The 

resistance of Spectra is then believed to be due to the reinforcement addition but 

moreover by its mechanical properties which demonstrate higher shear moduli than the 

Kevlar fabric. 

 

Fiber Density (ρy) 
Kg/m3 

Yield 
strength 

(σymax) GPa 

Elastic 
Modulus (Ey) 

Gpa 

Maximum 
strain (εy) % 

Shear 
Modulus 
(G) GPa 

Kevlar 1440 2.9 74 3.4 0.15 
Spectra 970 3.25 116 2.9 27 

Table 2:  Table of major material differences between Spectra and Kevlar fibers 

 

4.3 Microscopy 

4.3.1 Silane-Silica-Gluta/Kevlar Microscopy 

Extensive microscopic studies were performed to observe failure mechansms 

and coating of fibers by the particles. This coating is present both at the top and bottom 

of the fabric encompassing the entire area of the laminate as shown in figure 53. It is 

believed that this coating offers the first line of resistance during the spike penetration.  
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The coating consists of agglomerated silica particles embedded in the body of the 

matrix as in Figure 55. 

 

 

 
Figure 54:  A thin coating of the silated SiO2 with glutaraldehyde mixture on the surface 

of the Kevlar fabric 
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Figure 55:  Agglomerated Silated SiO2 particles and Glutaraldehyde mixture. 

The agglomerated particles are relatively large in size. They are formed due to 

the presence of silane and glutaraldehyde.  Because of the high concentration (22%) of 

the silica particles, they could not be dispersed fully within the matrix.  The 

agglomerated particles are in the micrometer range.  Once this thin layer is penetrated, 

the subsequent resistances are offered by the impregnated fiber tows.  It is seen in 

Figure 42 that a large number of agglomerated particles are adhering to the fiber tows 

especially in the region where they are bonded with the neighboring tows.  The 

presence of the particles at this inter-tows area also offering resistance should the spike 

penetrate through the coating.  Therefore, it is observed that the mixture of Silated 
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Silica with Glutaraldehyde incorporate multiple phases of resistances on to the Kevlar 

fabric. 

4.3.2 Evolution of bonding 

We can now notice the evolution of the bonding of the nanoparticles to the 

Kevlar fibers showing then that the gluta system has more bonding ability than previous 

STF mixtures. 

 
Figure 56:  Neat Kevlar. 

 

 

 

 



 

78 

 
Figure 57:  Silane-Silica-PEG/Kevlar bonding 

 
Figure 58:  Silane-Silica-Gluta/Kevlar bonding 
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Figure 59:  Silane-Calcium Carbonate-Gluta/Kevlar 

In figures 55 to 58, the amount of nanoparticles bonded to the fibers becomes 

clearly more important when using the gluta system. Both Silica and Calcium carbonate 

particules bond uniformly well on the fibers. It shows how strong the bonding ability of 

the gluta system is. This bonding ability is believed to come from the specific chemical 

links between atoms.  

Further studies on links between atoms are being investigated in a chemical 

analysis. 
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4.4 Chemical Analysis 
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Figure 60:  FTIR of the different glutaraldehyde ratios added to the silated silica 

mixture. Gluta1=0.225g, Gluta2=0.113g, Gluta3=0.45g 
 

FTIR is very useful in identifying chemical bonding, either organic or inorganic, 

by the energy transmission at various wave numbers.  FTIR was performed on different 

sets of glutaraldehyde mixtures which ratios were different: Gluta1=0.225g, 

Gluta2=0.113g, Gluta3=0.45g.  It is observed that at a specific glutaraldehyde ratio the 

nanoparticles transmit less energy.  This is shown at the lowest peak wave number near 

one thousand, representing the secondary amine C-N stretch at 1140cm-1 which occurs 

with the addition of glutaraldehyde.  
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Figure 61:  FTIR of different glutaraldehyde combinations present in the final mixture 

Silane-Silica-Gluta/Kevlar 
 

The relative absorbance of the different glutaraldehyde combinations shows the 

various bonds present in the armor composite. As mentioned previously, the secondary 

amine stretch C-N is playing the most important part in the bonding ability of the silica 

to the Kevlar fabric which is certainly giving the resistance to the armor composite. The 

absorption energy at 944cm-1 corresponds to the C-H bend vibrations. The one at 

1408cm-1 corresponds to the C-C stretch (in-ring). Finally another bond present in the 

armor composite is the methyl C-H stretch at 2975cm-1. 

An energy-absorption spectrum has been observed at a particular wavenumber 

1710cm-1 on the Kevlar with glutaraldehyde sample only. The peak observed comes 

from the glutaraldehyde in presence of the Kevlar and represents the weak bands 

overtones reflecting the substitution pattern on the ring. The small energy absorption of 
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this bond noticed in the entire solution suggests that it has been masked by the addition 

of the other chemicals. 

4.5 Mechanical Testing 

Testing the different Kevlar based composites according to the procedure 

explained earlier brings further evidence of the advantage of the addition of 

glutaraldehyde into the mixture. 

 
Figure 62:  Warp direction tension test  

 
In figure 61 the results of the warp direction test are shown. It is first observed 

that there differences in stresses between the various fabrics are very less. This is due to 

the way the fabric is manufactured. The fibers in the warp direction are pre-tensioned 

whereas the fibers in the fill direction are sewed in between the warp ones and do not 

get pre-tensioned.  
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During the tests a pre-tension load of 10N is applied before starting in order to 

align the fibers. The neat Kevlar and PEG-silane-silica Kevlar composite are going up 

to similar stresses of about 485 MPa. The neat Kevlar reaches this maximum stress at 

8.4% strain before failure occurs. The PEG-silane-silica Kevlar composite reaches a 

strain of 9% before failing. The silane-silica Kevlar composite reaches 9.7% of strain 

before failing at a stress of 508MPa. The examination of the silane-silica-glutaraldehyde 

Kevlar indicates that the addition of glutaraldehyde into the mixture enhance the 

mechanical properties of the composite as it fails 533MPa at 8.1% of strain. This 

indicates that the reinforced fibers hold higher stresses when impregnated with a 

mixture of glutaraldehyde. 

Figure 63:  Fill direction tension test  
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The results in Figure 62 show the fill direction tension test. Those results show a 

clear comparison of the various fabrics as this is the fiber direction which has not been 

pre-tensioned. Therefore neat Kevlar show the lowest stress as it goes up to 413MPa at 

strain of 5.1%. Then we can notice that the PEG-silane-silica Kevlar composite does not 

do better than the neat Kevlar as it only reaches 384MPa at a strain of 5.4%. This 

clearly indicates that STF based composites do not enhance the mechanical properties 

of the composite. The silane-silica Kevlar composite shows better resistance to tension 

as it 575MPa at a strain of 6.7% indication that removal of PEG helps increasing the 

bonding of the particles and therefore increases the resistance of the fibers. The silane-

silica-glutaraldehyde Kevlar composite confirms the warp direction tension test as it 

reaches a stress of 670MPa before failure occurs at a strain of 6.2%. The addition of 

glutaraldehyde is again confirmed to be responsible in the composite resistance. 

Figure 64:  45° direction tension tests  
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The [45degre] shear test (ASTM D3518-76) involves uniaxial tension testing of 

±45degree composites; usually laminates. The method is used for measuring in-plane 

shear properties, such as the shear modulusG12 and the ultimate shear strength τ12 of 

unidirectional fiber-reinforced composites. The method used is described earlier in 

section 3.4, where samples of 1inch by 6 inches (25.4mmx152.4mm) are tested in 

tension with a Zwick/Roell universal testing machine. The gage length for each sample 

is about 4inches (101.6mm). The equation that relates the shear strength to the 

longitudinal stress is related by the equation: xxστ
2
1

12 = . The shear strain equation is 

given by yyxx εεγ −=12  where σxx, εxx, and εyy represent tensile stress, longitudinal 

strain and transverse strain respectively. By knowing the samples parameters such as 

the thickness, the length and the width, the data obtained during the tension test can be 

related to the shear strength.  

The shear strength will be crucial in our test as it gives important information on 

the bonding between the fibers yarns.  

In figure 63, the neat Kevlar shows very little performance as it has no 

reinforcement what so ever, meaning no bonding between fibers. The load to fail the 

neat Kevlar goes up to 233.6N to a displacement of 12.4mm before failure. The test of 

neat nylon also shows pour performance as it reaches a load of 214.2N for a 

displacement of 22.3mm. The slow failure of nylon is mainly due to the reorganization 

mechanism of the molecular chains within the fibers. The PEG-silane-silica-Kevlar 

composite shows higher performance, indicating that reinforced fabric does help 
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increasing the resistance of the fibers. It goes up to 1131.3N and to a displacement of 

28.2mm prior failure. 

Following a similar trend as the previous mechanical tests, the silane-silica-

kevlar composite is performing better than the PEG-based composite as it reaches a 

load of 1282.4N at a displacement of 27mm. The bonding between the fibers is 

confirmed to be increased by the removal of the PEG out of the composite manufacture. 

The observation of the silane-silica-glutaraldehyde-kevlar composite shows the 

highest resistance to the tensile load as it reaches a load of 1844.5N at a displacement of 

37.8mm which confirms the high bonding between the fiber yarns. This high bonding 

ability is obtained by the addition of glutaraldehyde. 

The silane-silica-glutaraldehyde-spectra composite is slowly increasing to 

855.6N where it extends its length to about 35.5mm where a rupture partially occurs 

within the sample. The resistance continues as the loading goes up and finally reaches 

its failure point at 958.8N after an elongation of 44.4mm over its original length. 

To further understand the difference occurring during the 45° degree test 

between the Kevlar and Spectra composite, some microscopy has been performed. 

Figure 64 shows the difference between Kevlar composite before and after the tension 

test in a 45 degree direction. 

 

 

 



 

87 

 
Figure 65:  a)45degree Kevlar composite before test. b) after test. 

 

 

 

A) 

B) 
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The difference before and after the test is performed resides mostly in the 

orientation of the fibers between each other. The angle starts with a 90degree angle and 

slowly decreases as the tension goes on. At the failure point the alignment between the 

fibers reaches an angle of approximately 50degree. It is also observed that the 

reinforcement has gone away during the test, especially at the intersection between 

yarns. 

Figure 65 shows the difference between before and after the tension test in a 

45degree direction of Spectra composites. The deformation shows a similar yarn 

configuration between post and prior tension test. The yarn rotation is around 70degree 

which is less than for Kevlar. It also shows that a lot less reinforcement is present at the 

surface of the composite. This highlight the fact impregnation of Gluta system on 

Spectra fibers do not work as efficiently as it does with Kevlar. This can then be 

explained by the fact that Spectra do not exhibit an Amide group in its molecular 

formula, which prevents the glutaraldehyde to bond to the surface. 
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Figure 66:  a)45degree Spectra composite before test. b) after test. 

A) 

B) 
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4.6 Flexibility test 

According to the flexibility test procedure described in 3.5, several composites 

have been tested. The results have been recorded in the following table: 

 
Figure 67:  Flexibility Set-up 

Although the surface of the armor composites appears to be cracked at some 

locations, the flexibility is not compromised. In order to compare flexibility, procedures 

outlined in section 2.6 are followed. Twelve 15.2x15.2 cm2 layers of various categories 

of fabrics were stacked together and clamped at one end. Clamping width was 

maintained at 1.3 cm. The rest of the length, i.e., about 13.9 cm was protruding off from 

the clamped end. A total weight of 19.44 g was applied at the free end using an 

aluminium strip. Each category of fabric was clamped and loaded in identical manner. 

Flex angle for each category are then measured. 

TYPE NEAT\Kevla
r 

NEAT/Corre
ctional 
Kevlar

Spectra PEG-Silane-
Silica\Kevlar 

PEG-
Silica\Kevl

ar
ANGLE 

(deg) 42 30 31 50 31.5 

Table 3:  Results table for flexibility test on the different armor composites 
 

Silane-
Silica\Kevlar 

Silane-Silica-
gluta\Kevlar

Silane-Silica-
gluta\Correct
ional Kevlar

Silane-
CaCo3-

gluta\Kevlar

Silane-Silica-
gluta\Spectra 

45 40 32.5 33 28 
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Results of flexibility tests show that any Gluta systems stay very flexible. It 

slightly varies when compared to the neat fabric. Neat Kevlar has a flex angle of about 

42° and the reinforced Kevlar with glutaraldehyde has a 40° angle. Similarly neat 

correctional Kevlar has a 30° angle whereas the reinforced one as a 32.5° angle. The 

neat Spectra fabric has a 31° angle and the reinforced Spectra fabric has a 28° angle. 

We can easily conclude that the reinforcement applied to the fabric has no consequence 

on the flexibility of the various composites.  

The introduction of new particles such as Calcium carbonate do not have any 

influence on flexibility as it is seen that reinforced Kevlar with a mixture of silane, 

calcium carbonate and glutaraldehyde shows a flex angle of about 33°. 

The PEG-silane-silica/Kevlar composite is the only one showing less flexibility as it has 

a 50° angle. This can be explained by the addition of silane which is stiffening the 

composite. 

The PEG-silica/Kevlar composite has a low angle of 31.5° which can be due to 

the high density of PEG into the composite. 

The Silane-silica/Kevlar composite stays relatively close to neat Kevlar with a 45° 

angle. 

A remark can be made regarding the correlation with the density of the 

composite. The higher is the density of the composite, the smaller is the flex angle 

which is then translated into higher flexibility according to the present standard. A more 

comprehensive flexibility test should be found in order to measure more accurately the 

flexibility of any composite manufactured. 
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4.7 Discussion 

 Overall, it is observed that a sonicated mixture of Glutaraldehyde and silated 

silica nanoparticles impregnated into Kevlar or Spectra fabric offers significant 

resistance to spike penetration as well as to knife penetration.  This conclusion has been 

drawn from the investigation on STF composite in which PEG has been removed from 

the equation. The outcome composite, silane-silica-kevlar showed significant 

improvements and a better coating has been observed on SEM pictures indicating 

higher number of bonds between particles. This observation led us to the introduction of 

glutaraldehyde. This type of formaldehyde was believed to increase the amount of 

bonds between silica particles as well as with the Kevlar fibers. By creating strong 

covalent bonds with the amino-groups contained in the amino-propyl-trimethoxy-silane 

and the amide groups present in the Kevlar fabric, the glutaraldehyde enhances 

considerably the adherence of the particles on to the Kevlar. Extensive microscopic 

studies revealed this uniform coating on the fibers and chemical studies gives more 

details on which atomic linkage is responsible for this improved bonding ability. FTIR 

has been performed and strongly reveals the secondary amine stretch C-N at the 

wavelength of 1140cm-1 to be the cause of the increased amount of bonds within the 

composite. The increased number of bonds brought by the addition of glutaraldehyde 

into the mixture is believed to be translated into higher mechanical properties of the 

impregnated composite. Several tensile tests have been conducted in warp, fill and 45° 

degree direction. The outcome of those tests show that glutaraldehyde based composites 

have their mechanical performances greatly increased from neat Kevlar or previous 
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silane-silica-kevlar composites. The gluta-based composite reaches the stresses up to 

533MPa in warp direction compared to 508MPa. The difference is more evident in fill 

direction tension test where the gluta-based composite reaches a maximum stress of 

670MPa compare to the silane-silica-kevlar composite which only goes up to 575MPa. 

The study of the 45° degree test gives important strength information on how strong the 

bonds created by the glutaraldehyde are. The analysis of the different impact patterns 

adds up more details on the failure mechanism of such reinforced fabric: reinforcement 

of various fabrics bonds the fibers together and less yarns pullout are observed during 

spike impact. On the other hand knife impact patterns show a clean cut through the 

fibers as the reinforcement restricts the movement of the fibers when the blade is 

penetrating. It indicates that fiber properties play an important role in stab resistance. 

This is confirmed when NIJ spike and knife tests are performed on the various selection 

of fabrics used. The investigation has concluded that Kevlar based composites 

performed very well under spike impacts and Spectra based composites under knife 

impacts. For instance the silane-silica-glutaraldehyde-Correctional Kevlar composite 

achieves the “zero-layer” penetration up to 232 J-cm2/g for the spike test whereas the 

silane-silica-gluta-spectra composite only goes up to 30.5 J-cm2/g. This is the opposite 

when NIJ knife tests are performed: spectra-based composite goes up to 6.4 J-cm2/g 

whereas the Kevlar-based composites do not even achieve a “zero-layer” penetration. 

The concept of hybridization is then introduced to address this problem and offer 

protection from both puncture and stab. A Kevlar-Spectra hybrid has been developed 

showing relatively good performances to both threats in comparison with the full 

composites tested. In other word, the hybrid composed of 7 layers of reinforced Kevlar 
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and 8 layers of reinforced Spectra, is the best compromise to provide resistance from 

both the spike and the knife. The hybrid composite achieves the “zero-layer” 

penetration up to 4 J-cm2/g for the knife and up to 26.7 J-cm2/g for the spike. 

In the attempt to increase the resistance performances the Kevlar fabric, calcium 

carbonates nano particles have been introduced in place of the silica particles. Identical 

results to that of silica based composites have been observed. This discards further more 

the STF theory and opens the researches to new type of particles that could enhance the 

fabric. 

 By reinforcing the fabrics, one could easily believe that flexibility is lost along 

the process. However, flexibility is measured by recording the angle with the vertical 

for each composite. Most of the composites show no variations in comparison to their 

neat fabric. 
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CHAPTER 5.  FINITE ELEMENT ANALYSYS OF SPIKE PENETRATION 

5.1 The Finite Element Method 

The finite element method is a numerical technique for finding approximate 

solutions of partial differential equations as well as of integral equations. The solution 

approach is based either on eliminating the differential equation completely (steady 

state problems), or rendering the PDE into an approximating system of ordinary 

differential equations, which are then numerically integrated using standard techniques 

such as Euler's method, Runge-Kutta, etc. 

In solving partial differential equations, the primary challenge is to create an 

equation that approximates the equation to be studied, but is numerically stable, 

meaning that errors in the input data and intermediate calculations do not accumulate. 

There are many ways of doing this, all with advantages and disadvantages. The Finite 

Element Method is a good choice for solving partial differential equations over complex 

domains (like cars and oil pipelines), when the domain changes (as during a solid state 

reaction with a moving boundary), when the desired precision varies over the entire 

domain, or when the solution lacks smoothness. For instance, in the spike penetration 

simulation, increased precision of the mesh can be operated over the spike and 

decreased over the backing material. 

In order to recreate the actual problem using the finite element approach, a 

commercial modeler, solver and post-processor called Ansys® is utilized.  
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5.2 Modeling of the spike penetration problem 

The NIJ spike test has been modeled using Ansys®: a 2000g spike and a nylon 

mass assembly has been modeled with the target and backing materials as they are used 

in actual NIJ test set-up. In Figures 67 to 72, various components of the setup are 

shown.  

 

 

 

 

 

 

 

 

 

 

Figure 68:  Geometry models of the spike and nylon mass 

The geometry is modeled by first defining the keypoints of the structure. As it 

presents an axis of rotation, we will only position the keypoints of a cross-section of the 

structure, and then rotate the cross section to create the 3D geometries. Dimensions 

used to model both geometries are detailed in figure 68. 
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Figure 69:  Cross-sections of spike and nylon mass 

 
Figure 70:  Geometry model of backing materials 
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The backing materials are modeled similarly using keypoints positioned at the 

dimensions measured on the actual backing material. Dimensions are referenced in 

figure 70. Once the section is drawn using the keypoints, the volumes are generated 

according to the respective height of each layer. 

 

 
Figure 71:  Backing materials geometry details 

Finally the spike and backing materials are modeled together in order to obtain 

the geometry which we will use to simulate the problem. Figure 71 shows the actual 

placement of the spike to the backing material. The axis of rotation of the spike and 

mass system is aligned with the center of the backing material plan. 
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Figure 72:  The spike-mass system is placed on the top of the backing material on 

aligned on the center 
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Figure 73:  Global view of the geometry 
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The aim of the simulated problem is to study the penetration of a spike into the 

composite. 

5.3 Elements and mesh generation 

After modeling the geometry, the mesh was created using the following 

elements. Various elements utilized to mesh the structure are as follows: 

 SOLID92 is the element type chosen to mesh the plate which is 

constituted of 8 layers. 1 layer with the Kevlar properties, 4 layers with 

neoprene material, 1 layer with polyethylene foam and 2 layers with 

rubber. 

 SOLID186 is the element type chosen to mesh the spike. It has been 

chosen for its characteristics to handle complex sharp shapes as it 

presents a high number of nodes. 

 CONTA178 is an element type called contact element. It allows the 

displacement of the spike toward the target. 

5.3.1 SOLID92 

SOLID92 has a quadratic displacement behavior and is well suited to model 

irregular meshes. The element shown in figure 73, is defined by ten nodes having three 

degrees of freedom at each node: translations in the nodal x, y, and z directions. 
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Figure 74:  SOLID92 element geometry. 3-D 10-Node Tetrahedral Structural Solid. 

The element also has plasticity, creep, swelling, stress stiffening, large 

deflection, and large strain capabilities 
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Figure 75:  Meshing of the target and backing material with SOLID92 
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To mesh the volumes constituting the backing materials, an element size was 

chosen. The size had to be not too small in order to avoid too long calculations for the 

simulation and not too big in order to provide accurate results. A size of 20mm has been 

chosen for the edges of the element. Ansys meshed all volumes based on this element 

size.  

The solution output associated with element includes as part of other things the 

nodal displacement and the stresses in every direction. The element stress directions are 

parallel to the element coordinate system. The surface stress outputs are in the surface 

coordinate system and are available for any face. The coordinate system for face J-I-K 

is shown in figure 75. The other surface coordinate systems follow similar orientations. 

 
Figure 76:  SOLID92 stress output 

Some restrictions concern the use of this element. The element must not have a 

zero volume. Elements may be numbered either as shown in figure 61or may have node 

L below the I-J-K plane. 

An edge with a removed midside node implies that the displacement varies 

linearly, rather than parabolically, along that edge. 
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5.3.2 SOLID186 

SOLID186 is a higher order 3-D 20-node solid element that exhibits quadratic 

displacement behavior. The element is defined by 20 nodes having three degrees of 

freedom per node: translations in the nodal x, y, and z directions. The geometry, node 

locations, and the element coordinate system for this element are shown in figure 76. A 

prism-shaped element may be formed by defining the same node numbers for nodes K, 

L, and S; nodes A and B; and nodes O, P, and W. A tetrahedral-shaped element and a 

pyramid-shaped element may also be formed as shown in figure 76. 

In addition to the nodes, the element input data includes the anisotropic material 

properties. Anisotropic material directions correspond to the element coordinate 

directions. The element coordinate system orientation is as described in figure 63. 

 
Figure 77:  SOLID186 geometry 
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The element supports plasticity, hyperelasticity, creep, stress stiffening, large 

deflection, and large strain capabilities. It also has mixed formulation capability for 

simulating deformations of nearly incompressible elastoplastic materials, and fully 

incompressible hyperelastic materials.  

SOLID186 Structural Solid is well suited to modeling irregular meshes. The 

element can also have any spatial orientation.  

 
Figure 78:  Meshing of the Spike and its mass with elements SOLID186 

Some assumptions and restrictions are applied to this element as follows: 

 The element must not have a zero volume. Also, the element may not be twisted 

such that the element has two separate volumes (which occurs most frequently 

when the element is not numbered properly). Elements may be numbered either 

as shown in figure 76 or may have the planes IJKL and MNOP interchanged.  

 An edge with a removed midside node implies that the displacement varies 

linearly, rather than parabolically, along that edge.  

 When degenerated into a tetrahedron, wedge, or pyramid element shape, the 

corresponding degenerated shape functions are used. Degeneration to a 

pyramidal form should be used with caution. The element sizes, when 
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ANSYS 11.0SP1
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degenerated, should be small to minimize the stress gradients. Pyramid elements 

are best used as filler elements or in meshing transition zones. 

 Also stress stiffening is always included in geometrically nonlinear analyses. 

5.3.3 CONTA178 

CONTA178 represents contact and sliding between any two nodes of any types of 

elements. The element has two nodes with three degrees of freedom at each node with 

translations in the X, Y, and Z directions. It can also be used in 2-D and axisymmetric 

models by constraining the UZ degree of freedom. The element is capable of supporting 

compression in the contact normal direction and Coulomb friction in the tangential 

direction. The element may be initially preloaded in the normal direction or it may be 

given a gap specification. A longitudinal damper option can also be included.  

 
Figure 79:  Insertion of contact element CONTA178 in between the spike and the target 
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Figure 80:  CONTA178 element geometry. 

As shown in figure 78, the element CONTA178 is used to connect the spike tip 

to the target. The element is defined by two nodes, each node belonging to either the 

spike or the target. The element is used so that the displacement of the spike towards the 

target is computed to close the gap. The element also transfers the applied load coming 

from the spike and deforms then the target. 

The restrictions applied to this element are as follows: 

 The element operates bilinearly only in the static and the nonlinear transient 

analyses. If used in other analysis types, the element maintains its initial status 

throughout the analysis. 

 The element is nonlinear and requires an iterative solution. 

 Nonconverged substeps are not in equilibrium. 

 Unless the contact normal direction is specified by (NX, NY, NZ), nodes I and J 

must not be coincident or overlapped since the nodal locations define the 
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interface orientation. In this case the node ordering is not an issue. On the other 

hand, if the contact normal is not defined by nodal locations, the node ordering 

is critical.  

 The element maintains its original orientation in either a small or a large 

deflection analysis unless the cylindrical gap option is used. 

5.4 Determination of the materials properties  

Material properties have been implemented in ANSYS® using the models of 

equation developed at Purdue University [67]. 

 The strain in the yarn direction is generally small. The relative rotation between yarns 

could be large as shown in figure 80. Yarn rotation angles are recorded at each 

incremental deformation step. The warp and weft layers are modeled separately and the 

interaction between them is considered.  

 
Figure 81:  Warp and weft yarn orientations in global coordinate system. 

 
Figure 82:  Local orthogonal coordinate system for warp layer. 
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Considering the warp layer, a local orthogonal coordinate system x1-x2 is set up 

with x1 parallel to the yarn direction as shown in Figure 81. The stress-strain relations 

for the warp layer are formulated as  

 
11 1 11

22 2 22

12 12 12

0 0
0 0
0 0

E
E

G

α

α

α

σ ε
σ ε
σ γ
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⎢ ⎥⎪ ⎪ ⎪ ⎪Δ = Δ⎨ ⎬ ⎨ ⎬⎢ ⎥

⎪ ⎪ ⎪ ⎪⎢ ⎥Δ Δ⎩ ⎭ ⎩ ⎭⎣ ⎦

 (1) 

 

where 1Eα  is curve-fitted using the data from the tension test of the fabric in the warp 

direction. It is a function of yarn strain along the warp direction. 2Eα  and 12Gα  are several 

orders smaller than 1Eα . In this study, 12Gα  is set to be a constant, and 2Eα  is a highly 

nonlinear function of nondimensional yarn spacing between warp yarns. The stress-

strain relations in global coordinate system x-y are obtained by coordinate 

transformation: 
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Following the same procedures, we obtain the stress-strain relations for the weft 

layer in the global coordinate system as 
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To simplify the formulation, we assume that both warp and weft layers occupy 

the same space and have the same thickness 0.23 mmT = as one fabric layer. This 

thickness is set to be constant over the fabric undergoing a large deformation. To be 

consistent, material properties for the warp and weft layers are defined using thickness 

T. Thus the stiffness matrix for the fabric is obtained as  

 

 [ ]Q Q Qα β⎡ ⎤ ⎡ ⎤= +⎣ ⎦ ⎣ ⎦  (6) 
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The material properties 1Eα and 1Eβ are obtained from the respective uniaxial 

tension tests of the fabric. Bilinear functions of yarn strain are used to fit the stress-

strain curves with the result for kevlar composite: 
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  (7) 

 

where θ α β= −  is the angle between warp and weft yarns; 11
αε and 11

βε  are yarn strains 

in warp and weft directions, respectively; Lα and Lβ  are nondimensional yarn spacings 

for the warp yarns and weft yarns, respectively.  

The shear moduli 12Gα and 12Gβ  control the initial shear rigidity when the warp and 

weft yarns are orthogonal to each other. We have 

 

MPaGGG 4.241212 === βα   (8) 

 

The transverse moduli 2Eα and 2Eβ are related to the highly nonlinear shear rigidity 

of the fabric under large shear deformation. Physically 2Eα and 2Eβ prevent the parallel 

yarns from being too close to each other. We have 
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where 0.70Silica
LockL = indicate the angles of the rotation locking for the fabric with 

reinforcement. When Lα and Lβ approach these values, the transverse module increases 

rapidly to prevent further relative yarn rotations.  

Results obtained during the mechanical testing experiments were implemented 

into Ansys following this procedure. Table 4 shows the material properties used. 

Properties Nylon 
mass Spike Kevlar 

composite Neoprene Polyethylene Rubber 

EX (Pa) 3.2E9 207E9 124E9 105E3 565E3 2.24E9 
Ey (Pa)   112.4E9 147E3 83E3 1.34E9 
EZ (Pa)   124E9 105E3 565E3 2.24E9 
υxy 0.33 0.3 0.36 0.3 0.35 0.35 
υyz   0.36 0.3 0.35 0.35 
υxz   0.36 0.3 0.35 0.35 

Gxy (Pa)   28.4E9 27.2E3 0.117E9 24.4E9 
Gyz (Pa)   28.4E9 27.2E3 0.117E9 24.4E9 
Gxz (Pa)   28.4E9 27.2E3 0.117E9 24.4E9 
Density 1.15 7850 1.44 1.5 3.45 1.52 

Table 4:  Material properties table for the different constituents of the model 

5.5 Boundary Conditions 

The Finite Element problem is designed to simulate the fall of a spike and its 

impact onto the target.  Therefore it is shown in figure 82, that nodes from the elements 

associated with the spike will be assigned a gravitational acceleration of 9.81m.s-2. The 

backing material has to stop the spike from falling. All the nodes from the last layer of 
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rubber will be constrained in all degrees of freedom. This will allow the rest of the 

backing material to deform when the spike will impact. 

 

 
Figure 83:  Boundary conditions applied on the system 

5.6 Results 
 

Once the geometry and mesh were created and boundary conditions applied. The 

finite element problem was solved by involving Ansys solver. The solution of the Finite 

Element problem yielded displacement and stresses at nodes of elements both at the 

spike and at the target. Penetration of the spike was then simulated using a time 
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resolved transient analysis. The goal of the transient analysis was to simulate the actual 

penetration as well as to predict the depth of penetration.  
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Figure 84:  Simulated penetration of the spike. VonMises stress result. 

The maximum stress is recorded at the center of the target and is about 1.07GPa. 

The maximum displacement is also observed at the center of the target and backing 

material setup, right under the tip of the spike. It has been recorded to be about 48mm. 

Comparisons between the simulation and experiment has been done and shown 

in figure 84. The validity of the model is confirmed since the simulated curve follows 

relatively the experimental curve. 



 

114 

 
Figure 85:  Comparison graph of Simulated Quasi-static impact penetration to 

Experimental  
 

The experimental curve goes up to 1.10e3 N and depth of 50mm whereas the 

finite element problem shows a force going up to about 1.20e3 N and a depth of 48mm. 

Despite the differences observed, the model shows good prediction of the depth of 

penetration and forces involved. 

5.7 Discussion 

The finite element analysis performed has shown very similar results to that of 

the experimental work. The choice of proper elements has helped obtaining a stable 

mesh. The choice of SOLID92 for the backing material and the target has shown good 

results due to its quadratic displacement behaviour. It is the best suited to model meshes 

that will undergo large deflections. Utilizing SOLID186 to mesh the spike was also the 

more appropriate choice as it is an element that is perfectly suited for irregular shapes. It 

also has mixed formulation capability for simulating deformations of nearly 
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incompressible elastoplastic materials, and fully incompressible hyperelastic materials. 

Finally CONTA178 was chosen mostly because it is a 3D node-to-node contact, which 

means that it only requires 2 nodes to be defined. The geometries being centered on the 

same axis it become more practical to define this type of contact element. Once, the 

geometries are meshed, the material properties defined and the boundary conditions set, 

the solution is computed through the Ansys solver. In order to compare the simulation 

output to the experimental work, the force and the depth of penetration are plotted. 

Comparison of the curves shows a good correlation between experimental and finite 

element model. Therefore it is possible to utilize the finite element model in order to 

predict the force and depth of penetration of a spike test. 
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CHAPTER 6.CONCLUSION 

6.1 Summary 

The following is the summary of the present investigation: 

1. A flexible armor system using a cross-linking fixative (Glutaraldehyde) with 

silane, silica and Kevlar has been developed. The new system demonstrates 

spike resistance almost 10 times more than that of the traditional PEG-silica-

Kevlar system without any loss of flexibility. 

2. An unprecedented material resistance to spike penetration has been observed as 

Gluta creates strong chemical bonds between distant pairs of amine groups 

present in functionalized silica particles, and Kevlar. 

3. Formation of C-N stretches as a result of interaction between Gluta and amide 

functional group is responsible for such high resistance to spike. This seems to 

happen in presence of Kevlar, but not Spectra which does not have amide 

functional groups. 

4. When silica particles are replaced in the new system with biodegradable CaCO3 

particles, spike performance remains unchanged. 

5. Knife performances have been improved significantly by hybridizing Kevlar and 

Spectra fabrics – by doing so one has to sacrifice some of the spike resistances, 

but overall the new system is superior to previous PEG based systems 
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6. Preliminary work using Finite Element Analysis has been completed to model 

the penetration of the spike into the fabric. Geometries, material properties and 

boundary conditions have been defined to be as close as possible to the actual 

NIJ spike test. The results obtained show a good correlation between the 

experimental and the simulation. 

 

6.2 Future Work 

1. In our recent studies, we have noticed that Spectra perform well in knife 

experiments while Kevlar does that with spike. This prompted us to hybridize 

the armor construction with Kevlar and Spectra. However, the exact differences 

in the failure mechanisms with knife and spike are not yet fully known. We 

intend to perform failure studies with SEM studies and a follow-up numerical 

modeling 

2. We will also investigate the role of fiber during penetration - as to why Spectra 

is good for knife while Kevlar is for spike. This will require design of new 

experiments to monitor spike or knife penetration in-situ using a SEM or a high 

speed camera 

3. Role of fiber in absorbing energy is well known. Although used for ballistic and 

puncture applications, the elastic storage energy capacity of commercially 

available Spectra and Kevlar fibers are still very low. Nanoscale reinforcement 

of these fibers will certainly enhance such capacity. We will reinforce ultra high 

molecular polyethylene (UHMWPE, polymer precursor for Spectra fiber) with 
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carbon nanotubes (CNT) through a solution spinning process to increase yield 

strength, modulus and fracture strain of the fiber.  

.
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APPENDIX 

Below are the tables where all the different series of tests have been performed. 

Nylon + Gluta 36 12 73,86 0,651 0,318 V n/a 0 1,35 2 2,37
D 2 0 2 3 4
E #VALUE! 0,00 1,63 3,58 5,03

NE #VALUE! 0,00 2,50 5,50 7,72
SPC/gluta 36 12 59,316 0,523 0,255 V 1,28 1,68 2,32 2,35 2,74 2,9 3,1

D 0 0 0 0 1 1 4
E 1,70 2,93 5,58 5,73 7,79 8,72 9,97

NE 6,65 11,46 21,86 22,42 30,48 34,15 39,02
R-Kevlar/comp 36 12 53,4 0,471 0,230 V 1,69 2,04 2,62 3,01 3,34 3,64 3,93 4,2 4,63

D 0 0 0 0 0 0 0 0 0 0 0 0 0 2
E 2,96 4,32 7,12 9,40 11,57 13,74 16,02 18,29 22,23

NE 12,88 18,77 30,96 40,86 50,32 59,76 69,66 79,56 96,69 116,81 127,55 144,75 210,56 238,27
C-Kevlar/Comp 36 12 36,66 0,323 0,158 V 1,32 1,61 1,9 2,12 2,36 2,74 3,05 3,43 3,75 4,23 4,51

D 0 0 0 0 0 0 0 0 0 0 0 0 0 0 2
E 1,81 2,69 3,74 4,66 5,78 7,79 9,65 12,20 14,58 18,55 21,09

NE 11,45 17,03 23,72 29,53 36,59 49,32 61,12 77,29 92,39 117,55 133,63 160,36 178,18 231,81 292,94
C-Kevlar/NEAT 36 12 35,28 0,311 0,152 V 0 1 1,72 2,22 2,65 2,97 3,27 3,64 3,93 4,05 4,43

D 0 0 0 1 1 1 1 1 1 1 1 1 1 4
E 0,00 0,90 2,65 4,41 6,29 7,89 9,57 11,86 13,82 14,68 17,56

NE 0,00 2,88 8,51 14,18 20,20 25,38 30,76 38,12 44,43 47,19 56,46 61,59 67,75 75,27
R-Kevlar/NEAT 36 12 46,896 0,414 0,202 V 0 0,97 1,4

D 0 3 4
E 0,00 0,84 1,75

NE 0,00 2,04 4,24
SPECTRA/NEAT 36 12 58,2 0,513 0,251 V 0 0,97 1,39 1,59

D 0 1 3 4
E 0,00 0,84 1,73 2,26  

Table 5:  Results table for NIJ Spike data of 12 layers of independent fabric neat and 
composite 
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[1]C-Kevlar/[11]SPC/c 36 12 57.854 0.510 0.249 V 0 1.01 1.38 1.78 1.98 2.2 2.34 2.68 2.8 3.01 3.12 3.29
D 0 0 0 0 1 1 2 2 3 3 3 4
E 0.00 0.91 1.70 2.84 3.51 4.33 4.90 6.43 7.02 8.11 8.71 9.69

NE 0.00 1.79 3.34 5.56 6.88 8.49 9.61 12.60 13.75 15.89 17.08 18.99
[2]C-Kevlar/[10]SPC/c 36 12 55.342 0.488 0.238 V 0 1 1.41 1.74 1.97 2.22 2.36 2.59 2.8 3.12

D 0 0 0 0 1 1 2 3 3 4
E 0.00 0.90 1.78 2.71 3.47 4.41 4.98 6.00 7.02 8.71

NE 0.00 1.83 3.65 5.55 7.12 9.04 10.21 12.30 14.38 17.85
[3]C-Kevlar/[9]SPC/c 36 12 53.793 0.474 0.232 V 0 1 1.42 1.74 1.93 2.16 2.39 2.57 2.77 2.97

D 0 0 0 0 1 2 3 3 3 4
E 0.00 0.90 1.80 2.71 3.33 4.18 5.11 5.91 6.87 7.89

NE 0.00 1.89 3.80 5.71 7.03 8.80 10.78 12.46 14.48 16.64
[4]C-Kevlar/[8]SPC/c 36 12 52.244 0.461 0.225 V 0 1.03 1.42 1.72 1.95 2.2 2.39 2.51 2.77 3.01

D 0 0 0 1 1 2 3 3 3 4
E 0.00 0.95 1.80 2.65 3.40 4.33 5.11 5.64 6.87 8.11

NE 0.00 2.06 3.92 5.75 7.39 9.40 11.10 12.24 14.91 17.60
[5]C-Kevlar/[7]SPC/c 36 12 50.695 0.447 0.218 V 0 0.99 1.43 1.72 1.97 2.2 2.39 2.65 2.8

D 0 0 1 2 2 2 3 3 4
E 0.00 0.88 1.83 2.65 3.47 4.33 5.11 6.29 7.02

NE 0.00 1.96 4.09 5.92 7.77 9.69 11.44 14.06 15.70
[6]C-Kevlar/[6]SPC/c 36 12 49.146 0.433 0.212 V 0 1 1.45 1.77 1.98 2.22 2.41 2.62

D 0 0 1 2 2 3 3 4
E 0.00 0.90 1.88 2.80 3.51 4.41 5.20 6.14

NE 0.00 2.07 4.34 6.47 8.10 10.18 11.99 14.18
[7]C-Kevlar/[5]SPC/c 36 12 47.597 0.420 0.205 V 0 1.01 1.43 1.73 1.98 2.22 2.39 2.62

D 0 1 2 2 3 3 3 4
E 0.00 0.91 1.83 2.68 3.51 4.41 5.11 6.14

NE 0.00 2.18 4.36 6.38 8.36 10.51 12.18 14.64
[8]C-Kevlar/[4]SPC/c 36 12 46.048 0.406 0.198 V 0 1 1.41 1.72 1.98 2.21 2.41

D 0 1 2 2 3 3 4
E 0.00 0.90 1.78 2.65 3.51 4.37 5.20

NE 0.00 2.20 4.38 6.52 8.64 10.76 12.80
[9]C-Kevlar/[3]SPC/c 36 12 44.499 0.392 0.192 V 0 0.98 1.39 1.75 2 2.14

D 0 1 2 3 3 4
E 0.00 0.86 1.73 2.74 3.58 4.10

NE 0.00 2.19 4.41 6.98 9.12 10.44
[10]C-Kevlar/[2]SPC/c 36 12 42.95 0.379 0.185 V 0 0.97 1.38 1.75 1.93 2.18

D 0 1 2 3 3 4
E 0.00 0.84 1.70 2.74 3.33 4.25

NE 0.00 2.22 4.50 7.24 8.80 11.23
[11]C-Kevlar/[1]SPC/c 36 12 36.66 0.323 0.158 V 0 1.01 1.41 1.74 1.97

D 0 1 2 3 4
E 0.00 0.91 1.78 2.71 3.47

NE 0.00 2.82 5.50 8.38 10.74

 
Table 6:  Results table for NIJ Knife data of 12 layers combination of reinforced 

Correctional Kevlar and Spectra 
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[1]C-K/[11]SPC/C 36 12 57,854 0,510 0,249 V 0 1,02 1,4 1,65 1,97 2,24 2,37 2,46 2,74 3,01 3,21 3,64 4,975 54,725
D 0 0 0 0 0 0 0 0 0 1 1 4
E 0,00 0,93 1,75 2,44 3,47 4,49 5,03 5,42 6,72 8,11 9,22 11,86

NE 0,00 1,83 3,44 4,78 6,81 8,80 9,85 10,62 13,17 15,89 18,08 23,24
[2]C-K/[10]SPC/c 36 12 55,342 0,488 0,238 V 0 1,03 1,5 1,8 2,07 2,32 2,58 2,8 2,97 3,01 3,38

D 0 0 0 0 0 0 0 0 0 1 4
E 0,00 0,95 2,01 2,90 3,83 4,82 5,96 7,02 7,89 8,11 10,22

NE 0,00 1,95 4,13 5,94 7,86 9,87 12,21 14,38 16,18 16,62 20,95
[3]C-K/[9]SPC/c 36 12 53,793 0,474 0,232 V 0 1,15 1,65 2,24 2,57 2,71 2,94 3,05 3,25

D 0 0 0 0 0 1 1 1 4
E 0,00 1,18 2,44 4,49 5,91 6,57 7,74 8,33 9,45

NE 0,00 2,50 5,14 9,47 12,46 13,86 16,31 17,55 19,93
[4]C-K/[8]SPC/c 36 12 52,244 0,461 0,225 V 0 0,95 1,68 2,14 2,59 2,77 2,94 3,05 3,21 3,48 3,53 3,75

D 0 0 0 0 0 0 0 0 0 0 0 4
E 0,00 0,81 2,53 4,10 6,00 6,87 7,74 8,33 9,22 10,84 11,15 12,59

NE 0,00 1,75 5,48 8,90 13,03 14,91 16,79 18,07 20,02 23,53 24,21 27,32
[5]C-K/[7]SPC/c 36 12 50,695 0,447 0,218 V 0 0,95 1,68 2,2 2,49 2,94 3,25 3,48 3,58 3,69 4,06

D 0 0 0 0 0 0 0 0 0 0 4
E 0,00 0,81 2,53 4,33 5,55 7,74 9,45 10,84 11,47 12,19 14,75

NE 0,00 1,81 5,65 9,69 12,41 17,30 21,15 24,24 25,66 27,26 33,00
[6]C-K/[6]SPC/c 36 12 49,146 0,433 0,212 V 0 1 1,68 2,2 2,54 2,86 3,25 3,58 3,69 3,93

D 0 0 0 0 0 0 0 0 0 4
E 0,00 0,90 2,53 4,33 5,77 7,32 9,45 11,47 12,19 13,82

NE 0,00 2,07 5,83 10,00 13,32 16,89 21,81 26,47 28,12 31,90
[7]C-K/[5]SPC/c 36 12 47,597 0,420 0,205 V 0 0,97 1,73 2,16 2,5 2,97 3,29 3,53 3,75 3,87 4,02 4,13 4,2 4,38

D 0 0 0 0 0 0 0 0 0 0 0 0 0 4
E 0,00 0,84 2,68 4,18 5,59 7,89 9,69 11,15 12,59 13,40 14,46 15,27 15,79 17,17

NE 0,00 2,01 6,38 9,95 13,33 18,81 23,08 26,57 29,99 31,94 34,46 36,37 37,61 40,91
[8]C-K/[4]SPC/c 36 12 46,048 0,406 0,198 V 0 0,96 1,69 2,16 2,62 2,94 3,29 3,48 3,87 4,2

D 0 0 0 0 0 0 0 0 0 4
E 0,00 0,82 2,56 4,18 6,14 7,74 9,69 10,84 13,40 15,79

NE 0,00 2,03 6,29 10,28 15,13 19,05 23,86 26,69 33,01 38,88
[9]C-K/[3]SPC/c 36 12 44,499 0,392 0,192 V 0 1,01 1,66 2,1 2,57 2,94 3,25 3,64 3,87 4,13 4,28 4,4

D 0 0 0 0 0 0 0 0 0 0 0 0
E 0,00 0,91 2,47 3,95 5,91 7,74 9,45 11,86 13,40 15,27 16,39 17,33

NE 0,00 2,33 6,28 10,06 15,06 19,71 24,09 30,22 34,16 38,90 41,78 44,16
[10]C-K/[2]SPC/c 36 12 42,95 0,379 0,185 V 0 0,97 1,69 2,14 2,57 3,05 3,25 3,64 3,88 4,11 4,37

D 0 0 0 0 0 0 0 0 0 0 0
E 0,00 0,84 2,56 4,10 5,91 8,33 9,45 11,86 13,47 15,12 17,09

NE 0,00 2,22 6,75 10,82 15,61 21,98 24,96 31,31 35,57 39,92 45,13
[11]C-K/[1]SPC/c 36 12 36,66 0,323 0,158 V 0 0,96 1,67 2,1 2,57 3,02 3,21 3,65 3,9 4,08 4,36

D 0 0 0 0 0 0 0 0 0 0 0
E 0,00 0,82 2,50 3,95 5,91 8,16 9,22 11,92 13,61 14,90 17,01

NE 0,00 2,55 7,72 12,21 18,29 25,25 28,53 36,88 42,11 46,08 52,63

 
Table 7:  Results table for NIJ Spike data of 12 layers combination of reinforced 

Correctional Kevlar and Spectra 
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[11]R-K/[1]SPC/c 36 12 54,04 0,477 0,233 V 0 0,99 1,72 2,11 2,62 2,97 3,29 3,62 3,91 4,08 4,35

D 0 0 0 0 0 0 0 0 0 0 0
E 0,00 0,88 2,65 3,98 6,14 7,89 9,69 11,73 13,68 14,90 16,94

NE 0,00 1,84 5,56 8,36 12,89 16,57 20,33 24,61 28,71 31,26 35,54
[10]R-K/[2]SPC/c 36 12 54,44 0,480 0,234 V 0 1,01 1,7 2,2 2,59 2,98 3,21 3,58 3,87 4,12 4,43

D 0 0 0 0 0 0 0 0 0 0 0
E 0,00 0,91 2,59 4,33 6,00 7,95 9,22 11,47 13,40 15,19 17,56

NE 0,00 1,90 5,39 9,02 12,51 16,56 19,21 23,89 27,92 31,64 36,59
[9]R-K/[3]SPC/c 36 12 54,84 0,484 0,236 V 0 0,96 1,65 2,18 2,59 2,94 3,23 3,53 3,87 4,15 4,38

D 0 0 0 0 0 0 0 0 0 0 0
E 0,00 0,82 2,44 4,25 6,00 7,74 9,34 11,15 13,40 15,41 17,17

NE 0,00 1,71 5,04 8,80 12,41 16,00 19,31 23,06 27,72 31,87 35,50
[8]R-K/[4]SPC/c 36 12 55,24 0,487 0,238 V 0 0,96 1,75 2,13 2,61 2,95 3,28 3,62 3,92 4,2 4,28

D 0 0 0 0 0 0 0 0 0 0 4
E 0,00 0,82 2,74 4,06 6,10 7,79 9,63 11,73 13,75 15,79 16,39

NE 0,00 1,69 5,63 8,34 12,52 15,99 19,77 24,08 28,23 32,41 33,66
[7]R-K/[5]SPC/c 36 12 55,64 0,491 0,240 V 0 0,97 1,76 2,12 2,61 2,96 3,25 3,63 3,93 4,13

D 0 0 0 0 0 0 0 0 0 4
E 0,00 0,84 2,77 4,02 6,10 7,84 9,45 11,79 13,82 15,27

NE 0,00 1,72 5,65 8,20 12,43 15,98 19,27 24,04 28,17 31,11
[6]R-K/[6]SPC/c 36 12 56,04 0,494 0,241 V 0 0,97 1,65 2,19 2,56 2,84 3,25 3,57 3,65 3,95

D 0 0 0 0 0 0 0 0 0 4
E 0,00 0,84 2,44 4,29 5,87 7,22 9,45 11,41 11,92 13,96

NE 0,00 1,70 4,93 8,69 11,87 14,61 19,13 23,08 24,13 28,26
[5]R-K/[7]SPC/c 36 12 56,44 0,498 0,243 V 0 0,98 1,65 2,18 2,76 2,8

D 0 0 0 0 0 4
E 0,00 0,86 2,44 4,25 6,82 7,02

NE 0,00 1,73 4,90 8,55 13,70 14,10
[4]R-K/[8]SPC/c 36 12 56,84 0,501 0,245 V 0 0,96 1,64 2,19 2,59 2,8 3,01

D 0 0 0 0 0 0 4
E 0,00 0,82 2,41 4,29 6,00 7,02 8,11

NE 0,00 1,65 4,80 8,56 11,98 14,00 16,18
[3]R-K/[9]SPC/c 36 12 57,24 0,505 0,246 V 0 0,97 1,65 2,17 2,62 2,83

D 0 0 0 0 0 4
E 0,00 0,84 2,44 4,21 6,14 7,17

NE 0,00 1,67 4,83 8,35 12,17 14,20
[2]R-K/[10]SPC/c 36 12 57,64 0,508 0,248 V 0 0,96 1,64 2,18 2,6 2,92 3,01

D 0 0 0 0 0 0 4
E 0,00 0,82 2,41 4,25 6,05 7,63 8,11

NE 0,00 1,62 4,74 8,37 11,90 15,01 15,95
[1]R-K/[11]SPC/c 36 12 58,04 0,512 0,250 V 0 1 1,68 2,16 2,57 2,77

D 0 0 0 0 0 4
E 0,00 0,90 2,53 4,18 5,91 6,87

NE 0,00 1,75 4,94 8,16 11,55 13,42

 
Table 8:  Results table for NIJ Spike data of 12 layers combination of reinforced Kevlar 

and Spectra 
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[11]C-K/[1]SPC/N 36 12 56,92 0,502 0,245 V 0 1,02 1,39 1,72 2 2,2 2,46 2,62 2,77 2,97 3,16 3,25 3,43 3,64 3,87 3,93 4,2 4,28

D 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1
E 0,00 0,93 1,73 2,65 3,58 4,33 5,42 6,14 6,87 7,89 8,94 9,45 10,53 11,86 13,40 13,82 15,79 16,39

NE 0,00 1,86 3,45 5,27 7,13 8,63 10,79 12,24 13,68 15,73 17,80 18,83 20,98 23,62 26,70 27,54 31,45 32,66
[10]C-K/[2]SPC/N 36 12 57,2 0,504 0,246 V 0 1,02 1,34 1,73 2,01 2,19 2,46 2,62 2,74 2,99 3,15 3,25 3,42 3,65 3,87 3,95 4,2 4,29

D 0 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1
E 0,00 0,93 1,61 2,68 3,62 4,29 5,42 6,14 6,72 8,00 8,88 9,45 10,47 11,92 13,40 13,96 15,79 16,47

NE 0,00 1,85 3,19 5,31 7,17 8,51 10,74 12,18 13,32 15,86 17,61 18,74 20,75 23,64 26,57 27,68 31,30 32,65
[9]C-K/[3]SPC/N 36 12 57,48 0,507 0,247 V 0 0,96 1,35 1,75 2 2,19 2,45 2,63 2,74 2,99 3,15 3,25 3,43 3,66 3,88 3,95 4,16 4,3

D 0 0 0 0 0 0 0 1 1 1 1 1 1 1 1 1 1 1
E 0,00 0,82 1,63 2,74 3,58 4,29 5,37 6,19 6,72 8,00 8,88 9,45 10,53 11,99 13,47 13,96 15,49 16,55

NE 0,00 1,63 3,22 5,41 7,06 8,47 10,60 12,21 13,26 15,79 17,52 18,65 20,77 23,65 26,58 27,55 30,56 32,65
[8]C-K/[4]SPC/N 36 12 57,76 0,509 0,249 V 0 0,96 1,35 1,75 2 2,19 2,45 2,63 2,74 3 3,25 3,64

D 0 0 0 0 0 0 0 1 1 3 3 4
E 0,00 0,82 1,63 2,74 3,58 4,29 5,37 6,19 6,72 8,06 9,45 11,86

NE 0,00 1,62 3,20 5,38 7,03 8,43 10,55 12,15 13,19 15,81 18,56 23,28
[7]C-K/[5]SPC/N 36 12 58,04 0,512 0,250 V 0 1 1,36 1,74 1,95 2,24 2,46 2,62

D 0 0 1 1 1 2 3 4
E 0,00 0,90 1,66 2,71 3,40 4,49 5,42 6,14

NE 0,00 1,75 3,23 5,29 6,65 8,77 10,58 12,00
[6]C-K/[6]SPC/N 36 12 58,32 0,514 0,251 V 0 0,98 1,38 1,71 1,97

D 0 1 1 2 4
E 0,00 0,86 1,70 2,62 3,47

NE 0,00 1,67 3,31 5,09 6,75
[5]C-K/[7]SPC/N 36 12 58,6 0,517 0,252 V 0 1,01 1,35 1,7 1,95

D 0 0 0 1 4
E 0,00 0,91 1,63 2,59 3,40

NE 0,00 1,77 3,16 5,01 6,59
[4]C-K/[8]SPC/N 36 12 58,88 0,519 0,254 V 0 0,97 1,39 1,72

D 0 0 3 4
E 0,00 0,84 1,73 2,65

NE 0,00 1,62 3,33 5,10
[3]C-K/[9]SPC/N 36 12 59,16 0,522 0,255 V 0 0,98 1,4 1,75

D 0 0 3 4
E 0,00 0,86 1,75 2,74

NE 0,00 1,65 3,36 5,25
[2]C-K[10]SPC/N 36 12 59,44 0,524 0,256 V 0 0,99 1,42 1,72

D 0 1 3 4
E 0,00 0,88 1,80 2,65

NE 0,00 1,67 3,44 5,05
[1]C-K/[11]SPC/N 36 12 59,72 0,527 0,257 V 0 0,99 1,38 1,69

D 0 1 2 4
E 0,00 0,88 1,70 2,56

NE 0,00 1,67 3,24 4,85

 
Table 9:  Results table for NIJ Spike data of 12 layers combination of neat Correctional 

Kevlar and Spectra 
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[1]R-K/[11]SPC/N 36 12 61,613 0,543 0,265 V 0 0,98 1,38 1,73
D 0 0 2 4
E 0,00 0,86 1,70 2,68

NE 0,00 1,58 3,14 4,93
[2]R-K/[10]SPC/N 36 12 61,186 0,540 0,263 V 0 0,99 1,37 1,65

D 0 1 3 4
E 0,00 0,88 1,68 2,44

NE 0,00 1,63 3,11 4,52
[3]R-K/[9]SPC/N 36 12 60,759 0,536 0,262 V 0 1,02 1,4 1,72

D 0 1 3 4
E 0,00 0,93 1,75 2,65

NE 0,00 1,74 3,27 4,94
[4]R-K/[8]SPC/N 36 12 60,332 0,532 0,260 V 0 1 1,42 1,72

D 0 1 3 4
E 0,00 0,90 1,80 2,65

NE 0,00 1,68 3,39 4,98
[5]R-K/[7]SPC/N 36 12 59,905 0,528 0,258 V 0 0,96 1,38 1,7

D 0 1 3 4
E 0,00 0,82 1,70 2,59

NE 0,00 1,56 3,23 4,90
[6]R-K/[6]SPC/N 36 12 59,478 0,525 0,256 V 0 0,99 1,41 1,72

D 0 1 3 4
E 0,00 0,88 1,78 2,65

NE 0,00 1,67 3,39 5,05
[7]R-K/[5]SPC/N 36 12 59,051 0,521 0,254 V 0 0,99 1,42

D 0 2 4
E 0,00 0,88 1,80

NE 0,00 1,68 3,47
[8]R-K/[4]SPC/N 36 12 58,624 0,517 0,252 V 0 0,99 1,4

D 0 2 4
E 0,00 0,88 1,75

NE 0,00 1,70 3,39
[9]R-K/[3]SPC/N 36 12 58,197 0,513 0,251 V 0 0,99 1,41

D 0 3 4
E 0,00 0,88 1,78

NE 0,00 1,71 3,47
[10]R-K/[2]SPC/N 36 12 57,77 0,509 0,249 V 0 0,99 1,41

D 0 3 4
E 0,00 0,88 1,78

NE 0,00 1,72 3,49
[11]R-K/[1]SPC/N 36 12 57,343 0,506 0,247 V 0 1,02 1,42

D 0 3 4
E 0,00 0,93 1,80

NE 0,00 1,84 3,57

 
Table 10:  Results table for NIJ Spike data of 12 layers combination of neat Kevlar and 

Spectra 
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Nylon + Gluta 36 12 73,86 0,651 0,318 V 0 0 1,35 2 2,37
D 0 0 2 3 4
E 0,00 0,00 1,63 3,58 5,03

NE 0,00 0,00 2,50 5,50 7,72
Spectra/Gluta/SiO2 36 12 58,86 0,519 0,253 V 0 1,35 1,92 2,39 2,68 3,15 3,35

D 0 0 0 1 2 3 4
E 0,00 1,63 3,30 5,11 6,43 8,88 10,04

NE 0,00 3,14 6,36 9,85 12,38 17,11 19,35
R-Kevlar/Gluta/Si02 36 12 50,484 0,445 0,217 V 0 1,35 1,67 1,75 1,95

D 0 1 2 3 4
E 0,00 1,63 2,50 2,74 3,40

NE 0,00 3,66 5,61 6,16 7,64
C-Kevlar/Gluta/Si02 36 12 39,852 0,351 0,172 V 0 1 1,43 1,74 1,97

D 0 1 2 3 4
E 0,00 0,90 1,83 2,71 3,47

NE 0,00 2,55 5,21 7,71 9,88
C-Kevlar/NEAT 36 12 35,28 0,311 0,152 V 0 1,01 1,41 1,56

D 0 2 3 4
E 0,00 0,91 1,78 2,18

NE 0,00 2,93 5,72 7,00
R-Kevlar/NEAT 36 12 46,896 0,414 0,202 V 0 1,01 1,4 1,74

D 0 2 3 4
E 0,00 0,91 1,75 2,71

NE 0,00 2,21 4,24 6,55
SPECTRA/NEAT 36 12 58,2 0,513 0,251 V 0 1 1,42 1,7 1,98 2,18 2,41 2,59 2,9

D 0 1 2 2 3 3 3 3 4
E 0,00 0,90 1,80 2,59 3,51 4,25 5,20 6,00 7,53

NE 0,00 1,74 3,52 5,04 6,84 8,29 10,13 11,70 14,67  
Table 11:  Results table for NIJ Knife data of 12 layers of independent fabric neat and 

composite 
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[1]C-Kevlar/[11]SPC/c 36 12 57,854 0,510 0,249 V 0 1,01 1,38 1,78 1,98 2,2 2,34 2,68 2,8 3,01 3,12 3,29
D 0 0 0 0 1 1 2 2 3 3 3 4
E 0,00 0,91 1,70 2,84 3,51 4,33 4,90 6,43 7,02 8,11 8,71 9,69

NE 0,00 1,79 3,34 5,56 6,88 8,49 9,61 12,60 13,75 15,89 17,08 18,99
[2]C-Kevlar/[10]SPC/c 36 12 55,342 0,488 0,238 V 0 1 1,41 1,74 1,97 2,22 2,36 2,59 2,8 3,12

D 0 0 0 0 1 1 2 3 3 4
E 0,00 0,90 1,78 2,71 3,47 4,41 4,98 6,00 7,02 8,71

NE 0,00 1,83 3,65 5,55 7,12 9,04 10,21 12,30 14,38 17,85
[3]C-Kevlar/[9]SPC/c 36 12 53,793 0,474 0,232 V 0 1 1,42 1,74 1,93 2,16 2,39 2,57 2,77 2,97

D 0 0 0 0 1 2 3 3 3 4
E 0,00 0,90 1,80 2,71 3,33 4,18 5,11 5,91 6,87 7,89

NE 0,00 1,89 3,80 5,71 7,03 8,80 10,78 12,46 14,48 16,64
[4]C-Kevlar/[8]SPC/c 36 12 52,244 0,461 0,225 V 0 1,03 1,42 1,72 1,95 2,2 2,39 2,51 2,77 3,01

D 0 0 0 1 1 2 3 3 3 4
E 0,00 0,95 1,80 2,65 3,40 4,33 5,11 5,64 6,87 8,11

NE 0,00 2,06 3,92 5,75 7,39 9,40 11,10 12,24 14,91 17,60
[5]C-Kevlar/[7]SPC/c 36 12 50,695 0,447 0,218 V 0 0,99 1,43 1,72 1,97 2,2 2,39 2,65 2,8

D 0 0 1 2 2 2 3 3 4
E 0,00 0,88 1,83 2,65 3,47 4,33 5,11 6,29 7,02

NE 0,00 1,96 4,09 5,92 7,77 9,69 11,44 14,06 15,70
[6]C-Kevlar/[6]SPC/c 36 12 49,146 0,433 0,212 V 0 1 1,45 1,77 1,98 2,22 2,41 2,62

D 0 0 1 2 2 3 3 4
E 0,00 0,90 1,88 2,80 3,51 4,41 5,20 6,14

NE 0,00 2,07 4,34 6,47 8,10 10,18 11,99 14,18
[7]C-Kevlar/[5]SPC/c 36 12 47,597 0,420 0,205 V 0 1,01 1,43 1,73 1,98 2,22 2,39 2,62

D 0 1 2 2 3 3 3 4
E 0,00 0,91 1,83 2,68 3,51 4,41 5,11 6,14

NE 0,00 2,18 4,36 6,38 8,36 10,51 12,18 14,64
[8]C-Kevlar/[4]SPC/c 36 12 46,048 0,406 0,198 V 0 1 1,41 1,72 1,98 2,21 2,41

D 0 1 2 2 3 3 4
E 0,00 0,90 1,78 2,65 3,51 4,37 5,20

NE 0,00 2,20 4,38 6,52 8,64 10,76 12,80
[9]C-Kevlar/[3]SPC/c 36 12 44,499 0,392 0,192 V 0 0,98 1,39 1,75 2 2,14

D 0 1 2 3 3 4
E 0,00 0,86 1,73 2,74 3,58 4,10

NE 0,00 2,19 4,41 6,98 9,12 10,44
[10]C-Kevlar/[2]SPC/c 36 12 42,95 0,379 0,185 V 0 0,97 1,38 1,75 1,93 2,18

D 0 1 2 3 3 4
E 0,00 0,84 1,70 2,74 3,33 4,25

NE 0,00 2,22 4,50 7,24 8,80 11,23
[11]C-Kevlar/[1]SPC/c 36 12 36,66 0,323 0,158 V 0 1,01 1,41 1,74 1,97

D 0 1 2 3 4
E 0,00 0,91 1,78 2,71 3,47

NE 0,00 2,82 5,50 8,38 10,74
 

Table 12:  Results table for NIJ Knife data of 12 layers combination of reinforced 
Correctional Kevlar and Spectra 
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[11]R-Kevlar/[1]SPC/c 36 12 54.04 0.477 0.233 V 0 1.01 1.38 1.73 1.85 2.2
D 0 1 2 3 3 4
E 0.00 0.91 1.70 2.68 3.06 4.33

NE 0.00 1.92 3.58 5.62 6.43 9.09
[10]R-Kevlar/[2]SPC/c 36 12 54.44 0.480 0.234 V 0 0.99 1.4 1.75 2.24 2.38 2.62

D 0 1 2 2 3 3 4
E 0.00 0.88 1.75 2.74 4.49 5.07 6.14

NE 0.00 1.83 3.65 5.71 9.35 10.56 12.80
[9]R-Kevlar/[3]SPC/c 36 12 54.84 0.484 0.236 V 0 1.12 1.59 1.95 2.16 2.49 2.59

D 0 1 2 2 3 3 4
E 0.00 1.12 2.26 3.40 4.18 5.55 6.00

NE 0.00 2.32 4.68 7.04 8.63 11.47 12.41
[8]R-Kevlar/[4]SPC/c 36 12 55.24 0.487 0.238 V 0 0.97 1.27 1.47 1.87 2 2.3 2.45 2.9

D 0 1 1 2 2 3 3 3 4
E 0.00 0.84 1.44 1.93 3.13 3.58 4.73 5.37 7.53

NE 0.00 1.73 2.96 3.97 6.42 7.35 9.72 11.03 15.45
[7]R-Kevlar/[5]SPC/c 36 12 55.64 0.491 0.240 V 0 1.13 1.58 1.83 2.07 2.3 2.62 2.82

D 0 1 2 3 3 3 3 4
E 0.00 1.14 2.23 3.00 3.83 4.73 6.14 7.12

NE 0.00 2.33 4.55 6.11 7.82 9.65 12.52 14.51
[6]R-Kevlar/[6]SPC/c 36 12 56.04 0.494 0.241 V 0 1.01 1.4 1.75 1.98 2.22 2.44 2.83

D 0 1 2 2 2 3 3 4
E 0.00 0.91 1.75 2.74 3.51 4.41 5.33 7.17

NE 0.00 1.85 3.55 5.55 7.10 8.93 10.78 14.50
[5]R-Kevlar/[7]SPC/c 36 12 56.44 0.498 0.243 V 0 1 1.43 1.75 2.22 2.46 2.97 3.02

D 0 1 1 2 3 3 3 4
E 0.00 0.90 1.83 2.74 4.41 5.42 7.89 8.16

NE 0.00 1.80 3.68 5.51 8.86 10.88 15.86 16.40
[4]R-Kevlar/[8]SPC/c 36 12 56.84 0.501 0.245 V 0 1.02 1.41 1.75 1.97 2.22 2.34 2.65 2.83 3.05

D 0 1 1 2 2 3 3 3 3 4
E 0.00 0.93 1.78 2.74 3.47 4.41 4.90 6.29 7.17 8.33

NE 0.00 1.86 3.55 5.47 6.93 8.80 9.78 12.54 14.30 16.61
[3]R-Kevlar/[9]SPC/c 36 12 57.24 0.505 0.246 V 0 1.02 1.4 1.74 2.01 2.22 2.44 2.57 2.83 2.97 3.07 3.27

D 0 0 1 2 2 2 3 3 3 3 3 4
E 0.00 0.93 1.75 2.71 3.62 4.41 5.33 5.91 7.17 7.89 8.44 9.57

NE 0.00 1.84 3.48 5.37 7.16 8.74 10.56 11.71 14.20 15.64 16.71 18.96
[2]R-Kevlar/[10]SPC/c 36 12 57.64 0.508 0.248 V 0 1.03 1.45 1.81 1.98 2.2 2.41 2.65 2.8 3.05 3.34

D 0 0 1 2 2 2 3 3 3 3 4
E 0.00 0.95 1.88 2.93 3.51 4.33 5.20 6.29 7.02 8.33 9.98

NE 0.00 1.87 3.70 5.77 6.90 8.52 10.23 12.37 13.80 16.38 19.64
[1]R-Kevlar/[11]SPC/c 36 12 58.04 0.512 0.250 V 0 1.03 1.46 1.82 2 2.28 2.49 2.54 2.87 3.16 3.22 3.48

D 0 0 0 1 2 2 2 2 3 3 3 4
E 0.00 0.95 1.91 2.96 3.58 4.65 5.55 5.77 7.37 8.94 9.28 10.84

NE 0.00 1.86 3.73 5.79 6.99 9.09 10.84 11.28 14.40 17.46 18.13 21.18

 

 
Table 13:  Results table for NIJ Knife data of 12 layers combination of reinforced 

Kevlar and Spectra 
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[1]R-Kevlar/[11]SPC/NEAT 36 12 61.613 0.543 0.265 V 0 1 1.48 1.64 1.98 2.22 2.41 2.57 2.87
D 0 1 2 2 3 3 3 3 4
E 0.00 0.90 1.96 2.41 3.51 4.41 5.20 5.91 7.37

NE 0.00 1.65 3.61 4.43 6.46 8.12 9.57 10.88 13.57
[2]R-Kevlar/[10]SPC/NEAT 36 12 61.186 0.540 0.263 V 0 1.01 1.4 1.74 2 2.32 2.57

D 0 1 2 2 3 3 4
E 0.00 0.91 1.75 2.71 3.58 4.82 5.91

NE 0.00 1.69 3.25 5.02 6.63 8.93 10.96
[3]R-Kevlar/[9]SPC/NEAT 36 12 60.759 0.536 0.262 V 0 1.02 1.41 1.74 2 2.16 2.44

D 0 2 2 3 3 3 4
E 0.00 0.93 1.78 2.71 3.58 4.18 5.33

NE 0.00 1.74 3.32 5.06 6.68 7.79 9.94
[4]R-Kevlar/[8]SPC/NEAT 36 12 60.332 0.532 0.260 V 0 1.01 1.43 1.77 1.98 2.22 2.37 2.59

D 0 2 2 3 3 3 3 4
E 0.00 0.91 1.83 2.80 3.51 4.41 5.03 6.00

NE 0.00 1.72 3.44 5.27 6.59 8.29 9.45 11.28
[5]R-Kevlar/[7]SPC/NEAT 36 12 59.905 0.528 0.258 V 0 1.02 1.45 1.77 1.98 2.24 2.4

D 0 2 2 3 3 3 4
E 0.00 0.93 1.88 2.80 3.51 4.49 5.16

NE 0.00 1.76 3.56 5.31 6.64 8.50 9.76
[6]R-Kevlar/[6]SPC/NEAT 36 12 59.478 0.525 0.256 V 0 1.03 1.45 1.78 2 2.22 2.41

D 0 2 2 3 3 3 4
E 0.00 0.95 1.88 2.84 3.58 4.41 5.20

NE 0.00 1.81 3.59 5.41 6.83 8.41 9.91
[7]R-Kevlar/[5]SPC/NEAT 36 12 59.051 0.521 0.254 V 0 1.04 1.44 1.74 2.07 2.26

D 0 2 3 3 3 4
E 0.00 0.97 1.86 2.71 3.83 4.57

NE 0.00 1.86 3.56 5.20 7.36 8.78
[8]R-Kevlar/[4]SPC/NEAT 36 12 58.624 0.517 0.252 V 0 1.03 1.42 1.73 2 2.12

D 0 2 3 3 3 4
E 0.00 0.95 1.80 2.68 3.58 4.02

NE 0.00 1.84 3.49 5.18 6.92 7.78
[9]R-Kevlar/[3]SPC/NEAT 36 12 58.197 0.513 0.251 V 0 1.01 1.43 1.77 2

D 0 2 3 3 4
E 0.00 0.91 1.83 2.80 3.58

NE 0.00 1.78 3.57 5.46 6.98
[10]R-Kevlar/[2]SPC/NEAT 36 12 57.77 0.509 0.249 V 0 1.01 1.47 1.75 1.97

D 0 2 3 3 4
E 0.00 0.91 1.93 2.74 3.47

NE 0.00 1.79 3.80 5.38 6.82
[11]R-Kevlar/[1]SPC/NEAT 36 12 57.343 0.506 0.247 V 0 1.02 1.41 1.72 1.97

D 0 2 3 3 4
E 0.00 0.93 1.78 2.65 3.47

NE 0.00 1.84 3.52 5.24 6.87

 
Table 14:  Results table for NIJ Spike data of 12 layers combination of neat Kevlar and 

Spectra 
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ANSYS CODE 

 
 
/PREP7 
 
/OUTPUT,AMD03-OUTPUT,TXT 
 
!!!!!!!!!!!!!!!! 
!!!ELEMENT CHOICE 
!!!!!!!!!!!!!!!!!!!!! 
ET,1,92   !SOLID92 FOR PLATE 
 
 
ET,2,SOLID186  !SOLID186 FOR SPIKE 
KEYOPT,2,6,1 
!KEYOPT,2,10,1 
 
ET,3,CONTA178,0,,0,0,5,,1,,0,3 
R,3,,0.002,1.0 
 
!ET,4,SOLSH190 
!KEYOPT,4,8,0 
 
 
!!!!!!!!!!!!!!!! 
!!!MATERIAL CHOICE 
!!!!!!!!!!!!!!!!!!!!! 
 
MP,EX,1,207E9   !MATERIAL TYPE1 FOR SPIKE 
MP,NUXY,1,.3 
MP,DENS,1,7850   
 
MP,EX,2,6.5E9  !MATERIAL TYPE2 FOR PLATE 
MP,EY,2,5.5E9  !RUBBER 
MP,EZ,2,6.5E9    
MP,PRXY,2,.35    
MP,PRYZ,2,.35    
MP,PRXZ,2,.35    
MP,GXY,2,24.4E9  
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MP,GYZ,2,24.4E9  
MP,GXZ,2,24.4E9  
MP,DENS,2,1.52E-6 
 
MP,EX,3,565E3 !CROSS LINKED POLYETHYLENE 
MP,EY,3,83E3 
MP,EZ,3,565E3 
MP,PRXY,3,.35 
MP,PRYZ,3,.35    
MP,PRXZ,3,.35 
MP,GXY,3,0.117E9  
MP,GYZ,3,0.117E9   
MP,GXZ,3,.117E9 
MP,DENS,3,45E-6 
 
MP,EX,4,1050E3 !NEOPRENE 
MP,EY,4,147E3 
MP,EZ,4,1050E3 
MP,PRXY,4,.3 
MP,PRYZ,4,.3    
MP,PRXZ,4,.3 
MP,GXY,4,27.2E3  
MP,GYZ,4,27.2E3 
MP,GXZ,4,27.2E-6  
MP,DENS,4,192 
 
MP,EX,5,124E9    !MATERIAL TYPE2 FOR PLATE 
MP,EY,5,112.4E9   !KEVLAR 
MP,EZ,5,124E9    
MP,PRXY,5,.36    
MP,PRYZ,5,.36    
MP,PRXZ,5,.36    
MP,GXY,5,24.4E9  
MP,GYZ,5,24.4E9  
MP,GXZ,5,24.4E9  
MP,DENS,5,1.44E-6 
 
!!!!!!!!!!!!!!!! 
!!!GEOMETRY 
!!!!!!!!!!!!!!!!!!!!! 
 
!BACKING MATERIAL 
 
K,1,-152.4,0,-152.4 !KEYPOINTS FOR THE PLATE 
K,2,-152.4,0,0 
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K,3,0,0,0 
K,4,0,0,-152.4 
 
 
A,1,2,3,4  !CREATE VOLUME LAYER 1 
ASEL,S,AREA,,1 
VOFFST,1,6.3 
MAT,2 
ALLSEL,ALL 
 
ASEL,S,AREA,,2  !VOLUME 2 
VOFFST,2,6.3 
MAT,2 
ALLSEL,ALL 
 
ASEL,S,AREA,,7  !VOLUME 3 
VOFFST,7,33 
MAT,3 
ALLSEL,ALL 
 
ASEL,S,AREA,,12  !VOLUME 4 
VOFFST,12,5 
MAT,4 
ALLSEL,ALL 
 
 
ASEL,S,AREA,,17  !VOLUME 5 
VOFFST,17,5 
MAT,4 
ALLSEL,ALL 
 
ASEL,S,AREA,,22  !VOUME 6 
VOFFST,22,5 
MAT,4 
ALLSEL,ALL 
 
ASEL,S,AREA,,27  !VOUME 7 
VOFFST,27,5 
MAT,4 
ALLSEL,ALL 
 
ASEL,S,AREA,,32  !VOUME 8 kevlar 
VOFFST,32,5 
MAT,5 
ALLSEL,ALL 
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!SPIKE 
 
HI=68 
H01=HI 
 
K,128,0,H01,0   !KEYPOINTS FOR THE SPIKE 
K,129,2E-1,H01,0 
K,130,2E-1,(H01+1),0 
K,131,2,(H01+80),0 
K,132,2,(H01+180),0 
K,133,50,(H01+180),0  !KEYPOINTS FOR THE MASS 
K,134,50,(H01+690),0 
K,135,0,(H01+690),0 
 
A,128,129,130,131,132,133,134,135 !CREATE AREA 37 
 
!!!!!!!!!!!!!!!! 
!!!MESHING 
!!!!!!!!!!!!!!!!!!!!! 
 
 
!PLATE MESH 
 
TYPE,1   !DEFINE TYPE1 AND MESH THE PLATE 
 
 
VSYMM,X,1,8,1,,0,0 
ALLSEL,ALL 
VSEL,ALL 
VSYMM,Z,ALL,,,,0,0 
ALLSEL,ALL 
 
NUMMRG,KP,1E-4,,,LOW !MERGE KEYPOINTS AND AREAS 
 
VADD,1,8,15,22 
VADD,2,9,16,23 
VADD,3,10,17,24 
VADD,4,11,18,25 
VADD,5,12,19,26 
VADD,6,13,20,27 
VADD,7,14,21,28 
VADD,8,15,22,29 
 
ESIZE,100 
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VMESH,ALL 
ALLSEL,ALL 
 
ESEL,S,TYPE,,1 
NSLE 
CM,PLATE,NODE 
ALLSEL,ALL 
 
NSEL,S,LOC,Y,0  !SELECT BOTTOM OF PLATE AND CREATE 
COMPONENT BOTTOM 
CM,BOTTOM,NODE 
ALLSEL,ALL 
 
NSEL,S,LOC,Y,68 
CM,TOP,NODE 
ALLSEL,ALL 
 
!VSEL,S,VOLU,8,32,8 
!VCLEAR,8,32,8 
 
!TYPE,4 
!VSEL,S,VOLU,8,32,8 
!ALLSEL,ALL 
 
!ESIZE,100 
 
!VMESH,ALL 
!ALLSEL,ALL 
 
 
 
!SPIKE MESH 
 
TYPE,2   !DEFINE TYPE2 + CREATE CYLINDER + MESH 
THE SPIKE 
 
MOPT,TETEXPND,2 
ASEL,S,AREA,,42 
MSHKEY,0 
MSHAPE,1,3D 
VROTAT,42,0,0,0,0,0,128,135,,4 
ALLSEL,ALL 
 
ESIZE,20 
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VMESH,ALL 
 
ESEL,S,TYPE,,2  !SELECT AND CREATE COMPONENT SPIKE 
NSLE 
MAT,1   !DEFINE MATERIAL FOR SPIKE 
CM,SPIKE,NODE 
ALLSEL,ALL 
 
ESEL,S,TYPE,,1 
NSLE 
CM,PLATE,NODE 
ALLSEL,ALL 
 
 
NUMMRG,NODES,1E-4,,,LOW !MERGE NODES 
 
!GAP MESH 
 
 
 
TYPE,3   !CONTAC178 
 
NSEL,S,NODE,,929 !PLATE NODE 
NSEL,S,NODE,,3656 !SPIKE NODE 
E,929,3656  !CREATE GAP ELEMENT %%%%% 
   !DIRECTION IS IMPORTANT FIRST NODE CORRESPOND 
TO THE MOVING NODE 
ALLSEL,ALL 
 
TYPE,1 
 
!ESEL,S,TYPE,,1 
!NSLE 
 
NSEL,S,NODE,,SPIKE !DEFINE BOUNDARY CONDITIONS FOR THE 
SPIKE 
D,ALL,ACCY,-9.81E3 
ALLSEL,ALL 
 
!NSEL,S,NODE,,SPIKE !DEFINE BOUNDARY CONDITIONS FOR THE 
SPIKE 
!D,ALL,VELY,-5  !0.08333 
!ALLSEL,ALL 
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NSEL,S,NODE,,BOTTOM !DEFINE BOUNDARY CONDITIONS FOR THE 
PLATE 
D,ALL,ALL 
ALLSEL,ALL 
 
!NSEL,S,NODE,,1915 
!D,ALL,UY,-25 
!ALLSEL,ALL 
 
 
 
FINISH   !EXIT PROCESSOR 
 
!!WORK!! 
 
c****************** 
c**** SOLUTION  
c****************** 
 
/SOLU   !ENTER SOLUTION PROCESS 
 
!SOLCONTROL,ON 
 
NLGEOM,ON 
 
TIMINT,ON 
KBC,0 
 
 
 
TIME,300 
DELTIM,10 
!SOLVE 
 
 
 
!AUTOTS,ON 
!TIMINT,ON 
 
 
 
OUTRES,ALL,ALL 
 
SOLVE 
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FINISH 
 
 
 
 
 
 
 
 
c****************** 
c**** POST26 
c****************** 
 
/POST1 
 
NSOL,1,929,U,Y 
PRNSOL,U,Y 
 
ESOL,2,495,929,S,EQV 
PRESOL,S, 
 
 
 
!/GRID,1 
!XVAR,2 
!NSOL,3,929,U,Y   !DISPLACEMENT OF MIDDLE PLATE NODE 
Y 
!ESOL,4,495,929,S,EQV  !EQUIVALENT STRESS 
!ADD,2,2,,,DISP,,,-1 
!/AXLAB,X,DISPLACEMENT [M] !PLOT DISPLACEMENT ON X 
!/AXLAB,Y,EQV STRESS [Pa] !PLOT EQUIVALENT STRESS 
!PLVAR,3 
 
!FINISH 
 
 
!/POST26 
!NSOL,2,929,U,Y,IMPACT_POINT 
!ESOL,3,530,929,S,EQV,VON_MISES 
!PROD,4,2,,,,,,-1 
!/AXLAB,X,DISPLACEMENT 
!/XRANGE,0,3 
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!/AXLAB,Y,STRESS 
!/YRANGE,0,1.2E9 
!/AUTO,1 
 
!XVAR,4 
!PRVA,3 
 
!FINISH 




