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Abstract. 5tab resistance body armor (SRBA) iz an essentinl defensive cquipment 1o profect
buman body against injurics frem stshhing. The conventional SKIBAs shared low wearing
trequency since they are heavy and poor in flexibility. This paper desizned a structured stab-
resislance plate using the model of crocodile armor and manufactured wsing 30 printing
technology-liser sintering (1.8). CF(Carbon [iber) was applied to enhance the stab resistanes
properiies of SRBA. The effects of the material and structure were analysed throush the stab
resislance property tests based on the national standard GAGS-2008. 1L is found that the stab
resistance property of flat plates sintered by PA powder and PA/CF are hoth weaker than that
of the structured plate. The penetrating, depth of PA/CF structured plate is significantly 2-mm-
less than the pure PA stuctored plate. The SEM obscrvations confirmed the conchision that
addition of the CF largely improved the plate stab resistance property. Moreover, using PA/CF
structurcd plate to produce the stab resistance body armor would result in a weight reduction
by aboul 30-40% a5 comparcd o the existing SRIEA that was made up of metal plates, which
could largely reduce the wearer physical burden and improve the wearing frequency,

Keywords: Laser sintering, Slab resistance body armor, Polyamide, carbon fiber, Bivnic
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1. Introdoetion

The number of terrorist attacks has increased rapidly in these years. Tn China, the use of gun is stricthy
restrained, thus the threat mainty comes [rom knives. According 1o a survey, 6,000 people were killed
during the period 201 1-2015 duc to knife injuries. There were 500,000 cases reported, during 2009 1o
2013, agamst illegal carriage of the restrained knives. Stab resistance body armor is essential
equipmenl in profecting humans [rom knife injuries [1]. However the low wearbility results in low
protection eflect, which is mainky due to three reasons: firstly the conventional SREBA which used
alloy materials is very heavy, of which the weight could reach 3.5-4.0 kg [2], causing heavy hurden to
the human body; sccondly the SRBA shows low flexibility due Lo the integral plate design; thirdly the
SRBA exhibils the low thermo physical propertics, of which the thermal insulation aml vapour
resistance are Two limes larger than that of a winler jacket [3]. The limited development of SRBA is
mainly due to the limilation on material selection, structure design, and manufacturing methods: the
conventional nsed materials include rigid panels (ie. alumina, ceramic, ete.) or Mexible pancls {ia.
Kevlar fabric [2], UHMWPE fabric 3], ¢tc.). which is either too hard or multi-layered due to the
limitation on mechanical properties of the fabric. Therefore, an advanced type of SRBA is desired
which would exhihit excellent stab resistance property while being light weight and more Nexible,
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The slab resistance propery is achicved as a collaboration of the material mechanical property and
the designed cnergy dissipation strueture, For centuries, scicntists and designers have studied natural
bio-pratection layers in animals trying Lo find inspirations to develop innovative body armors. The
first bivlegical armor system could be traced back to 540 million vears ago Lo the Paleozoic era where
such evelved to provide protections against peneirating predatory attacks [1]. Many modem-day
animals also possess armors, meluding mammals (c.g.. armadillos and pangolin), repliles (e.o.
alligalors, crocodiles, lizards) and numerous fish [5), which provide new solulion for SRBA design.
Yang ct al [4] examined scales from several fish and mammals and concluded that the flexibility has
been increased withoul significantly sacrificing strength by owning a hicrarchical structure with
cellagen fibers joining more rigid units. It is pointed out the understanding of such [exible dermal
armors 15 cssential in thal it may provide a basis for new svnthetic armor materials. John [6] studied
five classifications ol scales containing placoid, ganoid, osteoderms, clasmoid and the pangolin. The
scale size was calculated and it is stated when arranging the individual scale elements in an imbricated
assembly way, it is possible to ¢reale a hierarchical structure capable of providing cffective and
flexible levels of protection against localized threat while minimizing back fece deformation.

However, the lact that the animal armor could provide excellent inspiration for the SRBA structure
design, the complex structure is difficult to realize in conventional manufaciuring methods, Therefore,
one solulion Lo be explored, in an allempt to address these issues of developing naturally inspired body
armor featuring complicated interlinked assemblics, is that of additive manulacturing (AM) [ 7). Laser
sintering (LS) is an additive manufacturing technology that employs & laser o luse polymer powder
into a mass that has the desired three-dimensional shape [8]. In this process, laser scanning of ong
surface layer is followed by addition of a new layer of fresh powder o the material surface which is
then laser scanned Lo provide a new layer. The process is repeated until the desired part is fabricated.
Laser Sintering is a typical AM method, which cnables the designers to freely fabricare 3 part without
the restrictions imposed by conventional design, manufacturing, and assembling methads 9],

Additive manufactured stab resistant body armor has been studied in recent years using 1.5
technology. Johnson [10] first investigated the use of polyamide to fabricate 1% planar materials. All
of these products were found 1o meet to the Body Armor Standards [or UK Police (2007) level one,
able to resist impact energy of 24 Joules and a maximum permissible knife penciration of 7 mm [11].
It was found that the armors manufactured wsing & 50:50 mixiure of virgin and recycled powder
performed much hetter than those fabricated from virgin powder. The mechanical properties of the
composites improved remarkably due to the addition of carbon fiber [12], The standard demanded by
Stab Resistant Body Armor Mational Standard published by the Ministry of Public Security of the
People’s Republic of China in 2008 (GA 68-2008)[13] requires thal an acceptable personal body armor
exhibil zero penetration when the stab impact energy is 24 1, More work such as using new malerials
to produce lighter SREAS is needed in the development of body armor.

Therelore, in this study, research was conducted on four lypes of laser sintered materials to
evaluate whether polyamide/carbon fiber (PA/CF) can be used as a material for making SRBAs (o
meet the requirements of the GA 68-2008 standard. Experiments were imibially conducted on Mat
samples ol various thicknesses to identify the optimum thickness. In further work a structured plate
was designed and fabricated 1o improve the performance of the Mat plates. The angle and thickness
were anabysed and discussed. The advantages of CF application was compared and investigated. This
study eslablished use of laser sintered polyamide for fabrication of stab proof personal body armor,
which identifics a new approach for design, manufacturing and assembly of persenal protective
clothing desipn.

1. Methodology

2.1 Test stomdard
All stab resistance lests of the novel anmor materials conformed to the GA 63-2008 Mational Standard
[13]. The test plaiform comprised of a drop hammer, a knife, the test specimen and the backing
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material (as shown in Figure 1). The total mass ol the hammer and the knife was 2.4 kg, which was
released vertically | m above the lest material, in a fres [all ontoe the test material which produced an
impact cnergy of 24 1. The standard required that the body armor should resist any penelration from
the test blade. The backing material was composed from top to the bollom of ncoprenc sponge,
polvethylene plastic and natural rubber. All the tests were performed al ambient lemperature of -20-
55°C. The test apparatus used for the testing were purchased from Chengde Kecheng Testing Machine
Co. LTD [14].

Cal

Figure 1. 5tab resistance test platform.

2.2, Bawmiple preporadion

Four types of matenals were employved lor the 1S fabrication: PA 3200, PA 4300, PAYGE and PASCT.
PA 3200 and PA 4300 were composed of polyamide 11 and 12 compositions. The PA/GF material
was a composite comprising of 60.wi% polyamide and 40.wi%: glass fiber, The PA/CF was a
composite produced fromT0wibh of polyamide and 30wt, % carbon fiber{CF). All the samples werc
tabricated wsing SolidWorks software. For cach preparation, sample plales were [abricaied with
dimensions of 60*60 mm® as shown in Fignre 2(a). For single layered specimens, the sample
thickncsses were 9, ¥, and 7 mum,

In order o test the exeellent performance of PA/CE in dillerent struciures of the plates, the
dimensivns of the sample plates was set as 60=60 mm’. In each direction (x and v), three pyramids
were placed. The dimension of cach pyramid was 20%20 mum®, thus a total of 9 pyramids per test plate.
As shown in Figure 2(b). the pyramid angle was mcasured from (he back surface and the tilted
pyramid ridge. The plate thickness was measured al the comer of the plate. The plate thickness was
6.5, 7, 7.5 mm separately, while the pyramid angle were 20, 25 and 307 which was sccomplished via

Solid works software,
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Figure 1. Overview ol speecrmen structure (a) planar plate, {b) pyramid structured plate: a- pyramid
angle, h-plate thickness, s-pyramid element length.

3. Besults and discussion

3.1, Plonar plates
CExperiments were performed using the LS fabricated samples. Figure 3 shows an overview of the four

lypes of specimens thal were tosted. The detailed experimental resulls are shown in Tahble 1. All the
flat specimens lailed in the experiment when the plate thickness is Tmm.

o e -ﬁuﬂ: = eern I 2 = "--—":1

Figure 3. Overview of the four tested specimens before the stab resistance experiment, from lell to
right, laser simtered P430§, PA'GF, PA/CE, PA3200.

Table 1. Expennmental results from the stab resistance experiments lor lour planar laser sintered
materials. { ; success; = failure.)

Fxperiment arrangement Material

o PA 3200 PAA300 PAIGE PANCE
Plat: Hingle lyered  Hx=) 0y i T
thickness 8(x) $(x) 80 &)
(mm) _ 7(x) 0 (%) 7(x)

The specimens that passed the single laver experiment included the 8-mm-thick laser sintered
PA/GF, 9-mm-thick laser sintered PA/GF, 8-mm-thick laser sintered PASCF, and 9-mm-thick laser
sintered PA/CF. Figure 4 shows a photo of the 9-mm-thick laser sintered PA 3200 specimen after the
test, which was broken into two pieces, The highlighted black sguare shows the notch arca where the
blade entered. The 24 J-impact encegy generated by the falling knife resulted in a brittfle fracture in the
specimen and Lhe crack divided the specimen into 2 pieces. It was concluded that PA/CE had potential
for penetration resistanl applications.
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Figure 4. 8-mm-thick laser sintered PA 3200 after the stab resistance experiments (a) front view of
the broken sample, (b) eross seetion view of the broken sample.

I.2, Siructured plates
The structured plates were ysed to testity the stab resistant performance difference between PA 3200
and PA/CT. Experiments were performed with pyramid angles of 20°, 25%nd 30°. The resulting plate
thickness of the lahricated samples ranged between 6.5 to 7.5 mm. The detailed experimental resulis
are shown in Table 2. As shown, the laser sintered PA 3200 exhibited a 50% rate of success in all the
experiments, which included specimens that were 7emm- thick with it angles ol 25%and 30°and 7.5-
mm-thick samples with tilt angles of 20°, 25%and 30°. The 6.5 mm thick samples [ailed in cvery tost,
because they were oo thin. Test plates with thickness and greater rilt angles produced a higher
possibility of success. For the Jaser sintcred PA/CF composite, all the exPeriments were sugcesstil
when the plate thickness runged from 6.5 to 7.5 mm and the Gl angles ranged from 20° 10 30°. The
arca densities of the laser sintered plales were measured before the tesls, as shown in Table 2. The area
densities were in the range of 7.27-8.14 kg/m®, resulting in a total weight of 22-2.4 kg. This
represented a 3 1- 37% less weight than the conventional SRBA

The thickness of the structured plate played a fundamental role during the impact Enerey
dissipation, longer sliding distance within the plate lead 1o less impact encrgy on the bottom of the
plate. The pyramid angle helped to dellect the force of the knife tip; however, an acule angle produced
a thinmer pyramid and a shorter ronle to dissipate the kinctic, therefure the impact eneray was
sufficient to penetrate the plate. To achicve the optimal performance, there was a balance to be
achicved between the plate (hickness and pyramid angle: thicker plate leads to longer ENCrgy
dissipation route as well as higher area density: larger pyramid angle leads 1o more improved encroy
dispersion efliciency as well as a weck support from the bottom and shorter encrgy dissipation roule.

Table 2. Area densily of the structured speeimens (Nole: = failure )

Material Thickness Area density (kg/m”)
{mum) u=20° e=25" a=3°
PA 3200 6.5 6.53(x) 6.76(*) 6.88(>)
7 7.51(x) 7.27(V) 7.56(\)
7.5 7.90 (V) T68(\) 7.60(v)
PA/CF 6.5 741 () 7040/ 6.58(V)
7 7.96 (W) ?_??{vﬁ) 7.25(v)
7.5 £.14 (y B.0204) 7.92(+)

Figure 5 shows the front and hack views of the structure of the laser sintered PA 3200 and PA/CF
fullowing the penctration tests, Each specimen had o pyramid angle of 20¢ with plate thicknesses of
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6.5, 7, and 7.5 mm from left tw the right, It was found thai the 6.5-mm-thick and T-mum-thick lasep
sintercd PA 3200 specimens were broken into pieces, while all of the laser sinfored PA/CF remained
intact with three small holes in cach plate. No holes were ohserved at the hack of the laser sintered
PA/CF plates. The results indicated that the addition of the CF increased the penelration resistance of
the sample,

Considering the experimental resylis and the total weight (area density), the optimum paramelers
needed to produce a sncoessful stab resistan body armar fabricated using laser sintered PAJCF are:
thickness of 6.5 mm with Gt angle of 30%. If the body armor was fabricated with 0.3 m® of profeciion,
which is required by the GA 68 2008 standard, the total weight would be 2.0 kg, which represent 579
of the weight of a conventional SREA.

(B

Figure 5. Experimental test results from the structured laser sintered PA 3200 and PASCF, with tilt
angle of 20, plaic thicknesses of 6,5 7, 7.5 mm from left to the right, first row: fromt view, sccond
row: back view, (a) laser sintered PA 3200, (b) laser sintered PASCE,

shows the cross section of specimens that were laser sintered using PA 3200 and PAYCF. The plates
were 7 mm thick with 2 pyramid angle of 20°, The laser sintered pure PA (lop row) exhibited a smooth
interface under 500<and 1000~ magnification. The shear marks indicated the knife stabbing tmprint
and the track of the crack. The laser sintered PAJCF exhibited a very different interface. No

agglomeration vecnrred and the carbon fiber were found to be homogencously dispersed. The addition

o ]
the impact encrgy. Thus the CFs appeared to contribute 1o the plate integrity based on the
experimental results. In addition, it was demonstrated that the addition of CF increased sample's
mechanical propertics as a result of the high sorface to volume ratin, and the high aspeet ratio of (he
CFs [15].
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Figure 6. SEM images of the cross section of the structured specimen with a thickness of 7 mm and
tilt angle of 20°, laser sintered PA 3200 (top row), laser sintered PASCF (hottom row).

4. Conclusion

In summary, namral animal armor inspired the sirvctural design of stab resistance body armor (SRBA),
and lascr Simtering (L3) technology was used to rapidly prototype the characteristics and the
complexity of the desired siructure. The pyramid structured plate was designed and optimum
parameters were Lested, discussed and achieved. The mechanism of the impact encrgy dissipation by
the pyramidal structures of the novel SRBA was studicd and it was found that this stucture dispersed
the deformation eneray of the knife and minimized the damage to the plate. Four kinds of LS matcrials
were prepared and iested based on the GA 68-2008 standard.

Tt was concluded that PA/CF was an optimum material for preparing a new armor for the desired
stah resistani application. In the planar experiment, a minimum thickness of 8 mm of planar laser
sintered PASCF was required to achicve a suilable penetration resistance to an impact energy of 24 J
based on the (GA 65-2008 standard. In the struciured cxperiment, the stab resistance property increased
with the plate thickness and the angle. The addition of the CF to the materials mix improved the
product stab resistance due to the improved mechanical properties of the product and a high aspect
ratio. Laser sintered PA/CF with a plate thickness of 6.5 mm and a pyramid angle of 30%exhibited

appeared o be the optimum composition for the desired application with arca density of 6.38 ky 2’
The todal weight of the proposed SRBA would represent a 43% reduction of the weight of the
comvenbional SREA.

Acknowledzement

We would like to thank the Mational 135 Program ‘National Key Research Program® (grant mumber:
2016YFOCOR02800) the National 123 Program “Natiomal Science Support Program®™  (grant
2015BAK 101303} amd the Independent Research Project of Stale Key Laboratory of Explosion Science
and Technology (grant number YBET 16-13) [or their supports.




2017 Global Conference on Polymer and Compesite Materiaks (PCM H0UTY [OF Publishing
[OF Conl, Series: Materials Science and Fnginecring 213 {2017) 12027 doi: 10.108871757-89920213 101 2027

References

|11 Chen X G and Yang D 2010 Use of 3D angle-interlock woven fabric for seamless [emale body
armor: Dart 1: Ballistic evaluation Text Res. J BO(15) 15818

2] Paddy C D. Phil 1 H and Naney J R 2014 Body amor: the effect of load, excrcise and
Jistraction on landing forces J. Sport. Sci. 32(4) 301-0

[3] Yuan M, Jiang J, Yang T and Qian X 2016 Investigation on Thermal Insulation and Vapor
Resistances of Stab-Resistance Body Armaor Using Thermal Manikin Method Tromsoctions
of Beijing Institute of Technolagy 36(6) 360-73

[4] CaronJ 2008 Ancient worms in armout Nature 451 1334

|5] Wen Y, Irene HC, Bernd (G, Elizabeth A ¥, Robert O R and Marc A M 2013 Natural Flexible
1dermal Armor Adv. Marer. 25 31 48

[6] Andrew A 2014 Establishing design characteristics for the development of stab resistant Laser
Sintered body armour (UE: Loughborough Liniversity) { Doctaral thesis)

7] Tuck CJ2007 Rapid manulactored textiles Int. J. Comp. Integ. M 20{1) 96-103

[8] Johnson A 2014 Estahlishing design characleristics lor the development of stab resistant Laser
Sintered body armour (UK: Toughborough University) {Doctoral thesis)

[9] Song I, Ortiz C and Doyee M C 2011 Threat-protection mechanics of an armored Tish J. Mech.
Behay, Biomed. 4(5) 699-T12

[10] Johnson A, Bingham G A and Wimpenny D 1 2013 Addilive manufactured textiles for high-
performance stab resistant applications Rupid Profonping J3(19) 199207

[11] llome Office Seientilic Development Branch 2007 HOSDE Body Armote Standards for UK
Police. Parl 3; Knife and Spike Resistance (39-07-L7)

[12] Zhao Y 1L Fhang ¥ F, Bai § I, and Yuan X W 2016 Carbon [ibre/graphcne foam/polymer
composites wilh enhanced mechanical and thermal propertics Composifes Fart Bo4 102-8

[13] Ministey of Pubhc Securily of the Peaple's Republic of China 2008 Siab resistnace body armar
for police, People’s Republic aof China Public Safety National Standard (GA 63-2008)

[14] CIIENGDE KECHENG TESTING MACHINE 0. LT,
Rt wwewkesyj com/main/index.asp

[15] Winey K] and Vaia R A 2007 Polymer nengcomposites Mrs Bull 32 314-9




