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Abstract: In this study, the effect of the impact angle of a projectile during low-velocity impact on
Kevlar fabrics has been investigated using a simplified numerical model. The implementation of
mesoscale models is complex and usually involves long computation time, in contrast to the practical
industry needs to obtain accurate results rapidly. In addition, when the simulation includes more
than one layer of composite ply, the computational time increases even in the case of hybrid models.
With the goal of providing useful and rapid prediction tools to the industry, a simplified model
has been developed in this work. The model offers an advantage in the reduced computational
time compared to a full 3D model (around a 90% faster). The proposed model has been validated
against equivalent experimental and numerical results reported in the literature with acceptable
deviations and accuracies for design requirements. The proposed numerical model allows the study
of the influence of the geometry on the impact response of the composite. Finally, after a parametric
study related to the number of layers and angle of impact, using a response surface methodology,
a mechanistic model and a surface diagram have been presented in order to help with the calculation
of the ballistic limit.
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1. Introduction

With the aim of damage reduction in person subjected to ballistic impact, polymeric, carbon,
and glass fibers are commonly used to develop protective systems. However, during last decades it
has been found that a combination of high strength yarns in different directions generates flexible
woven fabrics which are light and highly resistant at the same time [1]. Therefore, aramid fibers are
one of the most used protection materials nowadays [2], with a growing trend in the industry.

Experimental studies have proved that the ballistic performance of aramid fabrics depends on many
factors, such as the projectile geometry [3,4], the impact velocity [3,5–7], the friction between yarns [8–10],
the woven structure of the fabric [6,11–13] and material properties [14]. However, most research has
found that each property individually does not control the ballistic performance [15,16], rather the
combined effect of all of these properties play a key role.

New studies to predict and to reduce the damage are constantly under study [17,18]. The use
of surrogate models is common in optimal design problems to approximate the objective functions,
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as neuronal networks [19,20] or genetic algorithms [21]. However, a big dataset is needed in most cases
to obtain good predicted values what can be expensive.

A useful tool for obtaining improved understanding of the behavior of aramid materials under
impact loads is the use of numerical models. The ballistic limit, V50, the deformed shape of
the woven fabric and the effect of the internal interlayer friction can be studied using the finite
element method. However, the geometry of the fabric structure and the failure mechanisms of the
yarns make the modelling of 3D fabrics complex [22–30]. To decrease the complexity of the finite
element model, new simple models using shell elements [31–35] and truss elements [36] have been
successfully implemented.

Duan et al. [22], Rao et al. [23] and Grujicic et al. [29,30] developed 3D numerical models with
solid elements representing yarns as homogenous continua. These studies analyzed mainly the
friction coefficient between the yarns and the clamping conditions. Modelling results showed that
the fabric boundary condition is a primary factor that influenced the friction effect, when only two
edges are clamped, fabric reduces the residual velocity of the projectile and absorbs energy more
effectively. Fabrics with high stiffness decelerate the projectile relatively rapidly meanwhile fabrics
with high-strength yarns need more time to initiate the failure. The material which combines both
properties is the most favorable of all the examined ones under the imposed boundary conditions
considered in the study.

Despite the accuracy of 3D models, some researchers observed that they have two limitations.
The first is that these models do not consider the statistical variability in the fabric geometry and
material properties. The second one is the high computational cost due to the realistic representation
of the fabric that requires a fine mesh with many elements.

To address the first problem and improve the prediction of the V50 velocities, Nilakantan
et al. [24,26,37] implemented a framework which incorporated the inherent statistical variability in
the system. This framework can be used to calculate the probabilistic velocity response (PVR) curve
for projectiles with different size and shape and for different clamped conditions. These studies
analyzed the projectile geometry [26], the impact location sensitivity [27] and the fabric clamping
conditions [28,38]. The findings showed that projectiles with a small impact area resulted in a higher
residual velocity when the impact occurs in the gap between the yarns compared to when it occurs
at the yarn crossover junction. The large cylindrical projectile, which had the flattest and the largest
impact face, showed no sensitivity to impact location. The study also remarked that a circular shaped
projectile shows lower dependency on the residual velocity with the projectile impact location than
other configurations. This is mainly due to the fact that this configuration is not sensitive to in-plane
fabric rotations, giving it a slight advantage over the other clamping configurations.

To address the second problem related to the computational efficiency, researchers presented
different solutions. One option was the use of shell elements instead of solid elements [32–35]. Ha–Minh
et al. [32,33] studied the effect of the number of elements used in the model (four and eight elements
by yarn) and showed, in terms of velocity evolution, similar results in both cases. This is a significant
conclusion because the computation time of the model with 8 elements is double than the model with
4 elements.

Chu et al. [35] studied mechanical properties of the yarns. It was concluded that the yarn density
does not affect significantly the ballistic performance of the fabric. As opposed to this, it was observed
that a high value of longitudinal Young’s modulus produces a faster deceleration of the projectile.

The second solution to reduce the computational cost is to modify the original 3D model, generating
a hybrid model, which is comprised of zones with different modelling resolutions and different finite
element formulation, all coupled together with impedance matching interfaces [31,39–42]. Barauskas
et al. [31] developed a model for a plain-woven single-ply. The fabric model presented three different
zones: a zone close to the impact area including failure modelling, a second zone where the woven
structure did not undergo failure, and a last zone (far from the impact area) implemented as orthotropic
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membrane. During this research, it was proved that it is not easy to validate this kind of approach due
to the many different levels involved in the process.

The original model of Nilakantan et al. [26], was modified in later studies [39–41]. New models
which combine solid and shell elements were tested under different distributions of both meso-level
and macro-level in the fabric producing a low cost computational model.

Finally, Ha-Minh et al. [42] carried out a study comparing three different hybrid models, that was
a modification of their initial macroscopic-model. The numerical analysis showed that the difference
among the models was negligible for results such as the evolution of projectile velocity and the global
impact fabric behavior.

With the objective of studying the friction coefficient in aramid woven, Das et al. [36] implemented
a model with truss elements. The study analyzed the influence of the friction coefficient and the
clamping conditions. It was reported that there is a limit for the friction between yarns since the
shape of the projectile is negligible and affects in a negative way to the energy dissipation and the
failure mechanism.

In the present study, a simplified finite element model is developed using truss elements with
the aim of establishing the advantage that 1D element models present over solid element models.
A validation analysis proved that the simplified model is efficient in terms of computational cost and
accuracy. A parametric study has been carried out using the numerical model, with specific focus on
the effect of the impact angle, a parameter that is not usually analyzed in the literature. Results are
used to generate a response surface diagram able to predict the ballistic limit for low impact velocities.
This methodology will be a useful tool for rapid impact response analysis in the industry.

2. Theoretical Study

The study of the physical mechanisms by which impact pressure waves reach the chest and
cause injury are continuously under study in the research community. It is a goal to determine how
the impact pressure waves are transmitted to the thorax or the brain in order to implement effective
preventive measures and reduce the exposure risks [43,44].

The energy absorption rate of aramid fabric during impact depends on many variables. Among all
of them, it should be mentioned the fiber modulus and the material modulus, which is related to the
ability to brake the projectile [22,45].

The breaking energy of the yarn is determined by its characteristics, such as tensile strength,
elongation or modulus. These factors affect the transmitting velocity of the stress wave that is generated
by the impact of the projectile. The wave must be dispersed rapidly, and the breaking energy must
be as high as possible to increase the impact resistance and the ballistic limit (velocity at which the
projectile passes through the material) [46].

The characteristics of the material, such as the interlacing geometry of the fibers, the thickness
and the number of layers, also affect the distance at which the impact disturbance will have moved in a
given time. They also influence the breaking energy of the material (ability to resist breakage due to an
external force), which depends on the tensile strength and elongation of the material.

3. Numerical Model

The numerical models implemented in this study were developed using the finite element explicit
code ABAQUS. The following sections describe the methodology used to generate both models.

3.1. Projectile

All projectiles were implemented as rigid solid objects to reduce the computational time [28].
Four geometric shapes (blunt, hemispherical, conical and truncated conical) was defined to keep
the mass constant to 7.5 g for all cases (see Figure 1). The friction coefficient between projectile and
material was established to be 0.22, taken from the literature [27]. As a rigid 3D object contained in a
3D space, a projectile has six degrees of freedom for motion. All rotation degrees have been restrained.
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The projectile can only traverse in the direction of the impact. The projectile velocity normal to the
fabric is specified before each simulation and it ranged between 30–130 m/s based on experimental
tests carried out in the same material by Yu et al. [47].
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Figure 1. Dimensions of the projectiles: (a) blunt projectile, (b) conical point projectile, (c) hemispherical
projectile and (d) truncated conical point projectile.

3.2. Specimen

The specimen was impacted by the projectile in the center. It was fully clamped, resulting an
effective area of 101 × 101 mm2 (Figure 2a). Each yarn had density of 1440 kg/m3 and was modelled as
a linear-elastic material until failure to capture the behavior of the woven fabric subjected to ballistic
impact (Figure 2b) [23,24]. When the ultimate strength was reached, the element was assumed to be
damaged and removed from the computational domain. The mechanical properties of the aramid
fabric were taken from the literature [36], where no apparent plastic deformation before fracture was
reported. Table 1 shows the most important parameters of the yarns in both the directions. The static
and dynamic friction coefficient values between yarns are 0.186 and 0.17, respectively. Both coefficients
were obtained from semi-analytical model based on yarn pull-out tests [36].
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Table 1. Material properties of the Kevlar yarns [36].

Property Warp Yarn Fill Yarn

Young Module (GPa) 63.86 77.84
Poisson’s ratio 0.01 0.01

Ultimate Strength (GPa) 2.28 2.76
Thickness (mm) 0.11 0.12

The difference between both numerical models proposed, presented in Figure 3, is the representation
of the yarns. In the complete full model case, the yarn dimensions were taken from [36] and were
modelled with 3D solid elements (Figure 3a). The 3D elements were the standard volume elements of
Abaqus. This element can be composed of a single homogeneous or heterogeneous material; they are
more accurate if not distorted, particularly for quadrilaterals and hexahedra. In the present study the
element used was C3D8R (eight-node linear brick) with reduced integration and hourglass control.
It has three degrees of freedom by node [48].
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On the other hand, the simplified model presents the yarns as 3D one-dimensional truss elements,
which use linear interpolation for position and displacement, and have a constant stress. In this study,
the element T3D2 (two-node linear displacement) was chosen. It had three degrees of freedom by node.
Truss elements are long, slender structural members that can transmit only axial force and do not
transmit moments [48]. The cross section was considered to be made up of trusses of an approximate
cross section of 0.064 mm2 (Figure 3b). Dimensions of the yarns are also given in Figure 3.

4. Validation and Comparison between Models

The study encompasses evaluation of computational time, projectile geometry effects and ballistic
curve prediction (initial and residual velocities). For the flat nose projectile case, with and impact
angle of 0◦, the ballistic curves obtained with the 1D and 3D models proposed, and the corresponding
experimental values published in [36], are presented in Figure 4.

In the Figure 4, three different regions, typical from this kind of curves, are observed:

1. In the first one (Vi < 44 m/s), the negative residual velocities indicate that the projectile rebounds
due to the impact. This phase was dominated by fiber elongation. The yarns returned to the
original configuration and released most of the elastic energy stored, imparting the projectile
almost its original velocity towards the opposite direction. Thus, only a small amount of energy
was dissipated.

2. In the second phase (44 m/s < Vi < 52 m/s) an abrupt increment from a negative to a positive
value of the residual velocity was observed. This corresponds to the rupture failure of the fabric.
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Some of the yarns surpassed their tensile yield stress and collapsed, dissipating energy in the
process. The number of breaking (failed) yarns increased rapidly in a short range of velocities,
allowing the projectile to pierce or penetrate the fabric.

3. If the initial velocity is further increased (Vi > 52 m/s), the projectile always pierced the fabric,
but the initial velocity was reduced by the dissipated energy. That is because the yarns first
suffered an elongation, and then they failed by rupture because of the impact, absorbing some
portion of the impact energy from the projectile.

The results obtained accurately reproduced the experimental trends above and below the ballistic
limit. Here, negative residual velocities mean projectile rebound (impact velocity below the ballistic
limit). In particular, the ballistic limit error was close to 4%, as can be seen in Table 2.
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Table 2. Ballistic limit results for the truss elements model.

Projectile Type Experimental (m/s) 1D Model (m/s) Error (%)

Blunt projectile 48 50 4.1
Hemispherical projectile 43 40 –6.9

Once the model was calibrated for the flat nose projectile, the hemispherical point projectile case
was analyzed. Is this case, the general trends were also quite well predicted, see Figure 5. The three
different regions described for the Figure 4 were also observed here. Although the error for the ballistic
limit derived from the change of projectile geometry was close to −7% (Table 2), it can be considered
acceptable according to the simplifications of the model and the level of engineering accuracy desired.
Figure 6 shows the stressed fibers (typical cross section) at different instants of the simulation (Figure 6a).
The fiber separation and fiber breakage during perforation is shown in Figure 6b.
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In general, it can be observed that both 1D and 3D element models present reasonable accuracy
when predicting the residual velocity of the projectile in terms of magnitude and trending. It is possible
to observe the overestimation of residual velocity predicted with the solid model; in particular, it is
slightly larger than that obtained with the simplified model, which involves that the solid model
is conservative.

Despite an improved velocity estimation by the 3D model, the results obtained by the simplified
model (which is around 99% faster, Table 3) lead to consideration it as an efficient tool in terms of
computational requirement and accuracy level.

Table 3. Comparison of computational time for the case of 60 m/s between 1D and 3D models.

Projectile Type 1D Model 3D Model Computational Cost Reduction

Blunt projectile 480 s 33,213 s 98.55%
Hemispherical projectile 270 s 29,058 s 99.07%

5. Results

After validating and comparing the results of both 1D and 3D element based models, a parametric
study was carried out in order to analyze the influence of the projectile shape, the number of layers of
the impacted panel and the impact angle. Even though both models are suitable to estimate the residual
velocity, the 1D model was selected for the study because of its simplicity and low computational time.
Results are discussed in the following sections.

5.1. Influence of the Projectile Geometry

In agreement with the literature related to low impact velocity in soft fabrics [47], the fabric area
far from the impact zone, suffered a low deformation (a low displacement). Fixing the four sides of the
fabric contributes to locate the stress and strain distributions around the impact area where the fabric
generates a pyramid shape until failure.
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Figure 7 shows the evolution of the ballistic curves in terms of variation of the residual velocity
with impact velocity for different projectile geometries. It can be observed that the flat nose projectile
presents the highest ballistic limit, VBL = 49 m/s (velocity at which all impact energy is absorbed by the
fabric and no penetration takes place). The round and truncated conical nose projectiles presented
the same ballistic limit valued at 44 m/s, and the conical projectile at 46 m/s. The velocity value is
reduced by 11% and 8% respectively, compared with the flat nose. This result implies that any sharper
projectile presents a lower ballistic limit compared to a flat projectile [4]. This can be explained because
the sharp projectile favors the separation of the transversal yarns generating a hole through which the
projectile can penetrate the fabric. At the same time, the contact area was reduced to a smaller surface,
causing greater stress. Under this situation, the fibers are more easily ruptured.
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Figure 7. Ballistic curves for different projectile noses.

Figure 8 represents the projectile velocity evolution from the instant of impact moment. The initial
velocity of the projectile fixed at 60 m/s is above the calculated ballistic limit. A few observations were
derived from the relationship depicted. The cone geometry offers the lowest rate of deceleration while
the rest of the geometries have relatively higher or similar rates. The projectile velocity histories of
the round nose and truncated conical nose were quite similar, because the second geometry can be
considered as a rough approximation to the round case. The energy dissipated by friction between the
projectile and woven fabric increases with the frontal contact area, which was higher for the conical
frustum projectile. Finally, the cone nose projectile has a higher residual velocity due to the sharp nose
of the impact. This geometry favors the penetration of the fabric, as can be seen in [27].
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Based on the principle of energy conservation, the energy dissipated by the fabric (Figure 9)
is equal to the loss of the projectile kinetic energy, given by Equation (1), where mp, represents the
projectile mass, Vi is the impact velocity and Vr is the residual velocity.

∆E =
1
2

mp
(
V2

i −V2
r

)
. (1)
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It can be observed in Figure 9 that the front face of the projectile plays an important role in the
yarn breakage. While a sharp front face favors the separation of the yarns (cone nose projectile), the flat
nose projectile penetration is entirely governed by yarn breakage which involves a higher load in the
fibers and reduces the residual velocity [27,36].

5.2. Influence of the Impact Angle

The influence of the impact angle, defined as the angle between the projectile and the normal
direction to the target (represented as α in Figure 2), was carried out with the round nose projectile.
This projectile was chosen among the others because it is an intermediate geometry between flat and
conic nose projectiles. It also has a close resemblance to common ammunition, like 9 mm “parabellun”.
The velocity magnitude, V, was split into directions Y and Z as follows:

VY = V· cos(α)
VZ = V·sin (α)

(2)

For a particular oblique angle, α = 45◦, three cases could be distinguished as function of the impact
velocity (sketched in Figure 10 and detailed in Figure 11):

1. Below the ballistic limit, 30 m/s < V < 45 m/s: The projectile reduces its velocity components in
both directions (VY and VZ) during impact. The projectile changes the direction along Y axis
because of the rebound (Figure 10a).

2. Close to the ballistic limit, 50 m/s < V < 55 m/s: The projectile suffers first a small rebound and
then a small push out due to the wave generated in the fabric during the impact (Figure 10b).

3. Above the ballistic limit, 35 m/s < V < 60 m/s: The projectile continues its trajectory through the
fabric with decreasing velocity in both the directions (Figure 10c).

Figure 11 illustrates the previous example. The left side plots correspond to impact velocities
below the ballistic limit: the magnitude V (Figure 11a), Y-component VY (Figure 11e) and Z-component
VZ (Figure 11c). The right side plots correspond to impact velocities above the ballistic limit: the
module V (Figure 11b), Y-component VY (Figure 11f) and Z-component VZ (Figure 11d).
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Figure 11. Velocity time histories for different initial velocities (impact angle = 45◦): (a,b) magnitude of
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The evolution of the residual velocity as a function of the impact angle is represented in Figure 12.
Increasing the impact angle involves increasing the residual velocity in Z direction, due to the increase
of VZ with the angle even in rebound cases (Figure 12a). Below the ballistic limit, rebound occurs for
any angle (Figure 12b, Vi = 30 m/s). Results show that the trend for VY changes above the ballistic limit.
It increases with the oblique angle, but at high angles the rebound may appear (Vi = 60 m/s, α > 50◦).
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The evolution of the absorbed energy during impact for different angles is represented in Figure 13.
Around the ballistic limit, the fabric absorbed almost all of the impact energy to decelerate the
projectile. It is observed that the ballistic limit increases with the angle. Keeping the impact velocity
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For the hemispherical projectile, the relationship to estimate the dissipation energy and the ballistic
limit as a function of the impact angle were calculated (Figure 14). For both cases, the R2 value was
greater than 0.9, which supports the validity of the equations.
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5.3. Influence of the Number of Layers

The combination of the impact angle and the number of layers provides a multiple-choice problem.
An initial study was carried out with the numerical model implemented and based on the round
nose projectile.

A fitted equation calculated with the results obtained from the numerical model is presented in
Equation (3), where n represents the number of layers and θ is the impact angle. The R2 value was
0.92, highlighting the validity of the fitted model. The mechanistic model shows a good correlation
between the ballistic limit obtained with the numerical model and the ballistic limit calculated from
Equation (3) as can be seen in Figure 15b.

VBL = 22.250 + 0.458·θ+ 22.425·n + 0.335·θ·n R2 = 0.927 (3)
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Figure 15a shows a response surface based on Equation (3). This Figure shows how the ballistic
limit is enhanced by increasing the number of layers in the material. The ballistic limit value increases
by 48%, 109% and 159% for two, three and four layers respectively. On the other hand, increasing
the impact angle, raises the ballistic limit by nearly 27%, 63% and 95% for angles of 30◦, 45◦ and 60◦

respectively. The evolution of the ballistic limit can be estimated rapidly using the fitted equation.

6. Conclusions

Based on the work presented in this paper, the following main conclusions can be drawn:

• A simplified model to study the impact in aramid fabrics at low velocities is been developed and
parameterized. To validate the model, the results obtained were compared with the experimental
tests reported in literature, obtaining a good agreement between the predicted values and the
experimental results.

• The comparison of the 1D element based model with a 3D element based model demonstrated
that the simplified models can reduce the computation time by 90%. This modelling methodology
could be considered when designing personal protections with different woven structures and
for various projectile geometries. The implementation of the numerical models in the industry,
to help during the design process, requires simple and fast simulation tools.

• The computational analysis was also able to delineate the influence of different factors such as
projectile geometry, number of layers and impact angle. Sharper projectiles lead to a higher
residual velocity and a lower energy absorption, because the specific geometric feature of the
projectile causes a higher deformation of the fibers allowing an improved slip through the fabric
and facilitating rupture of the fibers. An increase in the impact angle and the number of layers
lead to an increment of the ballistic limit.

• A mechanistic model developed for rapid estimation of the ballistic limit has been presented and
validated with a very good confidence level. The expressions and surface diagrams obtained in
this paper allowed to predict the critical velocity of impact once the number of layers and impact
angle are known. This complementary analysis has elevated potential to be used in industry
because of its simplicity. However, it is worth noting the necessity to carry out some previous
work, both experimental and numerical, required to develop these types of mechanistic models
with applicability in industrial environment.

Author Contributions: Conceptualization, N.F.; data curation, R.D.; formal analysis, N.F. and A.M.-S.; funding
acquisition, N.F.; investigation, N.F., J.A.L. and A.M.-S.; methodology, N.F. and R.D.; project administration,
R.D.; software, R.D.; supervision, J.A.L. and R.D.; validation, N.F., J.A.L. and R.D.; Writing—Original Draft, N.F.;
Writing—Review and Editing, J.A.L., A.M.-S. and R.D.

Funding: This research was funded by the Ministry of Economy and Competitiveness from Spain, grant number
BES-2012-055162 and the international collaborations subprogram under the reference EEBB-I-2016-11586.

Acknowledgments: We would like to thank to the Centre for Advanced Composite Materials for supplies the
means to carry out this study.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, or in the decision to
publish the results.

References

1. Tabiei, A.; Nilakantan, G. Ballistic Impact of Dry Woven Fabric Composites: A Review. Appl. Mech. Rev.
2008, 61, 10801–10813. [CrossRef]

2. Grujicic, M. Multiscale modeling of polymeric composite materials for ballistic protection. In Advanced
Fibrous Composite Materials for Ballistic Protection; Woodhead Publishing: Cambridge, UK, 2016; pp. 323–361.

3. Lim, C.; Tan, V.B.; Cheong, C. Perforation of high-strength double-ply fabric system by varying shaped
projectiles. Int. J. Impact Eng. 2002, 27, 577–591. [CrossRef]

http://dx.doi.org/10.1115/1.2821711
http://dx.doi.org/10.1016/S0734-743X(02)00004-0


Materials 2019, 12, 2087 14 of 15

4. Tan, V.B.; Lim, C.; Cheong, C. Perforation of high-strength fabric by projectiles of different geometry. Int. J.
Impact Eng. 2003, 28, 207–222. [CrossRef]

5. Shim, V.P.W.; Tan, V.B.C.; Tay, T.E. Modelling deformation and damage characteristics of woven fabric under
small projectile impact. Int. J. Impact Eng. 1995, 16, 585–605. [CrossRef]

6. Park, Y.; Kim, Y.; Baluch, A.H.; Kim, C.-G. Empirical study of the high velocity impact energy absorption
characteristics of shear thickening fluid (STF) impregnated Kevlar fabric. Int. J. Impact Eng. 2014, 72, 67–74.
[CrossRef]

7. Taraghi, I.; Fereidoon, A.; Taheri-Behrooz, F. Low-velocity impact response of woven Kevlar/epoxy laminated
composites reinforced with multi-walled carbon nanotubes at ambient and low temperatures. Mater. Des.
2014, 53, 152–158. [CrossRef]

8. Nilakantan, G.; Merrill, R.L.; Keefe, M.; Gillespie, J.W.; Wetzel, E.D. Experimental investigation of the role of
frictional yarn pull-out and windowing on the probabilistic impact response of kevlar fabrics. Compos. Part
B Eng. 2015, 68, 215–229. [CrossRef]

9. López-Gálvez, H.; Rodriguez-Millán, M.; Feito, N.; Miguelez, H. A method for inter-yarn friction coefficient
calculation for plain wave of aramid fibers. Mech. Res. Commun. 2016, 74, 52–56. [CrossRef]

10. Duan, Y.; Keefe, M.; Bogetti, T.A.; Cheeseman, B.A.; Powers, B. A numerical investigation of the influence of
friction on energy absorption by a high-strength fabric subjected to ballistic impact. Int. J. Impact Eng. 2006,
32, 1299–1312. [CrossRef]

11. Cunniff, P.M. An Analysis of the System Effects in Woven Fabrics under Ballistic Impact. Text. Res. J. 1992,
62, 495–509. [CrossRef]

12. Pan, N.; Lin, Y.; Wang, X.; Postle, R. An Oblique Fiber Bundle Test and Analysis. Text. Res. J. 2000, 70,
671–674. [CrossRef]

13. Ha-Minh, C.; Imad, A.; Boussu, F.; Kanit, T. Experimental and numerical investigation of a 3D woven fabric
subjected to a ballistic impact. Int. J. Impact Eng. 2016, 88, 91–101. [CrossRef]

14. Chocron Benloulo, I.S.; Rodríguez, J.; Martínez, M.A.; Sánchez Gálvez, V. Dynamic tensile testing of aramid
and polyethylene fiber composites. Int. J. Impact Eng. 1997, 19, 135–146. [CrossRef]

15. Cheeseman, B.A.; Bogetti, T.A. Ballistic impact into fabric and compliant composite laminates. Compos. Struct.
2003, 61, 161–173. [CrossRef]

16. Rodriguez, J.; Chocron, I.S.; Martinez, M.A.; Sánchez-Gálvez, V. High strain rate properties of aramid and
polyethylene woven fabric composites. Compos. Part B Eng. 1996, 27, 147–154. [CrossRef]

17. Garcia, C.; Trendafilova, I.; Zucchelli, A. The Effect of Polycaprolactone Nanofibers on the Dynamic and
Impact Behavior of Glass Fibre Reinforced Polymer Composites. J. Compos. Sci. 2018, 2, 43. [CrossRef]

18. Garcia, C.; Trendafilova, I. Triboelectric sensor as a dual system for impact monitoring and prediction of the
damage in composite structures. Nano Energy 2019, 60, 527–535. [CrossRef]

19. Aruniit, A.; Kers, J.; Goljandin, D.; Saarna, M.; Tall, K.; Majak, J.; Herranen, H. Particulate filled composite
plastic materials from recycled glass fibre reinforced plastics. Mater. Sci. 2011, 17, 276–281. [CrossRef]

20. Ramaiah, G.B.; Chennaiah, R.Y.; Satyanarayanarao, G.K. Investigation and modeling on protective textiles
using artificial neural networks for defense applications. Mater. Sci. Eng. B 2010, 168, 100–105. [CrossRef]

21. Lopes, C.S.; Seresta, O.; Coquet, Y.; Gürdal, Z.; Camanho, P.P.; Thuis, B. Low-velocity impact damage
on dispersed stacking sequence laminates. Part I: Experiments. Compos. Sci. Technol. 2009, 69, 926–936.
[CrossRef]

22. Duan, Y.; Keefe, M.; Bogetti, T.A.; Cheeseman, B.A. Modeling the role of friction during ballistic impact of a
high-strength plain-weave fabric. Compos. Struct. 2005, 68, 331–337. [CrossRef]

23. Rao, M.P.; Duan, Y.; Keefe, M.; Powers, B.M.; Bogetti, T.A. Modeling the effects of yarn material properties
and friction on the ballistic impact of a plain-weave fabric. Compos. Struct. 2009, 89, 556–566. [CrossRef]

24. Nilakantan, G.; Keefe, M.; Wetzel, E.D.; Bogetti, T.A.; Gillespie, J.W. Computational modeling of the
probabilistic impact response of flexible fabrics. Compos. Struct. 2011, 93, 3163–3174. [CrossRef]

25. Nilakantan, G.; Gillespie, J.W. Ballistic impact modeling of woven fabrics considering yarn strength, friction,
projectile impact location, and fabric boundary condition effects. Compos. Struct. 2012, 94, 3624–3634.
[CrossRef]

26. Nilakantan, G.; Wetzel, E.D.; Bogetti, T.A.; Gillespie, J.W. Finite element analysis of projectile size and shape
effects on the probabilistic penetration response of high strength fabrics. Compos. Struct. 2012, 94, 1846–1854.
[CrossRef]

http://dx.doi.org/10.1016/S0734-743X(02)00055-6
http://dx.doi.org/10.1016/0734-743X(94)00063-3
http://dx.doi.org/10.1016/j.ijimpeng.2014.05.007
http://dx.doi.org/10.1016/j.matdes.2013.06.051
http://dx.doi.org/10.1016/j.compositesb.2014.08.033
http://dx.doi.org/10.1016/j.mechrescom.2016.04.004
http://dx.doi.org/10.1016/j.ijimpeng.2004.11.005
http://dx.doi.org/10.1177/004051759206200902
http://dx.doi.org/10.1177/004051750007000803
http://dx.doi.org/10.1016/j.ijimpeng.2015.08.011
http://dx.doi.org/10.1016/S0734-743X(96)00017-6
http://dx.doi.org/10.1016/S0263-8223(03)00029-1
http://dx.doi.org/10.1016/1359-8368(95)00036-4
http://dx.doi.org/10.3390/jcs2030043
http://dx.doi.org/10.1016/j.nanoen.2019.03.070
http://dx.doi.org/10.5755/j01.ms.17.3.593
http://dx.doi.org/10.1016/j.mseb.2009.12.029
http://dx.doi.org/10.1016/j.compscitech.2009.02.009
http://dx.doi.org/10.1016/j.compstruct.2004.03.026
http://dx.doi.org/10.1016/j.compstruct.2008.11.012
http://dx.doi.org/10.1016/j.compstruct.2011.06.013
http://dx.doi.org/10.1016/j.compstruct.2012.05.030
http://dx.doi.org/10.1016/j.compstruct.2011.12.028


Materials 2019, 12, 2087 15 of 15

27. Nilakantan, G.; Wetzel, E.D.; Bogetti, T.A.; Gillespie, J.W. A deterministic finite element analysis of the effects
of projectile characteristics on the impact response of fully clamped flexible woven fabrics. Compos. Struct.
2013, 95, 191–201. [CrossRef]

28. Nilakantan, G.; Nutt, S. Effects of fabric target shape and size on the V50 ballistic impact response of soft
body armor. Compos. Struct. 2014, 116, 661–669. [CrossRef]

29. Grujicic, M.; Bell, W.C.; Arakere, G.; He, T.; Cheeseman, B.A. A meso-scale unit-cell based material model for
the single-ply flexible-fabric armor. Mater. Des. 2009, 30, 3690–3704. [CrossRef]

30. Grujicic, M.; Arakere, G.; He, T.; Bell, W.C.; Glomski, P.S.; Cheeseman, B.A. Multi-scale ballistic material
modeling of cross-plied compliant composites. Compos. Part B Eng. 2009, 40, 468–482. [CrossRef]
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