Establishing the performance requirements for stab resistant Additive Manufactured
Body Armour (AMBA)

A. Johnson*, G. A. Bingham*, and C. E. Majewskitf

*Loughborough Design School, Loughborough University, Loughborough, UK, LE11 3TU
tAdvanced Additive Manufacturing group (AdAM), Department of Mechanical Engineering,
University of Sheffield, Sheffield, UK, S1 3JD

REVIEWED, Accepted August 22, 2012

Abstract

Body armour is worn to lessen the likelihood of sustaining a life threatening injury.
Such protective solutions are used every day by law enforcement officers around the world,
with strict guidelines governing their design and testing. These activities are monitored by
government departments such as the Home Office Scientific Development Branch (HOSDB)
within the United Kingdom (UK), and the National Institute of Justice (NIJ) within the
United States.

Despite providing protection against significant levels of impact energy, a number of
historical issues continue to be present with modern fibre-based soft body armour — which
once addressed may demonstrate an enhancement wearer operational performance.

This paper therefore presents research highlighting such issues, and demonstrates how
Additive Manufacturing (AM) technologies, particularly Laser Sintering (LS), could
potentially be used to address such operational concerns whilst providing protection against a
real-world threat.

Results documented within this paper demonstrate that 5.6 mm thick planar samples,
Laser Sintered from a 50/50 mix of virgin and recycled PA 2200 successfully achieved
penetration resistance to the UK HOSDB KR1 impact energy of 24 joules. These results
therefore influenced the design, manufacture, and testing of a series of AM textile samples
featuring an imbricated layout, which also demonstrated successful knife penetration
resistance to the HOSDB KRL1 level — thus developing stab resistant Additive Manufactured
Body Armour (AMBA).

Introduction

Within the United Kingdom (UK) there are in excess of 144,000 police officers [1],
and a further 765,000 sworn law enforcement officers within the United States (US) [2] — an
occupation significantly at risk of encountering an assault within the workplace [3]. As part
of their personal protective equipment, police officers are issued with body armour — the level
of protection may vary depending on operational duties [4-6]. Body armour worn by these
professionals can provide protection against a multitude of threats ranging from high-velocity
ballistics to blunt-force and bladed artifacts, and are intended to lessen the likelihood of
sustaining a life threatening injury as a result of a major incident [7,8]. Such armour can
typically be placed into two categories [9-11]:

e Hard body armour — traditionally consisting of heavy ceramic plates encapsulated
within a fabric carrier which fastens around its wearer, often used in military
environments
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e Soft body armour - typically manufactured from aramid-based fibres such as
Kevlar™, where flexible armour panels are inserted into a fabric carrier, and are
commonly used by the police. An example of which is shown in Figure 1.

Figure 1 — Soft Body Armour Example: Stab-Resistant Duty Vest carrier (L) and aramid-based insert (R)
Courtesy of Keltic Clothing [12]

One of the major risks facing police officers is that of sustaining a sharp force injury
as a result of a bladed threat [5,13]. Soft stab resistant body armour worn by these
individuals must adhere to strict performance and test requirements. These are defined in a
series of closely related standards from the following UK and US government departments:

e UK: Home Office Scientific Development Branch (HOSDB) - Publication 39/07 [14]
e US: National Institute of Justice (N1J) - Body Armour Standard 0110.01 [6]

Both HOSDB and NIJ standards aim to consider the various factors which can affect
the severity of a sharp force incident, by defining the use of a standardised test procedure,
drop-test impact rig, and standardised engineered blades. Additionally, these standards
document the three levels of protection principle for the development of stab resistant body
armour [14]:

e Khnife Resistance Level One (KR1) — Armour for low risk patrolling environments
which offer periods of maximum wear

e Knife Resistance Level Two (KR2) — General duty body armour providing a medium
level of protection

e Khnife Resistance Level Three (KR3) — Body armour providing a high level of
protection, typically worn for short periods in high-risk situations

A breakdown of these test energies and over-test conditions for each protection level,
as defined by the HOSDB and NI1J, are documented within Table 1.
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Table 1 - HOSDB and NIJ Stab Impact Energy Protection Levels [6,14]

. . Total Dro Maximum
Strike Energy Velocity . P .
Energy Level 1 Vehicle Mass | Penetration
9) (ms) "
(kg) (mm)
El 24 +/- 0.5 5.0 +/- 0.05 1.9 7
KR1 E2 - over test 36 +/- 0.6 6.2 +/- 0.05 1.9 20
El 33 +/-0.6 5.9 +/- 0.05 1.9 7
KR2 E2 - over test 50 +/- 0.7 7.3 +/- 0.05 1.9 20
El 43 +/- 0.6 6.7 +/- 0.05 1.9 7
KRS E2 - over test 65 +/- 0.8 8.3 +/- 0.05 1.9 20

Despite significant advances in technical fibre development and the implementation
of HOSDB and NIJ standards, a number of historical issues continue to exist with many of
the current protective solution. Such issues include:

e Restrictive and cumbersome use — impairing physical mobility [15,16]
e Poor fitting resulting in nerve and musculoskeletal injuries [15,16]
e Increased thermo-physiological loading, thus resulting in illness and reduced

operational performance [17]

One area yet to be fully explored in an attempt to reduce such a burden on the wearer
is that of Additive Manufacturing (AM). The unrivalled design freedom and ability to realise
truly novel and highly complex functional assemblies via AM, specifically Laser Sintering
(LS), may provide an opportunity to develop personalised Additive Manufactured Body
Armour (AMBA) [18,19]. The utilisation of this technology may facilitate the incorporation
of operational performance enhancing attributes which [16]:

e Maximise impact energy dissipation and freedom of movement
e Minimise impact deformation and penetration
e Provide enhanced fit and wearer comfort

However, to be considered as a viable solution, there is a need to assess the technical
performance of AM body armour against existing body armour standards — beginning with

the HOSDB and NI1J knife resistance standards previously documented.

Experimental Methodology

Four experiments were performed using a guide-rail drop test impact rig to the
HOSDB KRI1 impact energy of 24 joules (J). At this energy level, the maximum permissible
penetration protruding through the underside of a test sample i1s 7.0 mm. All experiments
used HOSDB specification ‘P1B’ engineered knives. To support the underside of each
sample during testing, non-hardening, oil-based ‘Roma Plastilina® No. 1’ clay was used as
backing material. The Plastilina backing material was packed into a 150 x 150 x 80 mm tray,
open on its top face, and conditioned for three hours at a temperature of 35°C [§].

All test samples were manufactured from either 100% virgin or a 50/50 mix of virgin
and recycled polyamide (PA 2200) supplied by EOS GmbH, and Laser Sintered using an
EOS P100 Formiga system set to the following settings [8]:

e Layer thickness — 0.1 mm
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Build chamber temperature — 176.5°C
Removal chamber temperature — 150°C
Scan strategy — mechanic

Contour laser power — 16 W

Contour scan power — 1,500 mms”
Hatching laser power — 21W

Hatching scan speed — 2,500 mms™

Two types of samples were tested across the four experiments. Experiments One to
Three featured planar samples which were manufactured to the dimension of 80 x 80 mm.
These samples were impacted tested to a centrally located strike zone identified on their top
faces, as shown in Figure 2.

Figure 2 - Planar test sample highlighting the central impact zone

These samples ranged in thickness from 1-10 mm, with three samples tested at each
thickness. An overview of these experiments is shown in Table 2.

Table 2 - Overview of Experiments One to Three

Sample Attribute

Experiment One

Experiment Two

Experiment Three

Design Planar Planar Planar
Powder 100% virgin 50/50 virgin/recycled 50/50 virgin/recycled
. 4.1-5.9 mm
Thickness Range 1-10 mm 1-10 mm £ 1-5.9 mm
Thickness Increment 1.0 mm 1.0 mm 0.1 mm
Total Number of 30 30 =

Samples

The results generated from the first three experiments were used to guide the

generation of a series of novel articulated samples (AM textiles) which featured a scale link
design within Experiment Four. These samples were manufactured via LS from a 50/50 mix
of virgin and recycled PA 2200 to a dimension of 120 x 120 mm, and featured an individual
scale thickness of 4.0 mm. Two strike zones were identified - directly on the top face of a
centrally located scale, and in between two centrally located scales — as shown in Figure 3.
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Impact Location One
Direct Face
16mm

Total
Height

Impact Location Two
Between Scales

5.6mm - Minimum thickness at
impact location between scales

Figure 3 - Articulated test sample strike locations (L) and section view showing minimum material thickness (R)

The articulated samples featured a minimum material thickness of 5.6 mm in its
thinnest region — as influenced by the planar sample test results from Experiments One -
Three. The total height of the articulated samples when manufactured was 16 mm.

Experimental Results & Discussion

Experiment One

Test samples ranged from 1-10 mm thick in increments of 1.0 mm. This experiment
demonstrated that when manufacturing samples from virgin PA 2200, a minimum sample
thickness of 8.0 mm was required to consistently achieve an acceptable level of penetration
resistance to the KR1 impact energy. Also noteworthy from this experiment is that 66% of
the samples tested fractured into multiple pieces - as shown in Figure 4.

Figure 4 - Experiment One 4.3 mm (L) and 7.0 mm (R) thick virgin power shattered samples

In fact, 20 of the 21 samples tested prior to the 8.0 mm thick planar samples failed in
this manner, thus prompting a further avenue of exploration — the use of a recycled and virgin
mix of PA 2200.

Experiment Two

Samples were manufactured in thicknesses ranging from 1-10 mm in 1.0 mm
increments using a 50/50 mix of virgin and recycled PA 2200. Impact testing demonstrated
that a minimum sample thickness of 6.0 mm was required to consistently achieve penetration
resistance below the 7.0 mm HOSDB KR1 permissible limit — as depicted in Figure 5.
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Experiment Two - Recycled powder sample test results
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Figure 5 - Experiment Two recycled powder sample test results

Inconsistent penetration resistance within acceptable limits was also documented for
5.0 mm thick samples. This therefore prompted the need for further investigation of the
impact penetration resistance of samples around 5-6 mm thick.

Experiment Three

Within this experiment samples manufactured from a 50/50 mix of virgin and
recycled PA 2200 were tested. These ranged in thickness from 4.1-4.9 mm and 5.1-5.9 mm,
increasing in 0.1 mm increments. The results from this experiment demonstrated that the 5.6
mm thick sample group were the first to consistently achieve penetration resistance within
HOSDB and N1J requirements for the KR1 impact energy of 24 J — as shown in Figure 6.

Experiment Three - Recycled powder sample test results
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Figure 6 - Experiment Three Stab Test Results (L) and 5.6 mm thick planar sample (R)

Based on previous literature, the enhanced performance of 50/50 virgin and recycled
PA 2200 mix samples may be attributed to an increase in the molecular weight due to the use
of recycled powder. This powder had previously experienced temperatures in excess of
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160°C, causing the molecules to rearrange and pack more efficiently - thus increasing the
tensile strength of the sintered parts [20]. Further investigation is required in order to verify
whether this is the cause of enhanced penetration resistance.

Experiment Four

Results from the previous three experiments were used to drive the generation of a
series of articulated AM textile samples, featuring a scale link based imbricated layout -
manufactured from a 50/50 mix of virgin and recycled PA 2200. Samples were tested at both
previously identified strike zones, with results demonstrating that all samples achieved
penetration resistance within the acceptable limits as defined by the HOSDB and NIJ KR1
impact energy of 24 J. Impact testing of these samples is shown in Figure 7.

Figure 7 - Impacted articulated sample (L), maximum penetration demonstrated (M), and link failure (R)

Impacts directly on the top face of the scale links demonstrated no penetration, whilst
a maximum knife penetration of 1.6 mm was experienced when the samples were stuck
between a pair of scale links. This result was experienced on one test sample, and was likely
due to a failure in the linkage mechanism. Due to the overlapping nature of the articulated
samples, knife penetration was restricted and any failure within the design was contained
within its structure.

Conclusions

Initial research into the feasibility of generating stab resistant AM textiles has
successfully established a number of initial criteria that can be used to achieve stab resistance
to the HOSDB KR1 impact energy of 24 J. Results from initial planar sample testing were
used to design, manufacture, and test a number of articulated samples which demonstrated
stab resistance significantly below the HOSDB and NIJ 7.0 mm permissible limit.

In addition to utilising AM technology to establish stab resistant requirements, the
enhanced design and manufacturing freedom of AM solutions such as LS may now be used
to begin investigating whether historical issues associated with wearing body armour could
potentially be addressed. For example, using LS to develop AMBA solutions which reduce
thermo-physiological loading on the wearer, or to generate individualised protective
solutions.

To build on the initial results presented, research is now focused on establishing a
series of additional criteria to enhance the performance of AMBA.
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Further Work

Further work is being performed as part of PhD research within Loughborough
University to investigate methods of enhancing the protective performance of stab resistant
AMBA. A series of planar samples manufactured from PrimePart DC powder are currently
being tested to the KRI impact energy of 24 J to determine their knife resistance
performance. Additionally, samples manufactured from the 50/50 mix of virgin and recycled
PA 2200 are also being tested to the KR1 over-test impact energy of 36 J — where a
maximum 20 mm penetration is permissible. It is anticipated that the results from this over-
test condition will provide an indication as to the requirements to attain protection against the
enhanced KR2 impact energy of 33 J, where the maximum permissible penetration is 7 mm -
thus establishing a medium level of protection as defined by both the HOSDB and NIJ.

Research is also focused on using graphical generative algorithm solutions for the
design and development of scale links that incorporate features to enhance strike energy
dissipation and assembly flexibility, whilst minimising scale geometry — a number of
examples of which are demonstrated in Figure 8.

Figure 8 — Examples of scale design features

Features currently being explored in order to further enhance the protective performance
of stab-resistant AMBA include:

e Investigating the cross-sectional design of the scale link

e Disturbing strike incidence through the incorporation of disruptive design features

e Enhancing the linkage mechanism between scales to encourage and maximise impact
energy dissipation

Acknowledgements

Initial results were generated as part of a MSc. and RIF funded feasibility project
under Dr. G.A. Bingham and Prof. D.I. Wimpenny at De Montfort University.

References

[1]  The British Broadcasting Corporation, “Widespread fall in England and Wales police
numbers,” BBC News, London, 28-Jan-2010.

[2]  B. Reaves, “Census of State and Local Law Enforcement Agencies , 2008,”
Washington, D.C., 2011.

[3] Centers for Disease Control and Prevention, “The National Institute for Occupational
Safety and Health (NIOSH),” 2012. [Online]. Available: http://www.cdc.gov/niosh/.
[Accessed: 08-Mar-2012].

304



[4]

[3]

[6]

[7]

[8]

[9]

[10]

[11]

[12]

[13]

[14]

[15]

[16]

[17]

[18]

J. Croft and D. Longhurst, “HOSDB Body Armour Standards for UK Police (2007)
Part 1: General Requirements - 39/07/A.” Crown, 2007.

The National Institute of Justice, “Selection and Application Guide to Personal Body
Armor - NIJ Guide 100-01,” Rockville, MD, 2001.

The National Institute of Justice, “Stab Resistance of Personal Body Armour. NIJ
Standard - 0115.00.” Available: http://nij.gov/topics/technology/standards-
testing/active.htm, 2000.

C. Ashdown, British and foreign arms & armour. London: TC & EC Jack, 1909, p.
388.

A. Johnson, G. Bingham, and D. Wimpenny, “Additive Manufactured Textiles for
High-Performance Stab Resistant Application,” in Twelfth Conference on Rapid
Design, Prototyping and Manufacturing Conference on Rapid Design, Prototyping
and Manufacturing, 2011, pp. 87-86.

L. Cannon, “Behind armour blunt trauma--an emerging problem.,” Journal of the
Royal Army Medical Corps, vol. 147, no. 1, pp. 87-96, Feb. 2001.

M. Decker, C. Halbach, C. Nam, N. Wagner, and E. Wetzel, “Stab resistance of shear
thickening fluid (STF)-treated fabrics,” Composites Science and Technology, vol. 67,
no. 3-4, pp. 565-578, Mar. 2007.

I. Horsfall, “Stab Resistant Body Armour,” Cranfield University, 2000.
Keltic Clothing, “Duty Stab Vest.” Walsall, 2012.

R. Chaplin, J. Flatley, and K. Smith, Eds., Crime in England and Wales 2010/11,
HOSB:10/11 ed. London: Home Office Statistics, 2011.

J. Croft and D. Longhurst, “HOSDB Body Armour Standards for UK Police (2007)
Part 3: Knife and Spike Resistance - 39/07/C.” Crown, 2007.

L. Konitzer, M. Fargo, T. Brininger, and M. Lim Reed, “Association between back,
neck, and upper extremity musculoskeletal pain and the individual body armor.,”
Journal of hand therapy : official journal of the American Society of Hand Therapists,
vol. 21, no. 2, pp. 143-8; quiz 149, 2008.

T. Arciszewski and J. Cornell, “Bio-inspiration: Learning creative design principia,”
Intelligent Computing in Engineering and Architecture, vol. 4200, pp. 32-53, 2006.

A. van den Heuvel, W. van Dijk, S. Notley, M. Patterson, N. Taylor, and G. Peoples,
“The Impact of Variations in Body Armour Mass Upon Physiological Strain,” in 2nd
International Congress on Soldiers’ Physical Performance, 2011, p. 92.

G. Bingham, R. Hague, C. Tuck, A. Long, J. Crookston, and M. Sherburn, “Rapid

manufactured textiles,” International Journal of Computer Integrated Manufacturing,
vol. 20, no. 1, pp. 96-105, Jan. 2007.

305



[19] I Gibson, D. W. Rosen, and B. Stucker, Additive Manufacturing Technologies. New
York: Springer, 2010.

[20] D. Pham, K. Dotchev, and W. Yusoff, “Deterioration of polyamide powder properties
in the laser sintering process,” Proceedings of the Institution of Mechanical Engineers,
Part C: Journal of Mechanical Engineering Science, vol. 222, no. 11, pp. 2163-2176,
2008.

306





