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B Introduction

Protective clothing is one of the most
important pieces of safety equipment to
save lives. A stab resistant vest is a rein-
forced piece of body armor designed to
resist knife or needle attacks specifically
to the upper part of the body (chest, back
and sides), and it can be worn either as
covert or overt.

Early humans used comparatively prim-
itive armors which were manufactured
out of metal, horn, wood or leather lamel-
lae [1, 2], but as civilisations evolved
and knowledge advanced, body armor
was introduced. Then in the last century,
with its two world wars, various attempts
were made to advance the technology of
body armor [1]. It was reported that the
first soft body armor was developed by
the Japanese, which was made of silk
and was most effective against low-ve-
locity bullets [3]. Then, the first so-called
bullet-proofvests were designed in Ameri-
cainthetwodecades following World Warl
[4, 5] while modern police body armor
was introduced into practice in the 1970s

[6].

Police officers, the military, as well as
transport and correction administrators
should encourage their staff to wear stab
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Abstract

A stab resistant vest is a reinforced piece of body armour designed to resist knife or needle
attacks of different energy levels specifically to the upper part of the body (chest and abdo-
men) to save lives. The majority of armours limit several comfort parameters, such as free
locomotion, respiration, flexibility and light weight, which determine efficient use by wearers
and their willingness to wear. Currently available armours are usually made of a single
plate, and although often segmentation is used with just a few but still quite large pieces,
the materials are compact and bulky to wear. In this study, stab protective armor elements
(scale-like elements) of 3 mm thickness and 50 mm diameter were designed, produced
(3D printed) and tested for performance. Aramid fibre was used for its strength, durability
and process ability to develop protection elements at unidirectional and multidirectional
filling angles during 3D printing. The specimens were tested according to VPAM KDIW
2004. The specimens designed and developed with multidirectional filling angles of aramid
resist the puncturing energy level K1 (25 J) with a penetration depth less than the maximum
allowed for the K1 energy level by VPAM. These specimens showed a high protection level
of relative small thickness (3 mm) and light weight (6.57 grams for the estimated area
A= 1963.5 mm?) as compared to the currently certified armors for K1 (for example, the
aluminum mass is 13.33 grams for 2 mm thickness and 50 mm diameter).

Key words: stab protection armor, 3D printing, printed scales, impact energy, penetration

depth, fibre-reinforcement, aramid.

vests during the whole duty shift to save
them from a fatal injury if stabbed in the
torso [7]. The level of protection required
in soft and sensitive bodily regions is de-
termined by the types of attacks that are
likely to be encountered [8]. The design
of appropriate stab vests with the desired
level of protection can be challenging
for the wide range of weapons which are
used for puncturing, and stabbing tech-
niques are different depending on the
assailant [9].

Although protection and comfort are
conflicting, body armors for stab protec-
tion should also consider flexibility [10]
and other ergonomic issues for accept-
ance along with coverage and duration
[11-13].

The selection of advanced materials
(both for performance and comfort) and
appropriate armor design should ideally
allow the flow of excessive metabolic
heat away from the body (thermo-phys-
iological property), which can be reflect-
ed by a combination of air permeability,
thermal resistance, and moisture evapo-
ration [14-16]. The garment should be
able to transfer heat and moisture away
from the skin to the atmosphere [16-18].
Tactile comfort, the feel or sensation on
the skin when worn, should be consid-
ered during the design of protection gear
[19, 20].
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The use of body armor has always been
an issue when the ease of body move-
ment and cognitive functions are con-
sidered [21, 22] and should not be dras-
tically compromised by the design of the
body armor [13].

Many biological systems possess hier-
archical and fractal-like interfaces and
joint structures that bear and transmit
loads, absorb energy, resist puncture and
accommodate growth, respiration and/or
locomotion [23], which are determined
by their geometry [24-26]. In the case of
bio-inspired flexible protection, natural
segmented armors from fish, alligator,
snake, tonicella marmoreal, pangolin,
scaly foot gastropods, arapaima or arma-
dillos are attracting an increasing amount
of attention because of their unique and
highly efficient protective systems to re-
sist mechanical threats from predation,
while combining hardness, flexibility,
breathability, thinness, puncture-resist-
ance and lightweight [26-31]. These
natural armors, which have inspired re-
searchers because of their diversity of
geometrically structured interfaces and
joints, are found in biology, for example
in armored exoskeletons [32, 33], the
cranium [24, 25], the turtle carapace [34]
and algae [35].

Learning by imitation and further by link-
ing all the data has probably been one of
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Figure 1. Scales designed in FreeCAD: a) sketch, b) extrusion, c) STL-file.
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Figure 2. Example of material arrangement and printing order of aramid layers- at filling angles [(0/30/60/90/120/150),/0/90]; and

[(0/+45/90/-45)3/0/90], generated by Eiger.io.

the most fruitful ways of development
ever used. The extreme contrast of stiff-
ness between hard scales and surrounding
soft tissues gives rise to unusual and at-
tractive mechanisms, which now serve as
models for the design of bio-inspired ar-
mors. Despite this growing interest, there
are few guidelines for the choice of mate-
rials, optimum thickness, size, shape and
arrangement of the protective scales [36].

The aim of this research was to design
and develop athree dimensional (3D)
printed stab resistant armor vest based on
Continuous Filament Fabrication (CFF)
and inspired by natural armors. The plan
was to combine a soft textile undergar-
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ment and hard stab protective elements
of aramid fibre-reinforced plastic (FRP).
As the first step in the development of
innovative stab protection clothing, the
stab protection properties of 3D printed
and fibre-reinforced functional elements
were investigated. These were later to be
used for the development of a novel vest.
The performance of 3D printed aramid
FRP for stab resistance was studied for
2mm, 4 mm and 6 mm thicknesses,
and the last two showed excellent per-
formance for 25 J impact energy, while
2 mm thick scales failed the puncturing
test [37]. In this research, scales were
designed and developed, and their per-
formance checked for energy level K1

(257) with arelatively low thickness,
mass, production time and material us-
age as compared to the previous research
result.

B Materials and methods

Materials

3D printed stab protective elements were
produced as circular scales of 3 mm
thickness and 50 mm diameter from ther-
moplastic (nylon) and aramid fibre using
a Markforged Inc.’s Mark Two Desktop
3D printer [38], with its CFF process and
two printing nozzles. One nozzle oper-
ates like a typical extrusion process; it
lays down a plastic filament that forms
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the outer shell and the internal matrix
of the part. The second nozzle deposits
a continuous strand of composite fibre
(example: Aramid) on every defined lay-
er [39, 40] inside a conventional fused
filament fabrication (FFF) thermoplastic
part [41].

Pure nylon specimens were printed at au-
tomatic infill angles (see Table I) using
Markforged Inc’s Mark Two software
(Eiger.io). The aramid fibre infill angles
shown in Table 1 were proposed to de-
termine the optimum protective scales
with the minimum possible thickness.
The materials and their arrangement in
the 3D printed scales are shown in Ta-
ble 1.

Methods

The 3D printed scale development start-
ed with designing in FreeCAD software,
including meshing. The meshed design
was imported to Markforged Inc.’s online
software, called “Eiger.io”, to select and
arrange the material order, fibre align-
ment and composition inside the object.
The Eiger-file was then transferred to
the 3D printer. The scales were designed
with a 3 mm thickness and 50 mm diam-
eter (Figure 1.a & 1.b), which were next
converted into a standard triangle lan-
guage (STL) file (Figure 1.c) in FreeC-
AD. The specimens printed with multidi-
rectional filling angles have symmetry(s)
(see Table 1).

Figure 2 shows the material arrangement
of every layer in the 3D printed scales.
The layers are arranged with different
material filling angles to determine the
possible optimum protection at a rela-
tively reduced weight of the armour ele-
ment (scales). The fibre angle coding was
chosen in accordance with standard lam-
ination theory for the production of com-
posite parts. To clarify the arrangement,
for example [(0/+45/90/-45)5/0/90]
meant printing the aramid fibre three
times in the order of 0, +45, 90 and -45
filling angles in each repeat, then the
0 and 90 once. Next, s the symmetry(s)
was printed to complete the construction.

The sample developed from aramid has
two nylon layers in each specimen, with
one layer at the bottom and another at
the top. Four specimens were produced
for each sample as per the test method
of the Association of Test Centers for
Anti-attack Materials and Constructions
(Vereinigung der Priifstellenfiirangriff-
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x = direction of grinding

15°£0,5°

Figure 3. Geometry of test blade P1/B (dimensions in mm) [42].

shemmende Materialien und Konstruk-
tionen (VPAM)) [42].

Experimental

The specimens were conditioned for
aminimum duration of 24 hours at
20+ 1°C temperature and 65+2% rel-
ative humidity [42]. The testing knife
(blade), the specifications of which are
shown in Figure 3, was attached to the
drop stand to evaluate the resistance to
puncture the 3D printed elements (scales).
The dropping object shown in Figure 4
has a 2.57 kg drop mass (m), 1.01m drop
height and 4.44 m/s dropping speed (v),
which was measured using an optical sen-
sor to calculate the velocity right before
impact. The kinetic energy (E,;,) applied
to test the protection level of the speci-
mens can be calculated as follows:

Ein = 5 m «v? =

1 m
= 52.57 kg * (4.44?) 2=12533])

The kinetic energy used to test the speci-
mens was 25.33 J, which is slightly high-
er than specified in the corresponding
inspection norm (K1 = 25 J) [42], which
will indicate the improved performance
of the specimen if the penetration depth
is lower than the one indicated in the
norm.

The testing procedures in this study was
a process in which the impact energy is

Figure 4. Drop test stand: a) testing knife,
b) specimen, c) plastilin box, d) dropping
object, e) drop pressing pin, f) fixation of
the knife (bolt).

applied on the specimens to puncture and
evaluate the performance of the armor
scales to resist the impact energy. This
includes preparation of the testing set-up,
puncture testing and measurement of the
penetration depth. The dropping object is
released from the suspension spring and
dropped on the plate (Figure 5.a), which
is then removed (Figure 5.b) to measure
the penetration depth of the testing knife
through the scales (Figure 5.c). The rel-
ative alignment of the knife to the speci-
men is random for pure nylon and aramid

Table 1. Material arrangement inside the 3D printed scales.

Fibre angle (in degree-°)

No. | Material .
coding

1 | Nylon (+45/-45),5_printing angle
Unidirectional(0 or 180)
2 ’F*;";"‘d [(0/30/60/90/120/150),/0/90]

[(0/+45/90/-45)3/0/90]5

Filling layers over
the total layer

28/30 =93.3%
28/30 =93.3%

28/30 =93.3%

Filling angles selected for
30 =100% Default
Reduced production time

Increasing the difficulty for
the knife during its puncturing
with reduced porous and
varied filling angles
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Figure 5. Test procedure of stab resistant scales using the drop stand: a) right after puncture, b) dismantling the knife from the dropping
object, c) measuring of the penetration depth of the knife.

Figure 6. Appearance of scales right after impact: a) pure nylon, b) aramid fibre angle parallel to knife, c) perpendicular to knife, d) tilted
at 45° to the knife.

Figure 8. Appearance and result of aramid FRP specimens at filling angle [(0/45/90/135),/0/90] after impact.
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printed at [(0/30/60/90/120/150),/0/90]
and [(0/+45/90/-45)5/0/90], fibre filling
angles. However, the specimen made
from aramid with unidirectional fibre
filling was tested in three relative align-
ments to the knife: at a right angle, tilted
at 45°, and in parallel.

M Results and discussion

Protection

As indicated in the research results, the
minimum organ distance from the skin
is for the pleura 22 mm, pericardium
31 mm, spleen 23 mm, kidney 37 mm,
thoracic aorta 64 mm, abdominal aorta
87 mm [43] and liver 22 mm [44, 45].
The maximum penetration depth of the
knife should be less than the minimum
distance of the organ from the skin. On
the other hand, the maximum penetra-
tion depth of the knife for energy level
K1 (2517), as set by the VPAM norm, is
20 mm [42]. If the knife penetrates deep-
er than the maximum penetration depth
set in the norm, the specimens are con-
sidered as having failed to resist the spec-
ified impact energy level K1.

As shown in Table 2 and Figure 6.a, pure
nylon scales are broken and completely
separated after impact. The knife deep-
ly penetrated into the plastilin (backing
material) after breaking and separating
the specimens printed from pure nylon.
Therefore, the pure nylon specimens
clearly failed to fulfil the requirements
of K1.

The scales made from aramid with unidi-
rectional fibre-reinforcement were tested,
where the knife penetrated (greater than
70 mm) its entire puncturing angle with
respect to the scale’s filling angle direc-
tions. All specimens were broken and
fully or partially separated, which leads
to no protection at all.

As seen from Figure 6.bh-6.d, unidirec-
tional fibre filling with a specified thick-
ness is not recommended to use for armor,
even though the puncturing direction has
its own insignificant effect. Therefore,
specimens of 3 mm thickness made from
pure nylon and unidirectional infill of ar-
amid throughout the specimen have no or
little resistance to puncturing because the
penetration (>70 mm) is deeper than that
allowed within the testing standard [42].

The 3D printed plates produced from
aramid with a 3 mm thickness at a

[(0/30/60/90/120/150),/0/90], degree ar-
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Table 2. Results of stab testing of aramid FRP elements.

Impacting . Mean
Material Fibre angle coding knife in filling | Trial Penetration, penetration
Lo mm
angle direction depth, mm
1 >70
Nylon white No fibres Random 2 >70
3 >70
! >70 Broken, and
0 2 >70 the penetration
3 >70 depth was
greater than
1 >70 that allowed
0 90 2 >70 in the testing
3 >70 standard [42].
1 >70
Aramid FRP 45 2 >70
3 >70
1 17
[(0/30/60/90/120/150),/0/90]s Random 2 17 17.67
3 19
1 17
[(0/45/90/-45)3/0/90]5 Random 2 16 14.67
3 11

amid alignment and symmetrical filling
significantly improved the resistance to
puncture and penetration. As seen from
Figure 7, the knife is not able to pene-
trate completely due to the fibre printed
in multidirectional layers. Each scale has
30 printed layers, of which 28 are aramid
fibre-reinforced and two (one on the top
and the other on the bottom) are pure ny-
lon. The scales withstand the impact en-
ergy of the dropping object, and the knife
penetrates more deeply than that allowed
(20 mm) in the norm because the fibres
are arranged one over the other at differ-
ent filling angles.

The 3D printed scales produced from ara-
mid at [(0/+45/90/-45)5/0/90], slightly re-
duced the penetration depth as compared
to the other samples investigated in this
study, because each layer crossed over
the other either diagonally or at a right
angle. The other reason for the very low
penetration depth of the last dropping test
(11 mm depth, as seen from Table 2) is
the plastilin becoming warmer and softer
after the previous tests.

The protective elements withstand the
impact energy of the dropping knife to
penetrate through after puncturing for
fibres arranged multi-directionally and
symmetrically during designing and
printing (see Figure 7 & Figure §8).

In summary, scales with a unidirectional
aramid fibre alignment (0° or 180°) result
in low resistance to the knife during punc-
ture. The knife penetrates easily through

the plates by more than 70 mm, which
would lead to critical and fatal injuries.
Some specimens are not separated after
puncture, as opposite to pure thermoplas-
tic 3D printed scales. Scales with the same
thickness (3 mm) and material (aramid)
give resistance to puncture and penetra-
tion due to the different fibre filling an-
gle layers during design and 3D printing
(see Table 2). As per VPAM KDIW
2004, the greatest permissible single stab
penetration depth is 20 mm for energy
level K1 (25 J) [42]. As seen in Table 2,
the mean penetration depth of the knife
through the 3D printed scales is 17.67 mm
for [(0/30/60/90/120/150),/0/90], and
14.67 mm for [(0/+45/90/-45)5/0/90]
fibre filling angles. The results of this
research indicate that 3D printed scales
made from aramid fibre with a multidi-
rectional filling alignment are capable of
withstanding the impact energy level K1
(25 J) to save the wearer of armor made
from such functional elements. The 3D
printed scales investigated in this re-
search fulfill the required protection with
reduced weight and production time as
compared to the previous research results
[37]. The mass of the current specimen
is 6.57 grams for a 1 hour and 41 min-
utes production time, whereas the 4 mm
thick and 50 mm diameter specimen of
the previous research work had a mass
of 9.78 grams for a 2 hours and 13 min-
utes printing time, which gives a 31.5%
material and 24.3% production time re-
duction. 3D printed protective scales
made from aramid with multidirectional
filling angles have an estimated area of
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Figure 9. Damaged tip of the testing knife after impact: a) width side, b) thickness side of the testing knife.

A=1963.5 mm? with an average mass of
6.57 g, which is much lighter than the for
same diameter and 2 mm thickness scale
of a certified Aluminium armor (13.33 g)
[46]. Therefore, 3D printed aramid pro-
tective scales provide the required pro-
tection with a relatively light weight.

The knives were bent (Figure 9) after
puncture testing and not used to puncture
repeatedly because of the high strength
of the scales made with multidirectional
aramid filling angles.

B Conclusions

Stab protective gear would be preferred
if the armors are designed for optimum
protection and comfort to enable the
willingness of wearers. In this research,
scales were designed for armors based
on bio-inspiration, and 3D printed scales
were developed from aramid fibre and
nylon, which are to be attached to a tex-
tile undergarment in future research ac-
tivities. The minimum weight possible
for energy level K1 was determined and
3D printing used for production because
of its design freedom and ease of use for
aramid FRP.

3D printed aramid FRP scales with
a3 mm thickness of unidirectional fi-
bre alignment as well as multidirec-
tional filling alignment were produced
and checked for their performance.
The specimens made with a unidirec-
tional fibre alignment throughout the
thickness failed, while the scales with
a multidirectional fibre alignment with-
stood the impact energy during testing,
which is supposed to be improved fur-
ther by attaching elements with textiles.
The scales were selected based on the
natural armours of animals to provide
protection with the necessary comfort
parameters, such as light weight, loco-

72

motion, respiration and flexibility, which
will be investigated further during future
research activities.

The cost of production of the 3 mm thick
protective plates will decrease as the ra-
tio of nylon increases in the hybrid 3D
printed scales. If the protection and pro-
duction costs are optimised by develop-
ing scales of greater than 3mm thickness
to reduce the ratio of aramid and increase
the plastic layers, the armor will be bulk-
ier and uncomfortable to wearers.

The design and development of 3D print-
ed scales for a full vest, the attachment
method and adhesion between scales
and fabrics, computational modeling and
simulation, testing of the protection and
comfort of the vest, and accreditation of
the novel armour are planned for future
research activities.
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