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	 Introduction
Textile ballistic protection in the form of 
bulletproof vests may, in many cases, de-
cide about the life or death of people who 
take part in law enforcement, participate 
in military operations, work in security 
forces or are in danger just because of 
being a celebrity. All of them require pro-
tection in the form of bulletproof vests, 
which at the same time should guarantee 
maximum comfort for the user. 

Effect	of	Velocity	of	the	Structure-Dependent	
Tension	Wave	Propagation	on	Ballistic	
Performance	of	Aramid	Woven	Fabrics	
Abstract
One of the elements defining the effectiveness of soft ballistic protection is the geometric 
structure of the fabric. In previous research works it was proven that the geometric struc-
ture influences the propagation velocity of the tension wave. Thus, fabrics of a geometric 
structure ensuring a maximum propagation velocity of the tension wave should be selected 
for the ballistic packets of  bullet-proof vests. In such a case, the area of deformation will 
be larger, which will diminish the probability of local destruction and the acuteness of the 
ballistic stroke on the user’s body. The aim of the research was to receive a ballistic packet 
containing layers of fabric ensuring a maximum propagating velocity of the tension wave 
and verification of its ballistic performance in terms of shooting through, maximum defor-
mation and the ballistic stroke. 
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Thus, it is a natural research tendency to 
try to improve the construction of bullet-
proof vests so as to ensure maximum 
comfort, while the two basic security 
criteria, that is, non-shooting through and 
a minimum ballistic stroke, affecting the 
user’s body are also fulfilled. In conse-
quence, the vests should be characterised 
by a smaller mass, smaller thickness and 
larger elasticity. In terms of constructing 
lighter and thinner vests, the most impor-
tant seems to be the development of high-
ly-resistant fibers that should be charac-
terised by the largest possible resistance 
parameters and the greatest propagation 
velocity of the tension wave, defining the 
thread length, which undergoes deforma-
tion during a bullet impact. The ballistic 
effectiveness of threads was analysed 
in terms of the parameter formulated by 
Cunniff and expressed by dependence [1]: 
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where:
r – thread density,
E – Young’s modulus,
s – stress,
e – deformation.

According to this dependence, the bal-
listic effectiveness of threads is greater if 
the value of parameter U* is larger. In lit-
erature this parameter is often described 
in the form of the following dependence:
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The unit of this parameter is m/s, and it 
is possible to compare it with the prop-
agation velocity of the tension wave. 

Figure 1 presents average Cunniff’s ve-
locities for aramid fibers, HPPE (High-
performance polyethylene), PBO (Poly-
p-phenylenebenzobisoxazole) and PIPD 
(Poly(diimidazo pyridinylene (dihy-
droxy) phenylene)), which are the most 
often used for soft ballistic protection. 

The increasing values define successive 
generations of ballistic fibers. Each new 
generation of fibers was accompanied by 
a huge increase in the ballistic effective-
ness of the soft packets used in bulletproof 
vests.

As has been observed in practice, both 
the raw material and geometric structure 
of the layers have a great influence on the 
final deformation, as well as on whether 
the vest perforates or not. The influence 
of the weaves of the fabric on its ballistic 
effectiveness was described by Cheng-
Kun at al. [2]. For the same raw material, 
greater ballistic effectiveness was ob-
served in the case of fabrics of plain and 
hopsack 2/2 weave than in that of fabrics 
of atlas and twill weave. Most important 
in terms of the effectiveness of ballistic 
protection may be the smaller propaga-
tion velocity of the tension wave in flat 
textile structures, comparing to the prop-
agation velocity of the wave in the thread 
used for the construction of the fabric. 
Thus, assuming the raw material of the 
thread remains the same, it is possible to 
construct ballistic packets of comparable 
areal mass but of different performance 
in ballistic tests in terms of the influence 
on the user. The packets will differ in 
terms of the following:
n the amount of kinetic energy of the 

missile absorbed,

Figure. 1. Average Cunniff’s velocities 
for different fibers used in soft ballistic 
protection.
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n the height of the defermation cone,
n the shape of the defermation cone.

It means one should look for solutions 
ensuring a maximum propagation ve-
locity of the wave in the fabrics used 
for the layers of ballistic packets. Then 
the kinetic energy of the missile will be 
absorbed by the larger areal mass of the 
fabric, which will diminish the danger of 
local destruction and the acutteness of 
the ballistic stroke. 

Evaluation of the effectiveness of bal-
listic packets consisting of a layer with 
a maximum propagation velocity of the 
tension wave requires verification at the 
Laboratory of Ballistic Research. The 
standard procedures of ballistic tests that 
have been used up till now are based on 
checking whether the package has not 
been shot through and whether the final 
deformation has not exceeded the maxi-
mum acceptable value, which is 44 mm. 
This value was defined on the basis of 
statistical analysis of former cases where 
a human body was struck by a missile 
and injuries occurred.

Real military experience and recently 
published scientific research concerning 
the effects of a ballistic stroke during a 
non-penetrating missile impact prove that 
such procedures seem to be insufficient 
in many cases [3, 4]. Drobin and Gryth 
carried out some research on animals 
(pigs) whose organisms are in functional 
terms similar to those of human beings. 
The aim of their research was to assess 
the effects and pathophysiological mech-
anisms occurring during a non-penetrat-
ing blow of a missile of the type NATO 
7.62×51 mm flying at a speed of 800 m/s 
and hitting a human body wearing a bul-
letproof vest. The results of the research 
completely undermined the criteria com-
monly used while testing ballistic protec-
tion. It was observed that as a result of 
the stroke, some of the animals suffered 
from serious health problems, with some 
even dying when their only protection 
were vests characterised by maximum 
deformation not exceeding 40 mm, dur-
ing tests on plastiline foundation. 

Thus it seems to be fully justified to 
choose a geometric structure of the fabric 
ensuring a maximum propagation velocity 
of the tension wave for the construction of 
ballistic packets of bulletproof vests. In 
such a case the area affected by deforma-
tion will be larger, which will diminish the 
possibility of local destruction and size 

of ballistic stroke on the user’s body. The 
aim of the research was to obtain a bal-
listic package containing layers of fabric 
characterised by a maximum propagation 
velocity of the tension wave, as well as its 
ballistic verification in terms of the maxi-
mum deformation, size of ballistic stroke 
and the probability of being shot through. 

	 Tension	wave	propagation	
velocity	in	woven	fabrics

When a missile strikes a fabric, its kinetic 
energy is absorbed mainly through the 
deformation of threads, thread movement 
towards the trajectory of the missile’s 
formation of the so-called defermation 
cone, and through the friction phenom-
enon between warp and weft threads. 
Due to the huge speed of a missile which 
is shot from fire-arms, in the place of im-
pact a fast changing local displacement 
of threads towards the missile trajectory 
can be observed, which initiates a tension 
wave propagating along warp and weft 
threads, symmetrically in all four direc-
tions. Numerous researches have proved 
that the tensions created are transferred 
mainly by the warp and weft threads, 
coming into contact with the front of the 
missile. The threads that come into con-
tact with the front of the missile are called 
the main warp and weft threads. The effect 
of transferring tensions by the main warp 
and weft threads can be observed after the 
fabric is shot through, because permanent 
destruction and structure degradation oc-
curs only in the area of main threads. 

The propagation of the tension wave 
from the point where the missile strikes 
is accompanied by local thread deforma-
tions, and at the same time the kinetic 
energy of the missile is absorbed. At the 
moment when maximum deformation 
is exceeded, the threads start cracking. 
The increase the deformed fabric area 
depends on the propagation velocity of 
the tension wave along warp and weft 
threads. For a given type of raw material 
and geometric structure of the fabric, the 
propagation velocity is constant and does 
not depend on the missile speed. From 
the point of view of ballistic effective-
ness, the propagation velocity of the ten-
sion wave should be as large as possible 
so that the tensions are distributed over 
the largest possible area. 

In the testing phenomena of woven fab-
rics occurring during a missile impact, 
it is either accepted that the propagation 
velocity of the tension wave along warp 

and weft threads is the same as in the 
thread the fabric is made of, or it is de-
termined from the Roylance dependence. 
In the first case the propagation velocity 
of the wave in the fabric along warp and 
weft threads is determined from the fol-
lowing formula:

   
r
Ecc f ==  (3)

where:
c – propagation velocity of tensions in a 
  single thread,
E – elasticity modulus,
r – thread density.

On the basis of research carried out for 
many years concerning the impact of a 
missile on a fabric, Roylance at al. sug-
gested that the reasoning should be cor-
rected, and that the propagation velocity 
of the tension wave in the fabric should 
be treated as a fraction of the propagation 
velocity of the wave in the thread the fab-
ric is made of [5, 6]. Parameter a > 1 and 
the dependence between these velocities 
were introduced in the following form:

   α
cc f =  (4)

While analysing the cross section of 
the fabric along warp or weft threads, it 
was suggested that the mass density of 
the propagation medium doubles. Along 
a selected thread of one of the weaving 
systems, as a result of interlacing, the 
mass density of the medium is twice big-
ger. Hence, assuming that the elasticity 
modulus of the thread is identical to that 
of the fabric, we obtain: 
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Thus, the authors suggested that the prop-
agation velocity of the tension wave in the 
fabric is 2 times smaller than that of the 
wave in the thread. The reasoning present-
ed by Roylance significantly simplifies the 
assessment of the propagation velocity of 
the tension wave in fabrics. Special atten-
tion should be paid to the following facts:
n the interlacing threads form a non-

continuous medium in relation to the 
thread along which the tension wave 
propagates,

n the geometric arrangement of the me-
dium of the tension wave propagation 
depends on the geometric structure of 
the fabric (type of weave, number of 
warps and wefts, phases of the fabric),

n the elasticity modulus of the fabric 
during stretching along one of the 
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systems is different to that for a single 
thread, and it strongly depends on the 
geometric structure of the fabric (type 
of weave, number of warps and wefts, 
phases of the fabric).

Taking into consideration these limita-
tions and the thesis concerning the influ-
ence of the propagation velocity of the 
tension wave on the ballistic effective-
ness of anti-stroke packets, research was 
carried out on the propagation velocity of 
the tension wave in fabrics for structures 
characterised by different weaves and 
weft densities. Details concerning meas-
uring methods and research results were 
presented in publication [7].

This research has proven that the propa-
gation velocity of the tension wave de-
pends on the type of weave and number 
of warps and wefts. Additionally, it has 
proven that there are two optimum fabric 
structures for which the propagation ve-
locity is the largest (Figure 2).

In the case of a fabric of unstable struc-
ture, with the weft density equal to zero, 
the tension wave will propagate in only 
one system, parallel to the threads. In 
such a case an interlacing effect is not 
observed, and it may be assumed that 
the propagation velocity of the tension 
wave will be the same as for an individual 
thread (cf = c). Thus, an optimum struc-
ture will take the form of a system of two 
non-interlacing skeins of threads situated 
at an angle of 90° to each other, where 
the stability of the structure is achieved 
by means of gluing matrices. In Figure 2 
this structure is indicated as UD. In the 
case of a fabric of stable structure, the 
propagation velocity of the tension wave 
increases together with the concentration 
of threads, resulting from the diminishing 
displacements of warp and weft threads in 
relation to each other and increased thread 
concentration. The largest propagation ve-
locity of a tension wave can be observed 
in a fabric of plain weave and maximum 
number of warp and weft threads. Taking 
into consideration the hypothesis that the 
propagation velocity of the tension wave 
should be as large as possible, these two 
structures were chosen for the construc-
tion of ballistic packets. In Figure 2 this 
structure is indicated as PLAIN. 

	 Forming	non-interlaced	
unidirectional	structures

On the basis of research concerning the 
propagation velocity of the tension wave 
in woven fabrics, a non-interlaced struc-
ture is accepted as optimum for applica-
tion in ballistic barriers. However, form-
ing such a structure requires using addi-
tional layers that stabilise the structure, 
which is in contrast to traditional fabrics, 
where this stability is achieved thanks to 

the interlacing of warp and weft threads. 
Figure 3 presents the idea of forming 
non-interlaced structures, according to 
which a research stand was built [8].

The two systems of threads I and II, 
crossing at an angle of 90º, are unwound 
from beams I and II. A stable structure 
is achieved thanks to using an internal 
stabiliser characterised by two-sided 
thermo-welding, situated between thread 
systems I & II, and external stabilisers 
characterised by one-sided thermo-weld-
ing from the side of the thread systems. 
The structure obtained is finally welded 
by means of a heat stream with an ad-
equate pressure force of the press. 

The structure obtained in this way is a 
rectangle sheet, the dimensions of which 
correspond to the width of thread sys-
tems I and II. While carrying out research 
on establishing textile structures of a 
maximum propagation velocity of the 
tension wave, a prototype for producing 
non-interlacing structures was designed 
and constructed. In the design phase the 
following assumptions were made: 
n the thread will be made of aramid fib-

ers of third generation Twaron CT Mi-
crofilament 930 dtex/f1000,

n the width of thread systems I and II 
will be 30 cm so that the dimensions 
of the sheet obtained are comparable 
to those of the human body,

n in order to compare the ballistic prop-
erties of the non-interlacing structures 
and fabrics of plain weave obtained, 
made of the same threads and availa-
ble on the market, an identical number 
of warps was introduced in the non-
interlacing structure as in the fabric. 

For the geometric and raw material pa-
rameters of the sheet assumed, the areal 
mass equaled about 204.6 g/m2. In count-
ing the areal mass of a single sheet, one 
did not take into consideration the ar-
eal mass of thermo non-wovens, which 
equals about 24 g/m2.

It was not taken into account for two rea-
sons: firstly, the optimisation of the proc-
ess of forming a non-interlacing structure 
was not the subject of the research. In 
practice, polyethylene matrices together 
with proper welding technology can be 
used for stabilising the threads in the 
structure. The areal mass of a polyethyl-
ene matrix is negligible in relation to that 
of the thread system, and it does not actu-
ally increase the areal mass of the whole 
sheet. 
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Autorzy zasugerowali tym samym, e prdko propagacji fali napre w tkaninie jest 

2 razy mniejsza od prdkoci propagacji fali napre w nitce. Rozumowanie przedstawione 

przez Roylance’a stanowi znaczne uproszczenie oceny prdkoci propagacji fali napre w 

tkaninach. Naley tutaj zwróci przede wszystkim uwag na to, e: 

- nitki przeplatajce stanowi orodek niecigły w stosunku do nitki, wzdłu której 

nastpuje propagacja fali napre, 
- układ geometryczny orodka rozprzestrzeniania si fali napre, zaley od struktury 

geometrycznej tkaniny (typ splotu, liczno osnowy, liczno wtku, fazy tkaniny), 

- moduł sprystoci tkaniny podczas rozcigania wzdłu jednego z układów, jest inny 

ni dla pojedynczej nitki i dodatkowo silnie zaleny od struktury geometrycznej 

tkaniny (typ splotu, liczno osnowy, liczno wtku, fazy tkaniny), 

Biorc pod uwag te ograniczenia oraz postawion tez o wpływie prdkoci propagacji fali 

napre na efektywno balistyczn pakietów przeciwuderzeniowych, przeprowadzono 

badania prdkoci propagacji fali napre w tkaninach dla struktur zrónicowanych 

splotowo oraz gstoci wtku. Szczegóły dotyczce metody pomiaru oraz wyniki bada 
przedstawiono w publikacji [7]. W badaniach tych udowodniono, e prdko propagacji fali 

napre jest zalena od typu splotu, licznoci wtku i osnowy. Ponadto badania wykazały, e 

istniej dwie optymalne struktury tkanin dla których prdko propagacji jest najwiksza 

(Rys. 2). 
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Figure 2. Tension wave propagation velocity in dependence of weft density and structure stability 

 

W przypadku tkaniny o niestabilnej strukturze, przy gstoci wtkowania równej zero, fala 

napre bdzie rozchodziła si tylko w jednym układzie równolegle ułoonych nitek. W 

takim przypadku nie wystpuje efekt przeplatania i mona załoy, e prdko rozchodzenia 

Figure 2. Tension wave propagation velocity 
in dependence on weft density and structure 
stability.

Figure 3. Forming of UD structures. 
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Secondly thermo non-wovens are not 
important from the point of view of me-
chanical properties, and they could cause 
unnecessary disturbance in the assessment 
of the influence of the areal mass of the 
ballistic barrier on the amount of kinetic 
energy of the missile absorbed, which 
was one of the aims of the research. Ta-
ble 1 presents some basic parameters of 
a sheet of non-interlacing structure made 
on a stand constructed specially for the 
research.

made of a fabric of plain weave PLAIN 
(Figure 4). For this structure the propa-
gation velocity of the tension wave is 
approximately twice smaller than in the 
case of a non-interlacing structure. The 
third variant contained a packet of a two-
phase module, consisting of a non-inter-
lacing structure and fabric of plain weave 
UD-PLAIN (Figure 4). In that way the 
advantages of the two structures were 
combined, and it was possible to achieve 
a huge propagation velocity of the ten-
sion wave and structure stability.

In order to demonstrate the influence of 
the geometric structure of the packets on 
their ballistic properties, all the modules 
(Figure 4) were made of the same raw 
material – aramid yarn of 3rd generation 
Twaron CT Microfilament 930 dtex/
f1000. At the Laboratory of Ballistic 
Research, the three variants of packets 
were shot with missiles of the type Pare-
bellum 9x19 mm FMJ, according to the 
chart presented in Figure 5. The tests 
with this type of missile, with a striking 
velocity of (365±10) m/s, correspond to 
ballistic tests in the second bulletproof 
class, according to the norm NIJ Stand-
ard 0101.03 [9].

Before firing, the ballistic packets were 
fixed in a grip 5 (Figure 5). Such a way 
of fixing imposes boundary conditions ac-
cording to which transverse deformation 
of the packet at the points of fixing equals 
zero. At the same time longitudinal de-
formation at the fixing points should also 
equal zero; in practice, however, the layers 
tend to slightly slip from the grip. 

The dimensions of the area absorbing 
the impact of the missile were constant 
and equaled 30 cm x 30 cm. This pa-
rameter was chosen intentionally so that 
the dimensions of the ballistic packet 
were comparable to those of a human 
body. During the tests at the Laboratory 
of Ballistic Research, one missile was 
fired at each packet at a zero angle to the 
centre of the sample. During the firing, 
the measuring system measured both 
the striking speed of the missile and its 
speed after passing the barrier – the so-
called residual speed, if the sample was 
shot through. The series of measurments 
was repeated four times for each type of 
packet, and the speeds measured were 
used to count arithmetic averages. On 
the basis of the average impact speeds 
and residual speeds calculated, the input 

Table 1. Basic parameters of a sheet of non-
interlacing structure.

Parameter Value

Dimension, cm´cm 30´30

Areal density, g/m2 204,6

Thickness, mm 0,8
Number of threads per dm:
 I set
 II set

110
110

Figure 4. Structures of ballistic packets tested.

Figure 5. Ballistic tests – experimental set-up: 1 – gun, 2 –missile, 3 – striking velocity 
measuring system, 4 – ballistic packet tested, 5 – clamping system of the packet, 6 – residual 
velocity measuring system, 7 – bullet catcher, 8 – plastiline.

tkanin o splocie płóciennym UD-PLAIN (rys. 4). Połczono w ten sposób zalety 

poszczególnych struktur – du prdko propagacji fali napre i du stabilno struktury.  

 

UD

UD-PLAIN

PLAIN

 
 

Figure 4. Structures of layers of ballistic packets accepted to study 

 

Aby wyodrbni wpływ struktury geometrycznej pakietów na ich własnoci balistyczne, 

wszystkie moduły pakietów (rys. 4) wykonano z tego samego surowca, a mianowicie przdzy 

aramidowej III generacji Twaron CT Microfilament 930 dtex/f1000. Ostrzał pakietów 

balistycznych wykonanych w trzech wariantach przeprowadzono Laboratorium Bada 
Balistycznych pociskami typu Parebellum 9x19 mm FMJ według schematu przedstawionego 

na rys. 5. Badania prowadzone z uyciem tego typu pocisku o prdkoci uderzenia 

(365±10) m/s, odpowiadaj testom balistycznym w II klasie kuloodpornoci wg normy NIJ 

Standard 0101.03 [9]. 

 

 

 
 

Figure 5. Ballistic investigations – experimental set-up: 1 – gun, 2 – bullet, 3 - striking velocity 

velocimeter, 4 – tested ballistic packet, 5 – ballistic packet clamping system, 6 - residual velocity 

velocimeter, 7 - bullet catcher, 8 – plastiline. 

 

The thickness of the sheet was measured 
by means of a Tilmet 59 thickness gauge 
of a total uncertainty of 0.1 mm. The 
thickness value in the table is an average 
from the measurements of 10 sheets. It 
should be noted that this parameter was 
not optimised during the tests. The fac-
tors that influence the thickness of the 
sheet are the parameters of the thread, 
the thickness of the thermo non-wovens 
and the pressure force during the thermo-
welding process. 

	 Ballistics	tests
Testing the ballistic effectiveness of the 
packets was carried out in a ballistic 
tunnel. Three variants of packets were 
formed, differing in the type of structure 
in the successive layers. The number of 
layers in the packets for each variant was 
6, 8, 10, 12, 16 & 24. The first variant 
was a packet containing non-interlacing 
structures UD in its layers (Figure 4). 
The second variant was a ballistic packet 

UD PLAIN UD-PLAIN
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Figure 6. Ballistic test results for UD packets.

Figure 7. Ballistic test results for the PLAIN packets.

Figure 8. Ballistic test results for the UD-PLAIN packets.

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 6

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

ro
rb

e
d

 e
n

e
rg

y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 7

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 8

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity
"N

o
 p

a
s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 6

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

ro
rb

e
d

 e
n

e
rg

y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 7

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 8

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 6

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

ro
rb

e
d

 e
n

e
rg

y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 7

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 8

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 6

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

ro
rb

e
d

 e
n

e
rg

y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 7

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 8

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 6

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

ro
rb

e
d

 e
n

e
rg

y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 7

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 
Areal density, g/m

2

figure 8

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 6

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

ro
rb

e
d

 e
n

e
rg

y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 7

0 2 4 6 8 10 12 14 16 18 20 22 24

0

50

100

150

200

250

300

350

400

 Residual velocity

"N
o

 p
a

s
s
" 

c
ri

te
ri

a

R
e

s
id

u
a

l 
v
e

lo
c
it
y
, 

m
/s

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

0

50

100

150

200

250

300

350

400

450

500

550

 Absorbed energy

A
b

s
o

rb
e

d
 e

n
e

rg
y
, J

Areal density, g/m
2

 

0 2 4 6 8 10 12 14 16 18 20 22 24

0

1

2

3

4

5

6

"44 mm" criteria

 pass through the packet

 no pass through the packet

M
a

x
im

a
l 
h

e
ig

h
t 

o
f 

c
o

n
e

 d
e

fo
rm

a
ti
o

n
, 

c
m

Number of layers

0 500 1000 1500 2000 2500 3000 3500 4000 4500

 

Areal density, g/m
2

figure 8
and output kinetic energy of the missile 
was also established. The difference be-
tween the kinetic energy of the missile 
after it was shot and its energy after go-
ing through the ballistic barrier is the 
dispersed energy (energy absorbed by the 
ballistic packet), described by the follow-
ing formula:

  ( )
22

)( 22
ru

r
vvmvmE −

=
∆⋅

=  (6)

where:
Er – dispersed energy,
m – missile mass,
Dv – difference between the striking and 
  residual speed,

vu – striking speed,
vr – residual speed.

During the firing, a visualisation of the 
defermation cone was also carried out in 
real time by means of an high-speed 3D 
registering system. 
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Figure 9. Visualisation of the strain cone during stopping of a missile for packets consisting of 24 layers.

Figure 6 presents the results of ballistic 
tests carried out on ballistic packets con-
taining non-interlacing structures UD. 

The left-hand side presents the depend-
ence of the residual speed and dispersed 
energy in the function of the number 
of layers and areal mass of the packet. 
The figure presents the safety border, 
determined by the minimum number of 
layers and minimum areal mass of the 
packet fulfilling the first security crite-
rion, which is the non-shooting through 
of the packet. A ballistic packet contain-
ing layers of a non-interlacing structure 
fulfills the first safety criterion for 12 lay-
ers, which corresponds to a areal mass of 
about 2455 g/m2.

The right side of Figure 6 presents the 
maximum height of the defermation 
cone, which is always observed at the 
point of impact of the missile, in the 
function of the number of layers and are-
al mass of the packet. The dependence of 
the maximum height of the defermation 
cone on the number of layers and areal 
mass shows two tendencies. 

The increased number of layers is ac-
companied by a progression of the defer-
mation cone as a result of more energy 
dispersed by the textile structure of the 
ballistic packet. The progression curve 
stops due to the number of layers of the 
packet absorbing the total kinetic energy 
of the missile. For a ballistic packet made 
of non-interlacing structures, the maxi-
mum value of the cone can be observed 
for 12 layers, which corresponds to an 
areal mass of 2455 g/m2. Further increas-
ing the number of layers of the ballistic 
packet results in a decrease in the maxi-
mum height of the defermation cone, ac-
cording to the degression curve. 

The figure presents the border of the 
second security criterion, according to 

which the maximum height of the defer-
mation cone should not exceed 4.4 cm. 
This value results from the analysis of 
possible injuries that a person may suffer 
and is described by a norm in the case 
of the presence of a stricken object in the 
form of a plastiline foundation. Thus, if 
the criterion is sharpened by the lack of 
a stricken object, then for the boundary 
conditions the second security criterion 
is fulfilled if a ballistic packet of non-
interlacing structures contains 13 lay-
ers, which corresponds to an areal mass 
of 2660 g/m2. As both criteria have to be 
fulfilled simultaneously, the minimum 
number of layers for this particular mis-
sileis 13, which corresponds to an areal 
mass of the packet of 2660 g/m2.

The following figures present analogical 
results of ballistic tests for packets con-
sisting of fabrics of plain weave PLAIN 
(Figure 7) and for packets containing 
alternately non-interlacing structures and 
fabrics of plain weave UD-PLAIN (Fig-
ure 8). 

An analysis of the figures presented 
shows that the minimum number of 
layers fulfilling both security criteria is 
24 for packets made of fabrics of plain 
weave, which corresponds to an areal 
mass of the packet of 4800 g/m2 (Fig-
ure 7). In the case of packets consisting 
of non-interlacing structures and fabrics 
of plain weave, the minimum number of 
layers fulfilling both security criteria si-
multaneously is 17, which corresponds to 
an areal mass of the packet of 3500 g/m2 
(Figure 8).

From the point of view of possible in-
juries the user may suffer during a non-
penetrating impact, the most important 
factors are the maximum cavity, resulting 
from the cone height at the point of mis-
sile stroke, the impact area of non-zero 
pressure on the stricken object, and the 

maximum deformation speed. Due to the 
elasticity and plasticity of the elements 
of the human body, the value of tension 
occurring inside the body as a result of a 
non-penetrating impact depends not only 
on the deformation depth but also on its 
speed. The area of non-zero pressure was 
analysed during the ballistic tests on the 
basis of the visualisation of the deferma-
tion cone at the moment the missile is 
stopped. 

In such a case the ballistic packets con-
taining non-interlacing structures show 
the best properties, as the are of non-
zero pressure for a given number of 
layers is in that case the smallest of all 
the types of packets. Figure 9 presents 
a visualization of a defermation cone at 
the moment the missile is stopped for 
a packet containing 24 layers in all the 
tested variants.

An analysis of the figure proves that both 
the maximum height of the defermation 
cone and the non-zero pressure area are 
the smallest for packets containing non-
interlacing structures. 

	 Conclusion
Bearing in mind the propagation veloc-
ity of the tension wave, two fabric struc-
tures seems to be optimum for the layers 
of a textile ballistic packet- a non-inter-
lacing structure thermally stabilised by 
means of a polymer matrix and a fabric 
of plain weave with a maximum number 
of warp and weft threads. The ballistic 
tests carried out confirmed the hypoth-
esis concerning a connection between the 
propagation velocity of the tension wave 
and ballistic effectiveness of anti-stroke 
packets.

For ballistic packets made of non-inter-
lacing structures in which the propaga-
tion velocity of the tension wave is the 

UD PLAIN UD-PLAIN
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largest and comparable to that of the 
tension wave in a single thread, both se-
curity criteria may be fulfilled by a sig-
nificantly smaller areal mass than in the 
case of ballistic packets made of fabrics 
of plain weave or those containing both 
non-interlacing structures and the fabric. 
At the moment the missile is stopped, for 
a ballistic packet made of non-interlacing 
structures the non-zero pressure area is, 
for a given number of layers, the smallest 
of all the variants of packets tested, and at 
the same time the height of the deferma-
tion cone is also the smallest. 
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The Department  was established in 2009, combining the departments of: 
Clothing Technology and Automation of Textile Processes. 

The Department offers research and cooperation within the following fields:
n physical and biophysical properties of clothing (modelling the 

microclimate under clothing packages)
n creating a basis for engineering fashion design (e.g. actions to improve 

design processes)
n unconventional structures of clothing with regard to use and 

manufacturing
n analysis of the operating conditions of machines for clothing production 

(e.g. optimisation of the gluing parameters process working conditions 
of sewing threads)

n creating analysis and design processes for the industrial production of 
garments 

n basic problems of general and technical metrology
n instrumentation of measurements, the construction of unique 

measurement device and system
n measurement and control computer systems, including virtual 

instruments of the fourth generation
n textronics as synergetic connecting textile technologies with advanced 

electronic systems and computer science applied in metrology and 
automatics

n identification of textile and clothing objects with the use of  advanced 
microprocessor measurement techniques

n modelling of objects and their computer simulation, methods of 
experimental research, especially experiment design of experiments 
and computer analysis of results

The Department is active in the following educational and scientific 
fields: textile engineering, pattern design, education of technology and 
information engineering, materials engineering, health and safety at work, 
and logistics.

For	more	information	please	contact:

Department of Clothing Technology and Textronics
Technical Universiy of Lodz

ul. Zeromskiego 116, 90-924 Lodz, Poland
tel.: (48)(42) 631-33-21  

e-mail: maria.kwiatkowska@p.lodz.pl   web site: http://www.clotex.p.lodz.pl/


