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Abstract –  A high velocity impact by a small mass object is considered as a ballistic 
encounter, and a potential threat faced by personnel residing close open fire grounds. 
Conflicts such as the Gulf war presents examples where civilians have encountered 
ballistic missiles and have sought shelter from such.  Impact protection materials include 
woven structures, laminated structures, and non-woven structures; however, civilians 
do not have access to the sophisticated technology or the training to accommodate heavy 
combat material that military personnel may acquire, hence, a requirement for a simple, 
wearable ballistic protection material development is eminent. The kinetic energy of the 
bullet at the point of impact causes heat dissipation, which is an existing problem at hand 
when developing reinforcement material. Therefore, this research is focused on 
developing a conceptual model and design for a shape memory polymer reinforced knitted 
spacer structure, where the impact energy is to be absorbed by the polymeric yarn, when 
the thermal energy raises the temperature of the SMP above its glass transition 
temperature. A theoretical model has been developed to establish the fabric parameters of 
the and the derived model was simulated using MATLAB to model the relationship 
between the dissipated heat energy and the required fabric parameters. 
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1 INTRODUCTION 

A ballistic encounter is an encounter or impact relating to the science of the motion of 
projectiles in flight. There is an array of potential ballistic encounters that a soldier may 
face in a battlefield. These include fragmenting munitions from tank-guns, rocket launches, 
field guns, mortars and a large percentage of these fragments weigh less than 1g and have 
initial velocities of around 2000m/s. A bullet, following a trajectory path, consists of a 
unique design that is in line with aero dynamics such that an extensive damage will occur 
to the surface upon impact.  

Conflicts such as the Iraqi attack on Tehran, have involved use of ballistic missiles where 
it has been reported that during 52 days from 29th of February to 20th of April 1988, the 
Iraqi army fired 118 ballistic missiles out of which 0.8% exploded in rural areas while 19.5% 
exploded in the sky and 72.9% hit the city, resulting in the death of 422 civilians and injuries 
of another 1579. (Ali, F Mohammad and Vafa, 2012) . Also, in the civilian conflict in Yemen 
in 1994, it has been reported that a ballistic impact had resulted in the death of 25 civilians 
in Sana (Carapico and Rone, 1994). 

For protection from such ballistic encounters, an array of research has been conducted on 
the behaviour of the bullets, the impact mechanism and ballistic protection material (Tam 
et al., 2012; Grujicic, 2016; Nascimento et al., 2017; Abtew et al., 2018; Shin, Chung and Kim, 
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2018; Gallo et al., 2019). The impact strength and aero dynamics of a bullet have been 
thoroughly explored considering the weight, velocity, twist in the fire barrel, as the main 
factors (Bhatnagar, 2006). The weight of a bullet is a function of its diameter, length, and 
composition of the bullet materials. Furthermore, bullet penetration and deformation are 
based on the angle of impact, the twist, and the length of the firing barrel (Bhatnagar, 2006). 
Perpendicular to the armour is the most critical angle to penetrate armour as all the kinetic 
energy of the bullet is concentrated on the pointed tip of the bullet and therefore it easily 
penetrates the layers of the armour. The projectile stability depends upon the spin it picks 
up when accelerating inside the firing barrel due to pressure, hence, higher the twist levels 
inside the firing barrel the higher the stability of the projectile. Thus, twist reduces the 
velocity of projectiles leaving the barrel, because part of firing energy is consumed by the 
friction in the barrel. When considering the length of the firing barrel, the longer barrel 
length holds the projectile longer and therefore the projectile gets higher acceleration. 
However, in a shorter barrel length, the projectiles accelerate only when they are in the 
barrel. One of the major contributing factors defining the bullet deformation or penetration 
capability is the velocity of the bullet (Bhatnagar, 2006; Dimeski, Srebrenkoska and 
Mirceska, 2015; Rahman et al., 2018). Twist in the firing barrel provides the stability to the 
bullet when it is traveling in the air. Certain bullets wobble for a short distance after leaving 
the firing barrel due to the twist in the barrel. 

Ballistic has two different meanings when it comes to fabric. First, it can mean the type of 
material used for soft body armour (Bhatnagar, 2006). These materials are usually woven 
with high-strength fibers, such as a para-aramid, a high-performance polyethylene (HPPE) 
or high-modulus polyethylene. Those types of ballistic fabrics have a very specific end use, 
however. Lower-tech ballistic fabrics are those that are traditionally used in soft-sided 
luggage and backpacks. When considering the manufacturing of a ballistic material 
properties such as significantly higher tensile strength and modulus, lower fiber 
elongation, inherent resistance to chemicals, industrial solvents and lubricants have been 
prioritized. Literature presents instances where Gel spun HMPE fibers, PBO Fibers and 
Aramid fibers have been used in this regard. These factors have been further optimized 
through changing the Polymer used to manufacture the fiber, the spinning process, the 
structural characteristics including molecular orientation and spinning direction and the 
effective cross-section area occupied by a single chain.  

There are several fundamental principles that have been sourced through literature that 
have been used to evaluate the performance of a ballistic fiber. These include the strain 
velocity of ballistic fibers, which is the rate of strain dissipation through the axis of the fiber 
when the fiber is engaged with a high-speed projectile and the friction between fiber and 
fiber. The fiber friction properties along with the fiber physical properties play an 
important role in slowing down the projectile. According to literature, in existing ballistic 
materials, friction has been optimized by changing the fiber orientation, by applying 
coating on the fiber, bonding a film on the ballistic material and quilting (Bhatnagar, 2006). 

Ballistic materials have been constructed using woven and non-woven material. In woven 
material the ballistic performance depends on, the physical properties of the ballistic fibers, 
denier of the fibers in warp and weft direction, level of twist in the yarn, weave design of 
the fabric, the damage to yarn during weaving operation and post weaving operations 
(Bhatnagar, 2006). On the other hand, in non-woven material, this depends on the amount 
of intermingling of fiber within a yarn bundle, the spreading of the fibers at macro level, 
the type of resin, quantity of resin, and the bond between resin and fiber. 

However, there are several limitations that exist in the existing developments for the 
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ballistic material. These include, the heat dissipated from the impact causing damages and 
deformation to the material structure (Prosser, Cohen and Segars, 2000; Papantonakis et 
al., 2014; Haro Albuja, Szpunar and Odeshi, 2016; Johnston et al., 2018; Abtew et al., 2019), 
limited data at high strain level encountered during projectile penetration, the 
mathematical models that have been developed so far are in early stages of evolution from 
linear materials to non-linear viscoelastic materials, hybrid materials proving difficult to 
calculate contribution of each material in defeating projectiles, and the complexity of the 
bullet deformation phenomenon (Berkowitz, 2014). Thus, investigating the feasibility of 
addressing the heat-dissipation issue through integration of an SMP yarn-based spacer 
fabric panel behind the existing combat material, will be the focus of this research. 

Incorporating a shock absorbent damping panel in front of the composite laminated 
(current) panel to successfully absorb the thermal energy and resist deformation, is 
suggested to be performed by incorporating a spacer knitted structure with a Shape 
Memory Polymer (SMP) based yarn (Wan, 2010; Berkowitz, 2014), used as the mono 
filament, that serves as the tucking yarn between the two beds, and as a Nylon and 
Spandex covered yarn in the two beds of the spacer structure. 

2 METHODOLOGY 

2.1 Modeling the Hypothesis 

The energy absorbed or dissipated by the impact ‘E’ is such that, 
 

𝐸 =  
1

2
𝑚𝑣𝑖

2 −
1

2
𝑚𝑣𝑟

2 (1) 

 
Supposing, that the mass of the SMP yarns in the structure is ‘m’ and the ‘c’ is the specific 
heat of the SMP yarn material, then if the temperature increment due to the thermal energy 
of the impact is Δθ, 

 𝐸 = 𝑚𝑐∆𝜃 + 𝐻      (2) 

 

where ‘H’ is the total of energy transformations other than thermal energy. Now if the 
temperature of the Shape Memory Polymer material is ‘T0’ and the initial temperature of 
the shape memory polymer is  when the surrounding temperature is less than the glass 
transition temperature Tg , the SMP will originally be subjected to a deformation from the 
impact. However, at the point of impact due to the sudden temperature increment of Δθ, 
if, 

𝑇𝑔 ≤  ∆𝜃                  (3) 

 

then a transformation will take place as the SMP returns to its original state, reinforcing 
the spacer structure. 

 

3   DESIGN 

3.1 The Conceptual Design  

The structure is expected to be developed as a spacer knitted structure that is to be attached 
to a composite laminated panel for sufficient shock and heat absorbency, as depicted in 
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Fig.2. Nylon, Spandex and Shape Memory Polymeric yarn is suggested to be used to 
fabricate the conceptual design structure. The SMP yarn is expected to be prepared using 
a combination of BPDPA/ODA (Xiao et al., 2015) whose molecular structure is shown in 
Fig.1. This polyimide is synthesized by polycondensation of bis phenol A dianhydride 
(BPADA) and 4,4′-diaminodiphenyl ether (ODA), and the aromatic polyimide chains 
possessing thermal stable but flexible linkages within the backbone act as the reversible 
phase of the shape memory process (Xiao et al., 2015). 

 

 

 

Fig. 1 Synthesis of the shape memory polyimide. BPADA and ODA form viscous poly 
(amic acid) (Xiao et al., 2015). 

 

Moreover, the resultant shape memory polymer has and adjustable glass transition 
temperature ranging from 229 to 243 °C and shows excellent thermal cycling resistant 
properties. Also, the auto-ignition temperature of this polymer is at 510 °C at 1013 hPa°C 
(Diani and Gall, 2006; Xiao et al., 2015), thus validating its suitability to be used for this 
purpose. The SMP yarn can be manufactured using melt spinning, there are several 
concerns however including, poor drying of the resin resulting in low viscosity, which in 
turn would cause foaming, flashing, and dripping of the nozzle (Berkowitz, 2014). To 
achieve optimum results, controlling the viscosity of the SMP in the nozzle of the extruder, 
while maintaining uniform melting of the polymer and strict temperature regulation and 
processing controls is required as the viscosity of the SMP is more temperature dependent. 
The process can be implemented using winding speeds between 10m/min to 50m/min 
and a laminar air temperature of 22 Celsius. The yarns for the Spacer structure are expected 
to be developed as covered yarn, as presented in the conceptual design using an air-jet 
spinning or core spinning yarn technique. The ballistic material can be prepared using a 
double bed knitting machine is required to facilitate production of both rib and interlock 
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structures. The rib structure is expected to provide protection against medial impacts while 
the interlock structure provides against lateral impacts. 

The yarns for the Spacer structure are expected to be developed as covered yarn, as 
presented in the conceptual design using an air-jet spinning or core spinning yarn 
technique. The ballistic material can be prepared using a double bed knitting machine is 
required to facilitate production of both rib and interlock structures. The rib structure is 
expected to provide protection against medial impacts while the interlock structure 
provides against lateral impacts.  

Fig. 2 Conceptual design of the SMP reinforced structure. 

 
3.2 Validation of the Design 

Considering the loop structure of a single lop of the knitted spacer structure the dimensions 
of the ballistic fabric can be considered as a length wise distance of a and a breadth of b as 
per Fig.3 (b), then the mass requirement of the SMP yarn can be calculated as follows. 
Assuming that, the yarn has a circular cross section and uniform diameter, if l is the length 
of the loop, d is the diameter of the yarn, c is the number of wales per unit length, and w is 
the number of courses per unit length, as per Fig 3 (a),    

Fig. 3 (a) Schematic representation of the knit loop structure, (b) Dimensions of the 
fabric as considered in the model. 
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𝑀𝑎𝑠𝑠 𝑝𝑒𝑟 𝑘𝑛𝑖𝑡 𝑙𝑜𝑜𝑝 = (
𝜋𝑑2𝑙

4
) × 𝜌                                                      (4) 

𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑙𝑜𝑜𝑝𝑠 =  𝑐𝑏 + 𝑤𝑎                                                               (5) 

As this is a double bed structure, 

𝑀𝑎𝑠𝑠 𝑜𝑓 𝑡ℎ𝑒 𝑙𝑜𝑜𝑝𝑠 = m =  2 × (
𝜋𝑑2𝑙

4
) × 𝜌 × (𝑐𝑏 + 𝑤𝑎)           (6) 

when the, 

𝑇ℎ𝑒𝑟𝑚𝑎𝑙 𝐸𝑛𝑒𝑟𝑔𝑦 𝐴𝑏𝑠𝑜𝑟𝑏𝑒𝑑 𝑏𝑦 𝑡ℎ𝑒 𝑌𝑎𝑟𝑛 = 𝑄 = 𝑚𝐶𝜃             (7) 

 
The mass requirement to absorb the dissipated heat can be derived as, 

 

𝑚 =
𝑄

𝐶𝜃
=  2 × (

𝜋𝑑2𝑙

4
) × 𝜌 × (𝑐𝑏 + 𝑤𝑎)                                            (8) 

 

4 MATLAB SIMULATION OF THE DERIVED MODEL 

The yarn parameters and the fabric parameters can be adjusted such that, the mass 
requirement to absorb the above heat capacity is met. A MATLAB simulation of the 
required yarn mass using the identified SMP data, was conducted and the results are 
presented below in Fig. 4. Studies of (Bhatnagar & Institute of Materials, 2006) were used 
for simulation data of the kinetic energy of the bullet. 

 

  

Fig.4 MATLAB Simulated mass requirement of the SMP yarn. 
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5  DISCUSSION 
 
According to the results, the based on the bullet type, strain velocity of the ballistic fibers 
used, the weight, velocity and the kinetic energy of the bullets used, the mass requirement 
of the SMP based yarn for the spacer fabric layer can be derived effectively. The SMP yarn 
can be characterized using the Shape fixity (SF), Shape recovery ratio (RR) and the 
Recovery stress, and the cyclic shape memory process of the SMP yarn can be further 
obtained to evaluate the hysteresis. Additionally, the impact performance of the ballistic 
fabric can be evaluated under the NIJ 0108.01 standard and the heat resistance as per ASTM 
D8101 standard. 

 
6  CONCLUSION 
 
Limitations of Modern Ballistic Combat Material include heat dissipation at the point of 
impact. This heat energy occurs due to conversion of the high kinetic energy of the bullet 
(or other impacting material), into thermal energy. Incorporating a shock absorbent 
damping panel in front of the composite laminated (current) panel to successfully absorb 
the thermal energy, in the form of a spacer knitted structure has been modelled as part of 
this study. 
 

 
REFERENCES 
 

Abtew, M.A., Boussu, F., Bruniaux, P., Loghin, C. and Cristian, I., 2019. Ballistic impact 
mechanisms–a review on textiles and fibre-reinforced composites impact 
responses. Composite structures, 223, p.110966. 
 
Abtew, M.A., Bruniaux, P., Boussu, F., Loghin, C., Cristian, I., Chen, Y. and Wang, L., 2018. 
A systematic pattern generation system for manufacturing customized seamless multi-
layer female soft body armour through dome-formation (moulding) techniques using 3D 
warp interlock fabrics. Journal of manufacturing systems, 49, pp.61-74. 

Alagirusamy, R. and Das, A. eds., 2010. Technical textile yarns. Elsevier. 

Berkowitz, K.M., 2014. Characterization and Analysis of Shape Memory Polymer Composites 
With Cellulose Nanocrystal Fillers (Doctoral dissertation, Case Western Reserve University). 
 
Bhatnagar, A. and Lang, D., 2006. Military and law enforcement applications of lightweight 
ballistic materials. In Lightweight Ballistic Composites (pp. 364-397). Woodhead Publishing. 
 
Carapico, S. and Rone, J., 1994. Yemen: Human Rights in Yemen During and After the 1994 
War. Human Rights Watch/Middle East, 6(1), p.1.. 
 
Dimeski, D., Srebrenkoska, V. and Mirceska, N., 2015. Ballistic impact resistance 
mechanism of woven fabrics and their composites. International Journal of Engineering 
Research & Technology (IJERT), 4(12), pp.107-112. 
 
Gallo, L.S.A., Boas, M.O.V., Rodrigues, A.C., Melo, F.C. and Zanotto, E.D., 2019. 
Transparent glass–ceramics for ballistic protection: materials and challenges. Journal of 
Materials Research and Technology, 8(3), pp.3357-3372. 



 

M.H. Medagedara, W.M.N.D. Weerasooriya 

8 

 

Grujicic, M., 2016. Multiscale modeling of polymeric composite materials for ballistic 
protection. In Advanced Fibrous Composite Materials for Ballistic Protection (pp. 323-361). 
Woodhead Publishing. 
 
Haro, E.E., Szpunar, J.A. and Odeshi, A.G., 2016. Ballistic impact response of laminated 
hybrid materials made of 5086-H32 aluminum alloy, epoxy and Kevlar® fabrics 
impregnated with shear thickening fluid. Composites Part A: Applied Science and 
Manufacturing, 87, pp.54-65. 
 
Johnston, J.P., Pereira, J.M., Ruggeri, C.R. and Roberts, G.D., 2018. High-speed infrared 
thermal imaging during ballistic impact of triaxially braided composites. Journal of 
Composite Materials, 52(25), pp.3549-3562. 
 
Nascimento, L.F.C., Louro, L.H.L., Monteiro, S.N., Lima, É.P. and da Luz, F.S., 2017. 
Mallow fiber-reinforced epoxy composites in multilayered armor for personal ballistic 
protection. Jom, 69(10), pp.2052-2056. 
 
Papantonakis, M.R., Furstenberg, R., Nguyen, V., Moser, A., Kendziora, C.A. and McGill, 
R.A., 2014, May. Infrared imaging analysis of ballistic impacts of composite armor 
materials. In Thermosense: Thermal Infrared Applications XXXVI (Vol. 9105, pp. 58-65). SPIE. 
 
Prosser, R.A., Cohen, S.H. and Segars, R.A., 2000. Heat as a factor in the penetration of cloth 
ballistic panels by 0.22 caliber projectiles. Textile Research Journal, 70(8), pp.709-722. 
 
Rahman, N.A., Abdullah, S., Abdullah, M.F., Omar, M.Z., Sajuri, Z. and Zamri, W.F.H., 
2018. Ballistic limit of laminated panels with different joining materials subjected to steel-
hardened core projectile. International Journal of Integrated Engineering, 10(5). 
 
Shin, Y.H., Chung, J.H. and Kim, J.H., 2018. Test and estimation of ballistic armor 
performance for recent naval ship structural materials. International Journal of Naval 
Architecture and Ocean Engineering, 10(6), pp.762-781. 
 
Tam, D.K.Y., Ruan, S., Gao, P. and Yu, T., 2012. High-performance ballistic protection using 
polymer nanocomposites. In Advances in military textiles and personal equipment (pp. 
213-237) Woodhead Publishing. 


