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Introduction
Up to now, research on the protective gear of law enforcement personnel has concentrated on
the ballistic properties of the body armour. However, in spite of the improvements, modern
body armours still have some of the same drawbacks as the old ones, as they are mostly heavy,
bulky and rigid. Therefore, they limit the wearer’s mobility and agility and are impractical for
use on joints, arms, legs, etc. Moreover, body armours have traditionally been designed to
protect the wearer against ballistic threats and, thus, they provide only a limited level of
protection against knives and sharp blades. Recent studies, however, reveal that stabbing has
become a main cause of police officers' injuries. Therefore, there is an obvious need to develop
materials that combine stab and ballistic protection, while retaining their flexibility and low
weight.
In this context, SMARTPRO aimed to develop optimized ballistic textiles and apply innovative
surface treatments to improve their performance on an areal density basis. Thus, fewer fabric
layers would be required, resulting in increased flexibility and reduced weight of the armour.
Main parameters considered also include protection of vulnerable body parts other than the
torso, physiological comfort and ergonomic design.
Additionally, smart systems, namely heart rate sensors, gas sensors and textiles antennas have
been developed and integrated on the body armours to increase awareness of the end users.

The project brought together 10 partners from 5 EU countries:
−

Materials Industrial Research & Technology Center, MIRTEC S.A., Greece – Lead partner

−

LEITAT Technology Center, Spain

−

Next Technology Tecnotessile Società Nazionale di Ricerca r.l., NTT, Italy

−

Foundation for Research and Technology Hellas, FORTH, Greece

−

KOSTAS SIAMIDIS S.A., Greece

−

RWTH/ITA Aachen University, Germany

−

B.C.B International Limited, UK

−

SOLIANI EMC SRL, Italy

−

E. CIMA SA, Spain

−

Departament d'Interior - Generalitat de Catalunya, Mossos d’ Esquadra, Spain
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Brief overview of the SMARTPRO project
The project was structured in eight (8) work packages, as shown in the Scheme below. Of these,
WP1-WP6 were the technical WPs, dealing with the development of materials, protective panels,
smart systems and prototype body armours, while WP7 was devoted to the dissemination and
preparation for exploitation of SMARTPRO’s results and WP8 to the administrative management
of the project.

A key task that was implemented early in the project (in the frame of WP5) was the validation
of users’ requirements. This was performed through a questionnaire survey (581 respondents)
and a dedicated workshop with end users’ representatives. According to the results and in
regards to the soft (textile-based) protective panel, the end users require ballistic protection of
Level IIIA and stab protection of Level 1 with a maximum panel weight of 5.72 kg/m2. Further
requirements in terms of smart functions, self-cleaning properties and design of the armour
were defined, depending also on the specific tasks of law enforcement personnel (e.g. special
units, patrol, public order).
WP1 “protective textiles and advanced composites structures” was also kicked-off at the start of
the project, aiming to develop basic protective textiles to be used in the panel, as well as
advanced composites in the form of scales to be used for impact protection for upper arms
and thighs, required by public order officers (riot police).
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WP2 “textiles surface treatments” focused on the development of innovative surface treatments
and their application on the basic protective textiles developed in WP1 to enhance their
protective properties. Alternative treatments were explored in this context, in particular: (1)
synthesis and application of shear thickening fluids (STFs), (2) application of dilatant polymers,
(3) deposition of ceramic coatings by thermal spraying techniques, (4) deposition of nanofibers
and SiC particles, and (5) synthesis and application of crosslinkable, side-functionalized aromatic
polymers. In parallel, a photocatalytic polymer (sulphonated polyetheretherketone, SPEEK) was
synthesized and produced in pilot scale to be applied on the outer fabric of the armour’s carrier
in order to endow self-cleaning and de-polluting properties, minimizing maintenance
requirements.
Next, in WP3 “assembly and testing of protective panel”, treated and untreated textiles were
combined in appropriate configurations (assemblies) to develop soft (textile-based) panels
fulfilling the aforementioned requirements, i.e. maximum weight 5.72 kg/m2, Level IIIA ballistic
resistance and Level 1 stab resistance. Ballistic and stabbing tests were performed according to
the relevant NIJ standards in accredited laboratory. Overall, the assembly of panels exhibiting
both ballistic and stab protection proved to be a challenging task, requiring optimization of
several parameters, such as the type and number of textile layers and their sequence. Despite
the challenge of combining both protective properties, it was possible using selected textiles
and surface treatments to develop panels’ compositions fulfilling the ballistic and stab
protection Levels set as targets (Level IIIA and Level 1, respectively) with a weight very close to
the target (5.76 kg/m2).
In parallel to the work performed towards the development of protective materials and panels,
WP4 “smart systems” dealt with the development of heart rate sensors, miniaturized
nanotechnology-based gas sensors and textile antennas, that could be integrated in the body
armour to increase users’ awareness, without significantly adding to its’ weight and without
impairing the tasks of the users.
Since the acceptance of the armours by the end-users strongly depends on their design, this
was the focus of a specific task in WP5. It is worth noting, that the end-users were actively
involved in the design process, continuously evaluating early prototypes which were developed
as design demonstrators and providing their feedback to the designers. Accordingly, an
optimized design was proposed for public order and special units’ officers, while for patrol
police no interventions were made, as Mossos d’ Esquadra (the end-user in the consortium) is
fully satisfied by the design of currently used armours.
Finally, in the frame of WP6 “prototypes”, prototype body armours were manufactured and
delivered to the end-users for evaluation in terms of comfort and ergonomics.
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Objective and structure of the final publication
The objective of this publication is to share the results obtained and the conclusions driven from
the implementation of the SMARTPRO project with the stakeholders involved in the market of
body armours, i.e. raw material developers, manufacturers, public procurement services, as well
as potential end users, namely law enforcement and military personnel. Furthermore, the results
may be also of interest to researchers and enterprises working on different types of PPE, as they
could find application in additional fields, such as sports or work clothing.
The key developments of the project are presented in the following chapters, structured in four
sections. Under the section “Protective Materials and Panels” the work conducted in order to
develop lightweight protective panels, which are inserted in the body armour to ensure stab
and ballistic resistance, is overviewed. The section “Armour Carriers” describes the design and
manufacturing of the vest carriers. Next section, “Smart Systems”, summarizes the development
of heart rate sensors, gas sensors and textile antennas and their integration on a body armour
prototype. Finally, the section “Life Cycle and Cost Analysis” focuses on the assessment of the
environmental impact and cost associated with the new body armours development. The
document closes with some main conclusions and an overview of the market potential of the
body armours developed in SMARTPRO.
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Protective materials and panel
The protective panel is the assembly of textile
layers which is placed in the body armour carrier
and provides the protective properties (ballistic/
stab resistance). The number of fabric layers and
the weight of the protective panel is directly
related to the level of protection provided. For
example, the average weight to area ratio of a
panel providing only ballistic protection of Level
IIIA according to the NIJ Standard remains about
6 kg/m2.
A key objective of SMARTPRO was to develop lightweight protective panels providing both
ballistic and stab protection. More specifically, in accordance to the end-users’ requirements
defined early in the project, the target was to develop a panel weighing 5.72 kg/m2 or less and
ensuring Level IIIA ballistic resistance and Level 1 stab resistance, according to NIJ standards
0101.04 and 0115.00, respectively.
To reach this objective, the consortium followed a bottom-up approach, starting with the
selection of basic fabrics, their surface treatment to increase their protective efficiency and the
assembly of alternatively treated fabrics in panels, as described in the following chapters.

SELECTION OF PROTECTIVE TEXTILES
The first step towards the selection and manufacture of the basic protective textiles was the
definition of fibres types to be used.
Recent innovations in materials and manufacturing technology during the 20th century led to
the discovery of advanced manmade fibres (such as nylon, fiberglass, aramid, ultra-high
molecular weight polyethylene and others) that have provided body armour with extraordinarily
improved ballistic protection levels at a significantly reduced weight - a potent combination for
enhancing the effectiveness and mobility of military troops, law enforcement officers, and
security personnel. While those same demands (increased protection at decreased weight)
continue today, it is recognized that future improvements will be increasingly difficult to achieve
because the financial costs associated with developing new fibers are becoming cost-prohibitive
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and the time-to-market for their commercialization remains long term1. An overview of the
properties and price of most common commercially available high-performance yarns for body
armours application is presented in Table 1.

Table 1. Comparative analysis of high-performance yarns for body armour applications
Tenacity [N/tex]

Modulus [N/tex]

Price [US$/kg]

1.7 – 2.3

50 – 115

25

Thermotropic liquid crystalline
polymer - TLCP (Vectran®)

2.0 – 2.5

45 – 60

47

High Molecular Weight
Polyethylene - HMPE (Dyneema®)

2.5 – 3.7

75 – 120

25

Poly(p-phenylene-2,6
benzobisoxazole)- PBO (Zylon®)

3.8 – 4.8

180

130

0.4 – 3.9

20 - 370

2.5 - 14

Para Aramid (Kevlar®)

Carbon fibre

According to the main characteristics of the different materials and the analysis of their selling
prices, the most attractive options to the consortium were Kevlar ® and Dyneema®, as they
combine high moduli and tenacities with the lowest prices. In the frame of SMARTPRO it was
decided to use Kevlar® yarns for the manufacture of the basic protective fabrics, considering
that some of the proposed surface treatments, e.g. the thermal spraying of ceramic powders,
require high thermal stability of the substrate, which is ensured in the case of Kevlar ®, or are
expected to apply better on aramid fabrics (e.g. the crosslinkable, side-functionalized aromatic
polymers are expected to adhere better on Kevlar® due to their similar chemical structure).
The next step was to define the fabric geometry (i.e. type of weave, fibres per yarn, weave
density, etc.). This can be a challenging task when aiming at both ballistic and stab resistance,
since design parameters for optimizing ballistic defense and stab defense often work against
each other.

Cavallaro PV. Soft Body Armor: An Overview of Materials, Manufacturing, Testing, and Ballistic Impact
Dynamics. Technical Report - Naval Undersea Warfare Center Division, 2011
1
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Figure 1. Behavior of ballistic versus stab-resistance woven fabrics

In fact, textiles designed for ballistic protection require sufficient yarn mobility within the weave
to avoid premature failures and will not perform well for stab protection. Textiles designed for
stab resistance require dense weaves to prevent yarns from being pushed aside from the tip of
sharp-pointed objects such as knives, needles, awls and ice picks. Dense weaves that prevent
punctures can lead to premature or punch-through failures in ballistic impacts.
Usually, ballistic fabrics are densely woven square plain weave or basket weave. It has been
observed that loosely woven fabrics and fabrics with unbalanced weaves result in inferior
ballistic performance. The packing density of the weave, indexed by the “cover factor” has an
important role in defining the ballistic performance. It is determined by the width and pitch of
the warp and weft yarns and gives an indication of the percentage of gross area covered by
the fabric. In general, fabrics with cover factors between 0.6 and 0.95 are more effective when
used in ballistic applications. When cover factors are higher than 0.95, the yarns are typically
damaged during the weaving process and when cover factors fall below 0.6, the fabric may be
too loose to be protective.

In the frame of SMARTPRO, a series of woven Kevlar® fabrics (Figure 2) with varying weights
and structures (plain weave, basket weave, warp-rib and a combination of diagonal and reverse
face warp rib weave) were manufactured and characterized in terms of mechanical properties
and cover factors.
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Figure 2. Samples of woven Kevlar® fabrics of varying structures and weights

According to the characterization results, a plain weave Kevlar® fabric weighting 200 g/m2 and
having a cover factor in the suitable range for ballistic applications was selected as basic
protective textile.

SURFACE TREATMENTS TO INCREASE THE PROTECTIVE EFFICIENCY
Alternative surface treatments were proposed, developed and applied on the aforementioned
basic protective fabric. The aim of all treatments was to enhance the performance of the fabric,
which would allow using fewer layers and, thus, developing a lighter panel. The treatments
proposed and studied in SMARTPRO were:
•
•
•
•
•
•

Application of shear thickening fluids (STFs)
Application of dilatant polymers
Application of ceramic coatings
Application of carbide and graphene-coated carbide particles
Application of crosslinkable, side-functionalized aromatic polymers
Application of graphene coatings

More details on each of the above treatments are given in the next sections.
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Application of shear thickening fluids (STFs)
Shear thickening fluids (STFs) exhibit a yield stress fluid and deformable behaviour under
ordinary conditions. However, once a strong impact is applied, they turn solid-like as their
viscosity suddenly diverges, showing a non-Newtonian flow behaviour. Hence, according to
studies reported in the literature, STFs can be used as aid materials to improve the performance
of regular body armours, allowing the wearer flexibility for a normal range of movement, yet
turning rigid and resisting penetration under impact.
Accordingly, the work conducted in SMARTPRO aimed to: (1) develop STFs with optimized
composition and characterize them in terms of their rheological behaviour and (2) apply the
optimized STFs in protective panels, to increase the protection level on an areal density basis.
Different types of particles were considered for the preparation of STFs, including sterically
stabilized poly(methyl methacrylate) (PMMA) model hard sphere particles, raspberry-like
particles, fumed silica nanoparticles and non-fumed silica microparticles. Figure 3 shows
indicative extensional flow measurements for PMMA hard sphere glasses for different volume
fractions, particle sizes and extension rates. The sample behaves as a liquid below a
characteristic rate and as a brittle solid with shear thickening response above.

Figure 3. Images of the morphologies developed at different extension rates for different particle
sizes at the same volume fraction for PMMA hard sphere glasses.
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Figure 4 shows a typical shear rate (or stress) sweep experiment where the sample initially shows
a shear thinning (decrease of viscosity) and above a critical rate a shear thickening (viscosity
increase) response.
72% w/w
10

 (Pa.sec)

1st steady stress
2nd steady stress
1st steady rate
2nd steady rate

1

0,1

1

10

100

1000

 (Pa)

Figure 4. Rheological characterization of non-fumed silica microparticles dispersions (72% w/w)

Based on the rheological characterization of the fluids composed thereof, it was decided to
focus on STFs based on non-fumed silica microparticles, since they exhibit effective shear
thickening effect, while having an original viscosity (under no shear) that allows their handling.
Two approaches were explored for their application in protective panels. The first involved
impregnation of protective fabrics (woven Kevlar®) with the fluids by padding. Following this
approach an improvement of stab resistance was observed; however, the constructed panels
including STF-treated layers did not satisfy the requirements set in the frame of the project.
According to the second approach, the STFs were used to soak 3D knitted Kevlar®-based fabric
(developed and industrially produced in WP1), which was subsequently confined in plastic bags.
The plastic bags containing the STF-soaked fabric could be used as inserts placed between
woven Kevlar® fabrics in the protective panel. However, due to the high weight of the STFcontaining bags, this approach was not further tested.

Application of dilatant polymers
Application of dilatant polymers on the protective fabric was explored through two alternative
routes: (1) coating with dilatant powders obtained from a dilatant foam and (2) coating with a
dilatant dispersion obtained from a dilatant gum. The dilatant gum is a polymer exhibiting high
elasticity and specific rheological properties, i.e. almost immediate hardening upon impact. The
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dilatant foam is a STF encapsulated into a foam. After a shock, the particles re-organize
themselves forming clusters and resulting in material hardening.
•

Coating with a dilatant foam powder: A dilatant powder was obtained from a dilatant foam
using milling equipment.

Figure 5. Dilatant foam milling process

The powder was then applied onto the fabric, pre-impregnated with a binder, by electrostatic
deposition. The binder aimed to improve the adhesion of the powder to the textile surface.
After spraying with electrostatic powder spray gun, a reticulation process of the resin was
applied. The layout of the process is shown in Figure 6. However, following this approach it was
not possible to achieve homogenous dispersion and adherence of the powder on the textile
(Figure 7).

Figure 6. Scheme of the dilatant powder deposition process

Figure 7. Fabric coated with dilatant powder
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•

Coating with a dilatant compound: A dispersion of dilatant compound was prepared (Figure
8) and applied on protective fabrics by different techniques (padding and coating) and
process conditions.

(A)

(B)

(C)

Figure 8. (A) Stirring of water and surfactant, (B) Final aspect after addition of dilatant
compound and after various hours of dispersion, (C) Fabric coated with dilatant dispersion

The resulting coated fabrics were subjected to impact testing following a modification of EN
13277-7:2009 standard. Although these tests showed higher impact reduction (referring to the
impact force received by the reverse textile surface, in respect with the initial impact force
applied to the front surface) for the coated fabrics compared to untreated ones, it was not
possible to obtain a lightweight stab and ballistic resistant panel using such coated layers.

Application of ceramic coatings
Different Thermal Spray techniques were successfully implemented as surface treatments on
protective textiles (aramid-based) aiming to enhance their protective properties by applying
thin ceramic oxide and metallic layers.
Thermal spray techniques are easy to apply and relatively low-cost, offering the flexibility of
depositing layers of a wide range of materials (even very high melting point ones) on a variety
of substrates with complex geometries on large surfaces. Very few research teams are working
on textiles protective properties improvement using thermal spraying. For example, flame spray
technique was used to deposit Al on flexible fabric materials to enhance their electrical
conductivity with possible applications in wearable electronics, lighting, or communication in
medical techniques2. R. Gadow and K. Niessen worked on aramid fabrics improved stab

Voyer, J., Schulz, P., Schreiber, M. (2008). Electrically Conductive Flame Sprayed Aluminum Coatings on
Textile Substrates, Journal of Thermal Spray Technology, 17(5-6), pp. 818-823
2
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resistance using metallic, oxide and cermet thermally sprayed coatings3. Furthermore, there is
a patent for the improvement of the protective clothing behavior against stab and bullet
wounds using plasma sprayed oxide layers4. The aramid fabric multilayer structure used for
personnel textile protection systems can be improved by the ceramic coatings as they provide
additional damping of sharp metal blades or other penetrating objects such as bullets, knives,
etc. It is generally believed that the ceramic coating increases the fiber-to-fiber friction, which
finally leads to decreased distortion and delamination.
In the frame of SMARTPRO the potential use of Atmospheric Plasma Spraying (APS) and Liquid
Plasma Spraying (LPS) in terms of layers deposition on textile surfaces was investigated. Critical
thermal spray parameters (plasma power, spraying distance, feed rate etc.) were optimized for
each material applied. Critical aspects that influenced the design of experiments methodology
were the substrate temperature raise during deposition, since thermal spray is a high
temperature technique, as well as the very low surface roughness of the selected textiles.

(a)

(b)

Figure 9. Atmospheric Plasma Spray technique, (b) Atmospheric Plasma Spray deposition

Due to the fact that LPS requires suspensions as feedstock materials, stability and homogeneous
dispersion of different ceramic oxides (Al2O3, TiO2, SiO2) and binary mixtures of them (60-80 wt
% Al2O3 - 20-40 wt % TiO2, 60-80 wt % Al2O3 - 20-40 wt % TiO2) was optimized. The LPS
technique was proven unsuitable for successful layers deposition due to the necessity of small
spraying distance and consequent textile temperature raise (Figure 10a).

3

4

Gadow, R., Niessen, K. (2006). Lightweight ballistic with additional stab protection made of thermally
sprayed ceramic and cermet coatings on aramide fabrics, Int. J. Appl. Ceram. Technol., 3(4), pp. 84–292
Hans, D., Schuster, P., Fels, A., Schurmann, G. (1999). Clothing for protection against stub and bullet
wounds, Pat. Nr 5,880,042
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(a)

(b)

(c)

Figure 10. (a) Al2O3 coating on Kevlar® fabric using the LPS technique, (b) metallic bond
coat on Kevlar® fabric using the APS technique, (c) cross section SEM microstructure of
metallic bond coat on Kevlar® fabric using the APS technique

The APS technique was used for the deposition of a metallic bond coat layer prior to ceramic
oxide layers to promote adhesion of the deposited layers on the textile (Figure 10 b,c). The
ceramic oxide (alumina) layer that followed was deposited again using the same thermal spray
technique. Optimization of the critical APS deposition parameters was also performed for the
oxide layer (Figure 11). It was shown that after deposition the fabric used as substrate remains
unaffected, exhibits uniform deposition of both layers and fabric texture is followed by the
coatings system.

(a)

(b)

(c)

Figure 11. a) and b) cross section SEM microstructure of ceramic oxide/metallic coating
on Kevlar fabric using the APS technique at different magnifications and c) photo of the
double-layered APS coating deposited on Kevlar® textiles

Thermal spray deposition parameters optimization was performed for each deposited layer on
the selected basic textile (woven Kevlar®). Different optimized set of parameters were selected
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with the aim to maintain the coating adhesion and simultaneously minimize the weight gain of
the textile.
The treated textiles obtained through the thermal spray deposition of ceramic materials as
described above were, in fact, successfully used in combination with untreated and alternatively
treated fabrics, for the development of lightweight (ca. 5.7 kg/m2) ballistic resistant protective
panels. In the frame of SMARTPRO it has not been possible to obtain a panel containing
ceramic-coated fabrics and exhibiting both protective properties with that weight, even though
further trials and assembly combinations could lead to such result.

Application of carbide and graphene-coated carbide particles
In the frame of this Task, a new approach was explored by coating fabrics made of high tenacity
aramid fibres with oxide ceramics, retaining proper flexibility: the high tenacity aramid fabric
ensures the impact resistivity by damping and dissipating the shock wave velocity; the ceramic
coating increases the fiber- to-fiber friction, which prevents wave distortion and delamination.
Penetrating objects cannot change the fabric structure and push the fibres aside5.
Typical materials used in hard armours are:
•
•
•
•
•

alumina (Al2O3),
silicon carbide (SiC)
boron carbide (B4C),
titanium boride (TiB2), and
aluminium nitride (AlN)

with the first three being the most widely used6.
The popularity of SiC for use in lightweight armour systems is increasing rapidly, mainly due to
the significant improvement in cost/performance ratio of SiC seen in recent years relatively to
established materials like alumina. Moreover, despite the fact that SiC has a high/similar density
(3.21 g/cm3)7 compared to other ceramics like B4C and Al2O3 (2.52 g/cm3 and 3.6 g/cm3,

5

6

7

Gadow, R., Niessen, K. (2003). Lightweight ballistic structures made of Ceramic and Cermet/Aramid
Composites, Ceramic Transaction, Ceramic Armour and armour systems, ed. E. Medvedovski, The
American Ceramic Society (2003), Westerville (Ohio), USA, pp. 3-18.
CEGŁA, M. et al. (2013). Dynamic Mechanical analysis of double base solid rocket propellant with
addition of soot, Thermophysics 2013, Conf. Proc. 13‐15 Nov. 2013, Podkylava, Slovak Republik, pp.
208‐215, ISBN: 978‐80‐214‐4801‐8.
Hallam, D. et al. (2015). The correlation of indentation behaviour with ballistic performance for spark
plasma sintered armour ceramics, Journal of the European Ceramic Society, 35, pp. 2243-2252.
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respectively)8, it offers better resistance for impact pressures above 20 GPa (typical value for
large ammunitions and impact at high velocities)9.
For the application of the ceramic materials the simple technology of pad-dry-curing was
investigated here, in order to allow easy scale-up of the process at industrial scale. Pad-drycuring also allows the deposition of a thin coating layer, enabling to restrict the weight increase
compared to other technologies, such as spray coating. Since padding requires the immersion
of the textile support into a solution, a specific particle/polymer dispersion had to be prepared.
Aliphatic polyurethane (PU) resins were selected as the most suitable carriers for the particles.
Aliphatic PUs represent a special class of thermoplastic polyurethane (TPU) elastomers,
produced by reacting diisocyanate with a high-molecular-weight linear polyether or polyester
polyol and with a low-molecular-weight diol or amine chain extender in a one- or two-step
reaction process. The final resin consists of linear polymeric chains having alternating hard and
soft segments. The diisocyanate and the chain extender react to form a high polarity rigid
segment referred as the hard block linked through the polyol low polarity soft blocks to form
the final polymer structures often described as segmented block copolymers. These alternating
hard and soft segments are the primary reason that the PU elastomers have such good
mechanical properties over a wide range of temperatures. A challenge in ceramic coating
application is the homogeneity of the ceramic oxide in the polymer dispersion. Ultrasonic (US)
treatment was used to avoid agglomeration of solids in the liquids, as the application of
mechanical stress – generated by ultrasonic cavitation - breaks the particle agglomerates apart.
Furthermore, the fragmentation phenomena enable to reduce the particle size, ensuring that a
large superficial area is available to interact with impact energy, maximising ballistic and stab
resistance effects.
According to previous results, SiC dispersion (SiC: 10%wt./v; SILCOSPERSE: 10%wt./wt. SiC; US
treatment @20 kHz for 20 minutes) has been mixed (ratio 1:1) with a stirrer (200 rpm) with the
commercial polyurethane resins, SANCURE 898 (Aliphatic Waterborne Urethane Polymer:
Solids: 30-40%, Viscosity 100-300 cps; pH: 7.0-9.0, Lubrizol) since it was exhibiting the best stab
resistance performances.
Since energy absorption is one of the most significant parameters in ballistic/antistab
performances, the application of ceramic particles onto Kevlar® substrates have been paired
with the deposition of a thin nanofibrous layer before impregnation considering that nanofibers
significantly increase energy absorbing capability during impact.
In Figure 12, the layout of the process set-up for the production of silica carbide (or graphene
coated SiC) composite material and the main achievements have been reported.

8

9

Domnich, V. at al. (2011). Boron Carbide: Structure, Properties, and Stability under Stress, Journal of
the American Ceramic Society, 94(11), pp. 3605–3628.
Chen, M. at al. (2003). Shock-Induced Localized Amorphization in Boron Carbide, Science, 299 (5612),
pp. 1563-1566
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Accordingly, the activities carried out for the production of SiC-coated protective textiles led to:
•
•

Definite process conditions for the production of stable SiC water dispersions (Z
potential <-30 mV; particle size <2 µm).
Optimised pad-dry-curing process for the application of SiC dispersion onto Kevlar®
nanostructured fabric.

Padding process

US treatment

Composite structure

PROCESSES

SiC particles
PU Resin
Additives

OUTCOMES

Nanocomposite

Stable dispersion Zpotential < -30mV
Particle dimension < 2 µm

Abrasion resistance: Good
Stiff fabric

Figure 12. Process set-up for the application of silicon carbide particles on nanofiber-coated
Kevlar® fabric

No differences in the physical and mechanical characteristic of the treated fabrics were recorded
when graphene SiC have been used (Table 2).
Table 2. Characteristics of SiC-finished Kevlar® fabrics
Property

Polyurethane/SiC Kevlar®

Polyurethane/SiC nanoweb Kevlar®

Weight per square meter

220 g/m2

222.5 g/m2

Abrasion resistance

Very Good

Good

BFAST

> 6,600 µmN

> 6,600 µmN

Thermal Resistance

0.0592 m2°C/W

0.0629 m2°C/W

Evaporative Resistance

79.21 m2Pa/W

124.94 m2Pa/W
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Application of crosslinkable, side-functionalized aromatic polymers
This work involved pilot scale synthesis of aromatic polyethers bearing side cross-linkable
double bonds with optimized molecular weights, their coating onto selected Kevlar® fabrics and
subsequent cross-linking. In specific, the target was the development of uniform high polymer
loading Kevlar® fabrics followed by a thermal cross-linking procedure in order to further
improve the strength and energy absorbing capability of the polymer coated Kevlar® fabrics.
First, the newly synthesized copolymers were optimized in terms of molecular weight in order
to obtain polymers with excellent film forming properties. Pilot scale monomer and polymer
synthesis (up to 300g) was also accomplished in order to meet the needs of the project.

Figure 13. Pilot scale synthesis of aromatic polyethers bearing side cross-linkable double bonds
with optimized molecular weights

Regarding the coating of Kevlar® fabrics, in order to accomplish high polymer loadings and
uniform coating, different coating methods (such as immersion into the polymeric solution and
pad-dry cure) were applied. Although pad-dry-cure resulted in uniform coating, the polymer
loading obtained was low. On the other hand, immersion of the Kevlar® fabrics into polymer
solution with high concentration resulted in very high polymer loading but the quality of the
coating was very bad. Thus, an optimization of the conditions (polymer concentration, the
number of times the Kevlar® fabric is dipped into the polymeric solution, etc) was conducted in
order to produce uniform, high polymer loading on Kevlar® fabrics with improved mechanical
properties. Indeed, we succeeded to produce Kevlar® fabrics with satisfactory polymer loading
(12-15 wt%) and uniform coating using a homemade set up.
The thermal cross-linking process was selected among other possible ways of cross-linking (e.g.
chemical cross-linking) as an easy way of creating an intermolecular polymer network with
improved mechanical properties. The presence of propenyl groups enables thermal crosslinking without the need of any cross-linking agent.
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In details, optimization of the thermally cross-linking conditions in terms of temperature, time
and air conditions took place. Thus, using the optimized conditions, the Kevlar® fabrics were
thermally treated under inert atmosphere at 260oC for 30 min up to 1h (depending on the
dimensions of the Kevlar® fabrics) in order to be efficiently cross-linked. The efficiency of the
cross-linking reaction was studied via ATR-FTIR spectroscopy and solubility test.
Lightweight panels prepared using the optimized thermally cross-linked Kevlar® fabrics with
high polymer loading passed successfully both stab and ballistic resistance tests.

Application of graphene coatings
Multilayer graphene is an exceptional anisotropic material due to its layered structure
composed of two-dimensional carbon. Having a breaking strength of 42 N m −1, where a
hypothetical steel film of the same thickness would have a breaking strength of 0.4 N m−1,
graphene is more than 100 times stronger than steel10. Accordingly, it could be used to enhance
the performance of coating.
Graphene nanoplatelets in the form of a grey-black volatile powder were used. Each platelet
has a thickness between 10 to 30 nm and plane dimensions between 20 to 50 μm. Carbon
content is over 97 % and the bulk density is between 0.02 and 0.1 g/cm 3. Some characteristics
of the nanomaterial used are presented in Table 3.

Table 3. Characteristics of graphene nanoparticles
carbon content
C:O ratio
average flake thickness
average lateral size
bulk density
specific surface area (BET)
electrical resistivity (in plane/pressed samples)
thermal conductivity (in plane/pressed samples)
tensile modulus (parallel to surface)
tensile strength (parallel to surface)

10

> 97 %
44:1
~ 10 nm (30 layers)
10-60 μm (D90 = 50 μm)
0.042 – 0.020 g/cm3
> 30 m2/g
0.001 Ohm.cm
> 500 W/m.K
1000 GPa
5 GPa

Song, M., Cai, D. (2012) Graphene functionalization? A Review. In: Mittal V, editor. Polym.
Nanocomposites, Royal Society of Chemistry, pp. 1–51
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Figure 14. Graphene nanoplatelets

Within the project, the combination of graphene and polyurethane (PU) was investigated,
considering its ability to melt and reseal around the path of the projectile as it impacts the
surface and passes through the bulk11. A coating process was used to apply the nano-dispersion.

Kevlar
Step 2 – Graphene past application by coating
Add on 20-25 g/m2

PU

PU

50%w graphene - 50%w Polyurethane

Figure 15. Deposition of graphene layer on protective textiles

11

Atomistic Simulation of Graphene-Polyurethane Nanocomposite for Use in Ballistic Applications. 2012,
Doctoral dissertation, Texas A & M University.
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Thus, graphene (50 wt %.) was added to a polyurethane dispersion and then dried and fixed at
60°C for 1 h. The amount of graphene/polymer resin deposited onto the fabric is around 2025 g/m2 and the presence of graphene onto the resin was confirmed by SEM.
Crock-meter tests (10 cycles) confirmed that the abrasion resistance is improved since there is
no detachment of the coating even if the system is more rigid as confirmed by Bending Rigidity
test (BFAST= 1300 µNm). The rigidity is mainly induced by the metallic layer (bending rigidity
for Nickel metalized Kevlar® is BFAST= 860 µNm, 66% of the total) but it is mainly related with
the higher content of metal compared to PU/graphene.

ASSEMBLY OF THE PROTECTIVE PANEL
Following the application of alternative surface treatments as described above, resulting textiles
had to be selected, combined and assembled in protective panels which would provide Level
IIIA ballistic resistance and Level 1 stab resistance, while weighting 5.72 kg/m2 or less (target set
in the project).
The assembly of the protective panel is itself a challenging task, as various parameters have to
be defined, including: the type and number of fabric(s) layers, the assembly sequence (i.e. which
fabrics are on the strike face and which are close to the body) and the sewing pattern. A key
consideration when aiming at both ballistic and stab resistance is to combine rigid layers (which
are generally effective in inhibiting penetration by sharp blades, i.e. stab protection) with more
flexible ones which contribute to energy dissipation and, therefore, enhance the ballistic
resistance of the panel. Accordingly, most of the panels developed in the frame of the project
consisted of treated layers in combination with some untreated ones, the latter constituting the
more flexible section of the armour.

TESTING OF THE PROTECTIVE PANEL
Ballistic test
Ballistic tests were performed according to the NIJ 0104.4 standard on
40 x 40 cm panels. Since the target was to reach Level IIIA ballistic
protection, the tests were performed with a 9-mm caliber FMJ (124 g)
at a velocity over 435 m/s. According to the standard, a panel passes
the test if both following conditions apply: (a) the panel is not
perforated and (b) the back-face-signature (trauma) is lower than 40
mm.
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Stabbing test
Stab resistance was assessed according to the NIJ 0115.0 standard under the conditions for
protection Level 1. Accordingly, each panel was first hit with a knife at an energy of 24 J. Provided
that the penetration of the knife was less than 7 mm, the panel was hit again at an over strike
energy of 36 J. At this second strike, the penetration of the knife should be lower than 20 mm.

Results
Among the many different types of panels tested, several passed either the ballistic or the
stabbing test but failed the other, while two panels successfully passed both tests. In fact,
combining both protective properties proved to be quite challenging, due to the different
impact mechanisms. Some of the most promising panels are presented in Table 4Error!
Reference source not found., where green indicates successful result and red indicates failed
test.
Table 4. Panels passing the ballistic or the stabbing test or both
Type of fabric layers

Weight (kg/m2)

Untreated + alumina coated

5.70

Untreated + graphene
coated

5.74

Untreated + alumina coated
+ graphene coated

5.55

Ballistic test
no perforation
BFS: 28/39 mm
no perforation

Stabbing test
24J  45 mm
24J  44 mm

BFS: 32/35 mm

Untreated + treated with
nanofibers, SiC, PU

5.76

Untreated + treated with
crosslinked aromatic polymer

5.72

Untreated + treated with
crosslinked aromatic polymer

6.00

perforates
no perforation
BFS: 26/30 mm
no perforation

24J  6 mm
36J  8 mm
24J  6 mm
36J  8 mm
24J  42 mm

BFS: 31/38 mm
no perforation

24J  2 mm

BFS: 27/27 mm

36J  3 mm

Table 4. Panels passing the ballistic or the stabbing test or both
Type of fabric layers

Weight (kg/m2)

Untreated + alumina coated

5.70

Ballistic test
no perforation

Stabbing test
24J  45 mm

BFS: 28/39 mm
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Untreated + graphene
coated

5.74

Untreated + alumina coated
+ graphene coated

5.55

no perforation

24J  44 mm

BFS: 32/35 mm

Untreated + treated with
nanofibers, SiC, PU

5.76

Untreated + treated with
crosslinked aromatic polymer

5.72

Untreated + treated with
crosslinked aromatic polymer

6.00

24J  6 mm

perforates

36J  8 mm
24J  6 mm

no perforation
BFS: 26/30 mm
no perforation

36J  8 mm
24J  42 mm

BFS: 31/38 mm
no perforation

24J  2 mm

BFS: 27/27 mm

36J  3 mm

SCALE COMPOSITE FOR IMPACT PROTECTION
Aiming to develop components for impact protection of extremities, we focused on the
utilization of composite materials in the form of scales. Scales geometry allows flexibility, even
when using rigid materials. Accordingly, an investigation on the protective scales geometries
was first performed to evaluate the level of protected area and the flexibility that can be given
to the protective ensemble. Three configurations were evaluated, namely patterns of triangular,
square and hexagonal segments/scales.

Hexagons pattern

Squares Pattern

Triangles Pattern

Figure 16. Patterns explored for the scale-type composite.

Scale composite prototypes were produced by 3D printing, aiming to reproduce the CAD
designs and define the optimum scale structure (Figure 17).
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Figure 17. 3D printed scales structures

Based on the evaluation of the prototypes, the hexagonal structure was selected, since it
provides the optimum balance between flexibility and protected area. A system comprising of
two layers of scales structures was used so that one layer will be covering the unprotected areas
of the other (edges of the scales). Furthermore, assessments were performed to define the
optimum scales size.
Next, different composite materials were manufactured using Kevlar® (Figure 18a and Figure
18b), carbon (Figure 18c), and hybrid (Figure 18d) fabrics as reinforcement, in order to select the
optimum material for the scale composites. Composites containing 4 to 10 fabric layers were
manufactured using epoxy resin infusion and compared in terms of cost, nominal weight,
thickness and penetration force.
(a)

(b)

(c)

(d)

Figure 18. Specimens subjected to stabbing test

Thereafter, having selected the optimum material and geometry, samples of scales composites
were manufactured using Kevlar® fabrics as reinforcement and epoxy resin as the matrix. The
hexagonal pattern was created in the specimens through milling or water jet cutting (depending
of the specimen type). Finally, the hexagonal patterns were glued on a Kevlar® textile support
through contact glue with pressure and activation with temperature (Figure 19).
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Figure 19. Scale composite prototypes

SUMMARY OF RESULTS ACHIEVED IN PROTECTIVE MATERIALS AND PANELS
•

•

Protective panels exhibiting ballistic resistance of Level IIIA and stab resistance of Level 1,
weighing 5.76 kg/m2 (i.e. marginally higher weight than the target) were successfully
developed by appropriate assembly of pristine and surface-treated Kevlar® textiles.
Composite materials with high impact resistance were manufactured in the form of scales
to be used as flexible impact protective components for upper arms and thighs.

Armours’ carriers
In SMARTPRO, body armour carriers were developed for patrol officers, as well as for riot police
and special units’ officers, considering the tasks performed by each group and the respective
users’ requirements. It is worth noting that end users were actively involved in the design of the
body armours since very early in the project by providing guidelines to the manufacturers and
by evaluating early prototypes developed as design demonstrators.
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PATROL OFFICERS’ BODY ARMOUR CARRIER
The carrier of the patrol officers’ body armour is
presented in Figure 20. This vest has the same design
as those currently used by patrol officers of Mossos d’
Esquadra, since it totally satisfies the end users, who
had no requests for further adjustments. The key of the
design is that the armour is designed so as to look
more like a normal vest, with two flap pieces closing on
the front. However, the protective panel covers the
entire area of the torso as it is placed in a single-piece
pocket underneath the flap pieces. Protection is also
ensured on the back and the sides. The prototype was Figure 20. Patrol officers’ armour carrier
kindly manufactured by FECSA, after receiving
required materials by consortium partners.
A 3D knitted polyester fabric is used as a liner to facilitate air circulation and enhance comfort
properties. The fabric of the carrier is Taffeta Polyamide cordura that has been surface treated
with photocatalytic polymer to achieve photocatalytic, self-cleaning properties.
More specifically, within SMARTPRO, a photocatalytic, self-cleaning finishing was set-up and
applied on the outer fabric of the carrier, to reduce maintenance requirements and, as side
effect, to decompose chemical/biological harmful substances. The photocatalyst most
frequently used is, undoubtedly, titanium dioxide, which is produced in large amounts and low
cost compared to other semiconductors. However, according to National Institute for
Occupational Safety and Health (NIOSH) study (Publication No. 2011–160, April 2011) fine particle
(diameter < 100 nm) poses some safety concerns. In 2006, the International Agency for Research
on Cancer (IARC) reviewed TiO2 and concluded that there was sufficient evidence of
carcinogenicity in experimental animals and inadequate evidence of carcinogenicity in humans
(Group 2B), “possibly carcinogenic to humans” [IARC 2010].
In order to overcome, this limitation within the project a photocatalytic polymer has been used
to replace toxic nanomaterials. A modified polyetheretherketone (Sulphonated Polyetherether
Ketone, SPEEK) has been synthetized at large scale and applied onto textile surface in order to
generate stable radicals through the inhibition of proton transfer mechanism via hydrogen
abstraction from a suitable donor. The hydrogen donor identified within the project has been
polyvinyl alcohol (PVA), since it is water soluble and commercially available. A SPEEK/PVA
formulate has been optimised (solid content 5.25%wt./v; composition: 95% wt. PVA, 5%wt.
SPEEK + 5%wt. PVA, crosslinker, glutharaldehyde) and applied by spraying onto selected textile
for the armour cover (Cordura). The presence of photocatalytic compound onto cordura fabric
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was monitored by means of chemical composition characterization and morphological analysis
before and after washing.

OUTCOMES

PROCESSES

Formulate (water based)
SPEEK/PVA: 0.2%wt.
PVA: 4.8%wt
Glutaraldheyde: 0.24%wt

Nozzle overlap: 60-65%
Pressure: 3bar
Distance: 30 cm

Effective deposition of formulate – Finishing is washing resistant (3 cycles – 60°C)

Effective generation of radicals uppon irradiation

Degradation of model compounds (dyestuff Orange
CE) uppon UV and artificial light

Degradation uppon UV irradiation of model volatile
compound CCl 4

Figure 21. Textile treatment with photocatalytic SPEEK for self-cleaning properties

According to the results reported above:
•

EPR/FT-IR study confirms the effectiveness of the SPEEK/PVA

•

The treatment is washing resistant

•

Degradation tests carried out on a model dyestuff (degradation efficiency 4000 ppm/m2
in 4 h under UV irradiation and in 24 h under artificial light) and an halogenated gas
confirm that the photocatalyst is able to degrade organics.

•

The finishing is not affecting physiological quality of the treated fabric as per table below.

Table 5. Properties of Cordura fabric before and after treatment with SPEEK
Parameter

Cordura

Photoactive cordura

Tensile strength warp/weft [N]

2480/2140

2460/2100

Elongation at break warp/weft [%]

10/8

11/8

0.0036
18.42

0.0034
17.74

2

Thermal resistance Rct [m K/W]
Evaporative resistance Ret [m2Pa/W]
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SPECIAL UNITS AND RIOT POLICE OFFICERS’ BODY ARMOUR CARRIER
A modular body armour carrier was designed and developed for riot police and special units’
officers. Front, back and side views of the armour are presented in Figure 22. As can be seen it
is a full 360 degrees’ modular armour carrier vest, capable of holding front and rear soft armour
inserts and hard plates. It can adopt on secondary neck protection, throat and shoulder soft
armour brassard protective panels. The system has drop down and integrated front groin and
rear Coccyx protection, making this a versatile combat armour carrier system. Each part of the
attachments has an opening or zip to insert the protective soft panels. The front vest cumberband armored panel folds over the rear one. The protective plates can be inserted in the vest
pockets by openings on the left or the right of the vest. On the rear, the vest carries two rescue
grab handles for casualty evacuation.

Figure 22. Different views of the riot police/special units body armour carrier
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Figure 23. (a) Grab handles on rear of the carrier aid evacuation, (b) Enhanced butt pad on
both shoulders aids the correct placement of rifles and supports ambidextrous use, suiting a
variety of users

SUMMARY OF RESULTS ACHIEVED IN ARMOURS’ CARRIERS
•
•

•

Body armour carriers for patrol officers and riot police/special units’ officers were designed
and relevant prototypes manufactured.
In the case of the patrol body armour, the main innovation was the application of a
photocatalytic polymer on the outer fabric to endow self-cleaning and de-polluting
properties, along with the use of a 3D knitted fabric produced in the project as a liner for
enhanced thermal comfort. In this case, no interventions were made on the design of the
carrier, as current designs fully satisfy the end-users.
In the case of riot police/special units a new design concept was developed allowing for a
modular armour with front and back protection and additional components for protection
of upper arms, thighs, groin, coccyx, neck and throat.
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Smart systems
In order to increase awareness of the end-users, smart systems were developed and integrated
in the body armours, to alert the users in specific hazardous situations. These include: heart rate
sensors, nanotechnology-based gas sensors and textile antennas. The development and
integration of such systems is described in the following section.

HEART RATE SENSOR
The function of the heart rate sensor is to detect major injuries of the wearer by measuring
valuable health parameters. The main work of this development is focused on textile electrodes
that are integrated into the garment of the body armour wearer. These textile electrodes have
to provide good (continuous) skin contact, low surface resistance and a textile yet (machine)
washable characteristics at the same time.
The development of a heart rate t-shirt for health monitoring is sectioned in three stages:
•
•
•

Yarn-based conductive electrodes and positioning
Connection of the heart rate measurement
Heart rate sensor hardware and connection to body armour

Textile electrodes:
Electrical conductive yarns are commercially available (by Statex12 Shieldex®, Imbut13 Elitex®,
Amann14 Silver-tech®, Madeira15 HC®) especially for smart wearables or smart textiles though
textile technologies for manufacturing are widely spread. Common fabrics for electrode
application are knitted, woven, non-woven or embroidered fabrics (double-lock stitching).
These structures have a two-dimensional structure and a rather rough surface. A technology
providing three-dimensional electrode structures is moss-embroidery. Moss embroidery is
created by a one-thread embroidery system. In this system, the needle goes through the carrier
material and pulls the yarn out from under the needle, plate side up. Then, a loop is created by
a rotary motion of the needle on the upper side of the carrier material. Repeating this pattern
frequently produces a moss-like surface (see Figure 24).

Statex Produktions- und Vertriebs GmbH, Bremen, Germany
imbut GmbH, Greiz, Germany
14
Amann & Söhne GmbH & Co KG, Bönnigheim, Germany
15
Madeira Garnfabrik Rudolf Schmidt KG, Freiburg, Germany
12
13
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Figure 24. Principle of moss embroidery [ZSK Stickmaschinen GmbH, Krefeld, Germany] and
close-up image of moss-embroidered structure

The material used for electrical conductivity is Statex SHIELDEX® 110/34 dtex 2-ply HC, which
is a silver-plated polyamide-based twined yarn. This material shows very good processability
due to small yarn diameter size compared to needle hook size. Electrodes in elliptical shape
were manufactured and ECG measurements were conducted using an ECG mannequin. The
mannequin provides a known ECG signal which can be detected using the electrodes. This way,
different electrodes can be compared. For these tests the textile electrodes were connected to
the BioRadio® Monitor, which is a wearable biomedical device for the recording and
transmitting of physiological signals. The moss-embroidered electrodes were compared to
conventional adhesive electrodes and an ECG-shirt with knitted textile electrodes. The mossembroidered electrodes showed high sensor agreement and performed better than knitted
electrodes, which are already in use for commercially available products (Figure 25).

Two prototype shirts were manufactured by moss embroidery of Statex SHIELDEX® 110/34 dtex
2-ply HC in elliptical shape. Measurements on the ECG mannequin showed very good results
(Figure 25) regarding signal accuracy. Though first tests conducted on a subject showed
following issues that had to be further developed
•
•
•

positioning of electrodes
continuous high conductivity of textile electrodes
minimized stress and length of signal transmission

Therefore, tests were conducted using a shirt prototype with eight different electrode positions
aligned throughout the shirt width and below and above the breast muscles (Figure 26). For
the ECG measurements BioRadio® was used. Positioning of the electrodes is very important to
obtain maximum bio potential signals by the wearer. This is because of the specific ECG
potential deviations within the body during the heartbeat.
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Figure 25. ECG measurement of knitted (top), moss-embroidered (center) and adhesive
(bottom) electrodes measured by BioRadio Monitor™

Pinboard

LilyPad

A/D converter

1

5

2

6

3

7

4

8

Figure 26. New heart rate shirt prototype with 8 electrodes and electronics (A/D converter and
Lilypad) for heart rate measurement
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The shirt design was developed for female and male wearer’s though testing was conducted
with a male subject. Different combinations of the electrodes on the chest area were tested (see
Figure 26, electrode numbers) and the results were evaluated regarding average QRS peak and
lowest disturbance by movement. The tests were conducted on a subject while seated and
without movements for 60 seconds. Afterwards testing was conducted while the subject moved
his arms up and down while seated (ca. 40 movements per minute). The maximum value
(positive/negative) was identified and compared to all tests. It was found that electrode
combinations 3-8 and 4-7 (according to Figure 26) showed the best result regarding highest
voltage as well as minimized influence while moving.
Those results lead to the used electrode configuration according to the first lead of Nehb.
Additionally a third electrode was positioned on the right hip as a ground electrode. For testing
purposes an adhesive electrode was chosen as ground electrode for possible positioning.
The final positioning including the ground electrode for the heart rate sensor t-shirt is shown in
Figure 27. Due to female chest shape the vertical distance between left and right electrode is
increase about 5cm. For the end-user evaluation a male t-shirt in large size and a female t-shirt
in medium size had to be produced. The measurements were taken according to EU size
standards subtracting minimum of 5 centimeters to obtain skin fit shirts. This also ensures
continuous contact of the electrodes and the skin and therefore continuous heart rate
measurement. Furthermore, testing was conducted with water and electrode gel to provide
lowest skin surface resistivity.

10 cm

Figure 27. Final t-shirt design for women, medium size (left) and men, large size (right)
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The electrodes were embroidered with a wave-like grid pattern to ensure overlapping between
yarns and homogenous distribution. To reduce elongation within the textile electrode and
therefore influencing signals a non-stretchable polyester substrate was chosen (Stiffy® 1950 by
Gunold GmbH, Stockstadt, Germany). This material shows high flexibility and in the meantime
the electrode area on the t-shirt textile cannot be stretched.

Connection of textile electrodes:
Previous electrode prototypes were connected by press fasteners. These connectors are also
used for commercially available adhesive electrodes. The influences from press fasteners on the
transmitted signal are insignificant. The connection of the electrodes and the press fasteners is
shown in Figure 28. The press fasteners are implemented in the center of the electrodes.
Afterwards polyurethane (PU) film was applied by applying heat (ironing). The PU film showed
following effects within testing:
•
•

reduced influence on HR signals after external contact (touch) on the outer electrode
surface
better water content management due to waterproof sealing of the electrode back side

20 mm
Figure 28. Final design of textile electrodes with white polyester non-woven, PU film coating and
press fastener pin on the outer side (left) and moss-embroidered terry-like inner side (right)

The connection between heart rate electrodes and ECG hardware device is based on cables
and press fastener connection. A direct connection from heart rate shirt and body armour
provide following advantages compared to a Bluetooth® wireless connection:
•
•

Secure and non-interfering data transmission
External power supply can be used
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•

No additional integration of device/PCB onto heart rate shirt

Three connector pins are then combined to an audio jack (3-pin) that can be used with the ECG
hardware device.

Heart rate sensor hardware:
After intensive research, several ECG measurement electronics for programming were found.
For integrating the systems into the GPS/GSM architecture, Arduino® compatibility was
required. Initial measurement trials using an AD converter (Adafruit® AD1115) failed due to poor
communication between the converter and the Arduino® chip. No analogue signals could be
obtained. “Shield-EKG-EMG” and “EGK-Mod” devices by OLIMEX® failed too due to no or very
poor communication and programming within Arduino hardware and software. Their pros and
cons of the systems are shown in Table 6. The hardware of choice was then found in “SparkFun
Single Lead Heart Rate Monitor-AD8232” (by Sparkfun Electronics, Niwot, USA) which can be
easily integrated in the Arduino programming libraries. The audio jack cable can be easily
connected into the socket and a red LED shows heart rate signals by different intense blinking.
Table 6. pro and contra of selected programmable hardware for heart rate measurement
Hardware
Adafruit ADS1115

SparkFun AD8232

Olimex
SHIELDEKG-EMG

Olimex MOD-EKG

pro
• amplifier
• simple programming
• integrable into Arduino® environment

contra
• no filters implemented

•
•
•
•

amplifier
lead-off detection
digital signal processing
integrable into Arduino® environment

• no filters implemented

•
•
•
•

amplifier
lead-off detection
digital signal processing
Anaolgue filters implemented

• additional software needed for
programming

•
•
•
•
•

amplifier
lead-off detection
digital signal processing
analogue filters implemented
LCD display for HR

• additional software needed for
programming
• not compatible with Arduino®
environment

The signal reading (as low voltage current) is registered by the ECG module and processed
within the Arduino® hardware (Arduino® Lilypad) and software according to Figure 29. The
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ECG information is processed by QRS peak counting within the software. After a minimum setup
time (e.g. 10 seconds) the heart rate (in beats per minute) is send to the Arduino® Lilypad.

getBpm v2
lilypad
read ECG signal
connect to GSM
module

bandpass filter

timeframe
> 1.5x last
timeframe
?

yes

adjust
threshold

getBpm

no

getGPS
timeframe
> mintime?

no

connect to server
yes

beat counter++
adjust Threshold
request bpm+GPS
beat
counter >
5?

no

Send data via get
comand to server

yes

update bpm value

close connection

reset counter

Figure 29. UML diagram of ECG and heart rate measurement (left) forwarded to Arduino®
Lilypad (right)

TEXTILE ANTENNA
Especially for on-body use, planar antennas with a ground plane such as patch antennas are
the most suitable antenna topologies since these reduce the radiation in the direction of the
body. The basic structure of a patch antenna is shown in Figure 30. The three main components
of each patch antenna are Radiator, Ground plane (both conductive) and Substrate (nonconductive). The radiator as well as the ground plane must have a high conductivity and a low
surface-resistance. These layers are produced using conductive textiles. These textiles can be
electro textiles which are coated fabrics, e.g. copper-plated nylon or can be achieved by
producing a fabric from conductive yarn, by e.g. weaving, knitting, warp-knitting or embroidery
of conductive fibres on a non-conductive basic fabric. The substrate has to be a non-conductive
material with low permittivity (εr ≈ 1) and low loss (tan δ ≈ 0). This can be achieved by using a
non-compressible textile such as fleece, a non-woven fabric or felt. The size of the antenna
corresponds directly to the frequency used: A lower frequency results in a bigger antenna.
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Figure 30. Concept of a patch antenna with ground plane, substrate and radiator (left) and first
textile patch antenna (right)

A first prototype for GPS antennas was developed and manufactured (Figure 30) as follows:
a)
b+c)
d)
e)
f)
g)
h+i)

The antenna design is printed on a double-sided adhesive sheet
The adhesive sheet is glued to the conductive textile using an iron
Shows the material necessary for the cutting of radiator: The conductive textile
is cut along a ruler using a scalpel
Finished radiator with conductive sheet on backside
Prepared layers of non-woven substrate: these two layers are glued together
using the same method of double-sided conductive sheets
Assembly of antenna parts
Finished prototype

Table 7. Materials for the textile GPS antenna and their relevant electromagnetic properties
Antenna Element

Type of textile

Name

Radiator (patch)
Ground plane
Substrate

Conductive woven fabric

Shieldex Kassel

Non-conductive non-woven

PTFE Vlies

Relevant
electromagnetic
properties
σ=1,6*106 S/m
εr = 1,25
tan δ = 0,0039

After suitable antenna topologies, frequencies, materials, designs and textile production
technologies were identified, evaluation of the HF characteristics of the textile antennas was
initiated and the influence of the antenna performance under bending conditions was
evaluated. It can be concluded that the antenna performance is negatively affected by the
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combination of bending and human skin contact. However, the determined decrease is so small,
that it will not negatively affect the performance of the textile antenna within the body armour.
Antenna performance was evaluated in a field test. Therefore, the antenna has been integrated
into a jacket comparing the developed textile GPS antennas to conventional GPS antennas and
receivers (see Figure 31). A Ceramic Patch Antenna „Neo 6M“ by u-blox AG, Germany and a
GPS-mouse „HOLUX GR-213“ by „HOLUX Technology,.Inc“, Taiwan were used for comparison.

100 m

1000 m
402223
402225

402213
402082

Aktive
Keramik tchante nne

GPS -Maus

402084
402121
492087

Textile
Antenne

GPS
Mouse
Textile
antenna

Active
patch
antenna

402089
402091
202529
204002
202495

202502

204000

202508

104090
104091
104092

104093

Figure 31. Jacket with textile antenna, GPS-mouse and Ceramic Patch Antenna (top left) for
field test; path of field test (top right) and results of field test (bottom)

The results of the field tests (see Figure 31) show that the average accuracy of the textile antenna
was higher compared to the tested conventional antennas, due to lower positioning errors (in
meters). The human body influences the antenna (Figure 31; right chart) but is not relevant for
the antenna performance. The GPS-mouse used for the testing is comparable to other GPS
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sensors integrated in other devices, e.g. smartphones. Irrespective of the size of commercially
available GPS sensors, the textile antenna showed the highest accuracy in the field test in terms
of positioning compared to established systems such as a ceramic patch antenna or a GPSmouse.
Within the project a conductive fabric by SOLIANI was produced. The material type “VoltaVO.NICU” shows the lowest resistivity (8.2 mOhm/sq) being lower than the “Statex Kassel”
material which was used for the first antenna prototype. Both materials show almost the same
thickness but differ in weight per square meter. The “Volta-VO.NICU” was selected for the
production of further antenna prototypes, e.g. GPS and GSM communication. The architecture
and connection of the systems is as followed: the GPS module is receiving GPS raw data and in
the meantime the GSM module is checking network status and connection. The GPS raw data
is then send to a remote server where it is interpreted as latitude and longitude GPS data. Both
GPS and GSM antenna were finalized with electro conductive fabrics “Volta-VO.NICU” by
SOLIANI. The final antennas were manufactured as shown in Figure 32.
The final connection of the GPS localisation hardware is provided by µFL cable connectors. The
GSM/GPS module is combining GPS receiver and GSM sender. The GPS data is then provided
to Arduino® Lilypad #1 which is also detecting the heart rate (Figure 32).

lilypad #2
connect to GSM
module

connect to server

request bpm+GPS

Send data via get
comand to server

40 mm

close connection

Figure 32. Textile GSM and GPS antennas with connector cables (left) and UML diagram for
GPS receiver and GSM sender (right)
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NANOWIRE GAS SENSOR
Motivation:
Gas sensors are devices that can convert the concentration of an analyte gas into an electronic
signal and are an important component of devices commonly known as “electric noses”. The
current Task is devoted to the development of wearable miniature gas sensors able to rapidly
detect and monitor toxic gasses for the efficient use of both law-enforcement personnel and
civilians. The main objective is to fabricate sensors that: (i) operate reliably in the detection of
toxic chemicals within an acceptable reaction time, (ii) are able to detect agent concentrations
at levels which are lower than those which pose health risks, and (iii) are not affected by other
factors in the environment such as humidity, (iv) operate at short reaction and recovery times,
and (v) can be fabricated so as to be portable and wearable.

Why resistive sensors:
Several types of gas sensing mechanisms have been proposed and explored. The main
categories include: electrochemical, catalytic bead, photoionization, infrared point, infrared
imaging, semiconducting materials (resistive), ultrasonic and holographic. Resistive sensors
stand out as a promising type for the fabrication of miniaturized devices and due to the simple
sensing mechanism. Metal oxide semiconductors (MOS) are used as the sensing material.
Nanostructured MOS sensors detect gases based on a chemical reaction that takes place on
the material’s surface, when the gas comes in direct contact with the MOS. The target gas
interacts with the surface of the MOS film (generally through surface adsorbed oxygen ions),
which results in a change in charge carrier concentration of the material. This change in charge
carrier concentration serves to alter the conductivity (or resistivity,) of the material. An n-type
semiconductor is one where the majority charge carriers are electrons, and upon interaction
with a reducing gas an increase in conductivity occurs. Conversely, an oxidising gas serves to
deplete the sensing layer of charge carrying electrons, resulting in a decrease in conductivity.
The reaction the electrical resistance of the material and this change in is used to signify the
presence of the gas and may be used to calculate the gas concentration.

ZnO nanowire-based gas sensors:
The work performed in SMARTPRO pursued rational synthetic routes for the controlled growth
of nanowire-based arrays, which would demonstrate high performance in specific gas sensing
and in particular carbon monoxide (CO). CO is a colorless and odorless gas, hence undetectable
to humans. It is considered as one of the leading cause of poisoning worldwide, especially in
many industrial countries. The maximum time weighted average exposure is 35 ppm over an 8
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h period. Owing to the ubiquitous presence of CO, such sensors have a dazzling variety of
applications, not just for law enforcement authorities, also in home safety, in measuring
atmospheric concentrations, in the exhaust of cars, and for process monitoring in industrial
plants.
The synthesis and characterization of the ZnO nanowire (NW) arrays and a work station for gas
sensing were realized during the first period of the project. ZnO NW arrays were grown using
hydrothermal synthesis. Over that period, we accomplished the development of a synthetic
route for the controlled and reliable growth of ZnO nanowire arrays with high aspect ratio and
surface area, good crystallinity and negligible defect density, and appropriate adhesion and
orientation normal to the substrate. The method is fully controllable and shows very high degree
of reproducibility. In parallel, the development of a home-made set-up took place for the
detailed characterization of the ZnO-based nanomaterials grown as efficient media for gas
sensors. A part of these results has been published in a high impact factor journal of the
American Chemical Society16.

Interdigitated Au
electrodes

Conductive glass
substrate

(a)
Sensing area
1 mm

20 mm

1 mm

Sensor
chamber

2 mm

ZnO NWs

Interdigitated
Au electrodes

panel

Temperature
controller

25 mm

(b)

Power supply

(c)

Figure 33: (a) Experimental set-up showing the panel with the gas flow meters (left). (b)
Nanostructured film on glass substrate with the deposited interdigitated Au electrodes. (c) SEM
image of the ZnO film area where the Au electrode has been deposited.

G. Syrrokostas, K. Govatsi, and S. N. Yannopoulos, “High-Quality, Reproducible ZnO Nanowire Arrays
Obtained by a Multiparameter Optimization of Chemical Bath Deposition Growth” Cryst. Growth Des., 16
(2016) pp 2140–2150. DOI: 10.1021/acs.cgd.5b01812.
16
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Figure 33 illustrates the experimental set-up used for the measurement of gas sensing
properties. The cross-shaped compartment is the chamber wherein the nanostructured film is
placed. The panel on the left shows three flow-meters used to control the concentration and
flow rate of the gasses which enter the chamber and react with the surface of the
nanostructured material.
Optimization of sensor parameters has been based on a feedback mechanism in relation to the
materials synthesis process in order to achieve the best morphology. Four main parameters are
used to characterize the performance of a gas sensor:
➢ the sensor sensitivity defined as S  Rair / Rred  gas (for reducing gas),
➢ the response time defined as the time required to achieve a 90% change in the
resistance upon the supply of the gas,
➢ the recovery time defined as the time required to achieve a 90% change in the
resistance upon removal of the gas, and
➢ the working temperature.
More than a hundred (100) experiments were conducted in order to optimize both the gas
sensing materials and the experimental set up in order to obtain the optimum conditions for
the gas sensors under development. Several parameters related to the material development
have been examined.
•

The type of the substrate (soda lime glass, silicon, quartz, and the conductive glass/FTO)
were used in order to explore the role of conducting and insulating substrates on the
gas sensor performance.

•

The influence of the seed layer thickness deposited on the soda lime glass exerted on
the gas sensing efficiency of ZnO NW arrays was investigated.

•

The influence of the (i) operation temperature, (ii) gas concentration, (iii) doping with Al
atoms, and (iv) decoration with noble atoms, on the gas sensing efficiency of ZnO NW
arrays has also been explored.

A short summary of the results obtained is presented in the following Table for ZnO NW arrays
and ZnO NWs decorated by SnO2 nanoparticles. The results obtained demonstrate that the
developed materials exhibit far better sensing performance for the CO gas detection, in
comparison to literature data, as regards both the operation temperature and the sensitivity
parameter.
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Table 8. Optimization of sensing parameters for 500 ppm CO gas
Temperature
(oC)

Sensitivity
(ZnO NWs)

Standard
deviation

Sensitivity
(ZnO NWs decorated

Standard
deviation

with SnO2)
350

3.99

1.3

3.6

0.6

300

10.85

2.6

9.9

2.4

250

9.88

1.2

13.7

3.1

200

5.44

1.6

11.6

3.1

150

2.57

1.7

4.3

0.6

25

1.66

0.9

3.3

0.1

SMART SYSTEMS INTEGRATION ON THE BODY ARMOUR
The developed systems – heart rate sensor, textile antennas and gas sensor – have to be
integrated into the body armour meeting user-requirements such as: flexibility to minimize user
movement hindrance, size and weight of the systems to provide maximum wearing comfort as
well as water proofness for duties in heavy rain. The prototype used for the integration was the
female version of patrol armour, manufactured by FECSA.

Waterproof encapsulation
In order to assure a total functionality even with adverse meteorological conditions like raining,
the water protection of the smart systems has been carried out. It is important to remind that
the wires are not affected by water, as they are already recovered with a polymer. The parts
that can be affected in presence of water are the connections and the electronic components
(e.g. the gas sensor, the antennas or the battery). All the components with its encapsulation are
extractable with Velcro in the case of washing the armour vest. The rain protection of the
electronic components is based on the encapsulation with polymeric film (translucent PVC film).
The film has been welded with an ultrasonic welding machine so that each component has its
waterproof bag. When needed, an opening using Velcro has been done.
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Figure 34. Welding line on the PVC film

Figure 35. Antenna encapsulated. The polymeric bag is adjusted to its shape

Figure 36. Bag for the electronic PCBs

Figure 37. Electronic PCB inside its bag. Opening possibility with Velcro
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Besides, a welding trial to join the Velcro with the polymeric film has been done in order to
avoid sewing it. The little holes produced by a stitch can generate a weak point.

Figure 38. Welding result between film and loop side of the Velcro (optimized process on the
welding line of the top)

Figure 39. Welding result between film and hook side of the Velcro

Waterproof validation
A test was done in order to verify the correct performance of the smart systems when it is
raining. In order to assess this, the Bundesmann test has been performed for an encapsulated
electronic system, following the standard EN 29865. This method is for the determination of
water repellence of fabrics but, as it simulates raining conditions, it will be used in order to
determine the smart systems performance when raining. It is important to keep in mind that
this is an approximation to the reality of the smart systems in the armour vest. Rain (drops of
water) will never directly contact with the PCBs and the battery encapsulated on the vest, as
they are placed behind the fabric of the armour and are not visible.

PAGE 48

SMARTPRO – Final Publication

GPS
ANT

battery

PCB

GSM
ANT

Figure 40. Concept of textile antennas (GPS ant and GSM ant) and electronic hardware (PCB)
for GPS/GSM and heart rate

Textile antennas
After encapsulation, the textile antennas were ready to be integrated into the body armour.
Therefore the GPS antenna is integrated on the highest position within the body armour as
shown in Figure 40. This position was chosen in accordance to the user-requirements by security
and law enforcement experts as it provides least hindrance by any carried accessories such as
gun straps. Hence, it improves the antenna performance. Positioning tests conducted showed
best performance for the textile GPS antenna on the highest position. The placement for the
GSM antenna also requires a high position within the body armour, similar to GPS antenna. Due
to limited space within the carrier a different position was chosen for the GSM (see Figure 40).
The textile antennas and the PCBs are integrated within the carrier for the anti-ballistic panel.
Therefore it is placed behind the panel in order to maintain higher safety in case of damage
(bullet or knife penetration). Except the GPS antennas, all hardware components were
integrated in the waist area of the vest. This provides a good accessibility to the battery while
wearing the armour whilst ergonomics is not hampered. The battery itself is integrated in the
Velcro pouch on the front side for easy access in case of removing or charging (Figure 40). The
encapsulated antennas are integrated with Velcro straps to the inner side of the carrier (spacer
fabric). The Velcro straps were integrated using sewing which cannot be seen on the inner side
of the body armour. Three straps are used for the integration of each antenna (Figure 41).
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Velcro straps
(loop)

PCB pouch

Velcro strap
(hook)

Figure 41. Integration of Velcro straps within the body armour (left) and the antenna back face
(right)

Connection of all systems
The electronic components (PCBs) were connected as shown in Figure 42. In this latest stage, a
single Arduino® Lilypad is able to substitute single Lilypads for ECG and GPS/GSM modules.
The UML diagram fir the communication of the systems is shown in Figure 43.

GPS antenna

Arduino®
Lilypad

ECG audio
socket

GSM/GPS
module

ECG module
GSM antenna
Buffer battery
30 mm

Figure 42. Electronic components for GPS localization, hear rate measurement (ECG) and server
transmission (GSM)
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getBpm v1
read ECG signal

lilypad #2

lilypad #1
moving average filter

signal >
threshold?

no

getBpm

connect to GSM
module

getGPS

connect to server

loop(10s)

yes

timeframe
> mintime?

no

I2C

send bpm+GPS

request bpm+GPS

yes

Send data via get
comand to server

beat counter++

beat
counter >
5?

no

close connection

yes

update bpm value
reset counter

Figure 43. UML diagram with showing data processing and communication of the hardware
systems (PCBs)

Gas sensor
The integration of the gas sensor provided by FORTH is based on the following steps:
Miniaturization of the gas sensor and wire reorganization: Achieving the minimum possible
volume is a decisive point in order to achieve a comfort for the user. The polymeric white part
has been replaced by small wires and a bigger wire has been welded to connect the LED.
Furthermore, connectors have been added in order to achieve a more practical use of the entire
system.
Design concept housing and 3D printed prototype: In order to protect and locate the sensor,
housing has been designed using CAD software. It consists of two parts joined with screws that
can be separated if needed. The housing has been fabricated using 3D printing technology
(Fused Deposition Modeling, FDM) and painted in black to make it less visible.
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Figure 44. Encapsulation with CAD design. With gas sensor inside at the right

Figure 45. Encapsulation 3D printed (left) and painted in black with the sensor (right)

Integration on the body armour: Finally, the integration of the sensor on the body armour has
been performed using high resistance Velcro that allows the system to be easily extracted if
needed and an elastic band that covers a part of the sensor encapsulation and assures a
consistent location.

a)

b)

c)

Figure 46. From left to right: a) Connectors to the LED and to the battery before the integration,
b) encapsulation with gas sensor connected and being placed, c) Final result on the body
armour
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SUMMARY OF RESULTS ACHIEVED IN SMART SYSTEMS
•

•

Textile antennas, heart rate sensors and novel nanowire gas sensors were developed, so
that they can be integrated in body armours without significantly adding to their weight
and without restricting the mobility of the users.
The heart rate sensor was integrated on an undergarment to be in contact with the user’s
body, while the antenna and gas sensor were appropriately integrated on the armour’s
carrier.
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Life cycle and cost analysis
LIFE CYCLE ANALYSIS
The Strategic Defence Intelligence report “Sustainability in the Global Defence Industry 20132014”, based on responses from 103 respondents, of which 19 defence organizations, 28
defence contractors, and 56 service providers, clearly shows that sustainability is becoming part
of the defence industry agenda. The key drivers are cost savings and operational efficiency, and
staying ahead of technological developments. Further insights vary from identification of drivers
and barriers for implementation to expected growth of demand for sustainable products and
services, focus on recycling, criteria for supplier selection and key attributes of sustainable
materials. Furthermore, an increasing number of police forces and city governments have
significant green or sustainability initiatives in place. Below some initiatives within the EU and US
are highlighted.
The European Commission is implementing its Green Public Procurement (GPP) policy. Public
authorities, that spend approximately 17% of the EU’s Gross Domestic Product, are encouraged
to procure good and services with a reduced environmental impact throughout their life cycle
compared to goods and services with the same primary function. Member States implement
this policy by means of national action plans that specify targets and measures to promote and
implement the GPP. Regarding law enforcement organization the London Metropolitan Police
Service is a clear leader, both in sustainability strategy as well as in sustainable procurement.
The US Department of Justice has published its Strategic Sustainability Performance Plan in
2012. Objectives to be included vary from energy efficiency of buildings, water management,
pollution prevention to waste elimination through sustainable acquisition of goods and services.
In addition to increased momentum at federal level, a wide range of US cities have pro-active
green or sustainability programs in place. Green policies often include environmentally
preferable purchasing and sustainable acquisition as referred to in the previously mentioned
executive orders. A clear example where green initiatives at city level have been translated into
sustainable procurement for body armour for policy is the city of Portland. Suppliers are invited
to demonstrate their ability to meet or exceed environmental and sustainability requirements
as per GPP.
In order to demonstrate the sustainability of the body armours set-up within the project are
meeting Green policy objectives the environmental impact related with their production has
been computed using a Life Cycle Assessment (LCA) approach. According to the SETAC (Society
of Environmental Toxicology and Chemistry) definition, LCA is an analytic method to address
the environmental aspects and potential environmental impacts throughout a product (or
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process and service) life cycle from raw material acquisition through production, use, end-oflife treatment, recycling and final disposal (i.e. cradle-to-grave).
The methodology is defined and regulated by the International Organization of Standardization
with the ISO 14040 and 14044 standards and consists of four phases: the goal and scope
definition, the inventory analysis (Life Cycle Inventory, LCI), the impact assessment (Life Cycle
Impact Assessment, LCIA) and finally the interpretation of results. The broad provisions stated
in the ISO standards have been further specified in the ILCD Handbook Guidelines that have
been taken as a reference for the development of this analysis. In the first phase the study
model is defined, specifying the assumptions and cut-off criteria with which all other LCA phases
must comply. In order to identify the most environmental friendly alternative to reference body
armour, SMARTPRO solutions have been compared with body armour featuring the same or
similar performances in SIAMIDIS portfolio. The functional unit chosen for the analysis is 1 body
armour (size M).

Figure 47. System boundary related with the production of final products
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In detail, a cradle-to-use phase approach has been considered thus the analysis encompasses
all the body armour cycle phases starting from the production of raw material, spinning, fabric
production including the dyeing and finishing processes and chemicals used for the
functionalization of the fabrics, the assembly of the protective panels and the final armour
(including accessories) and specific impacts have been computed according to ILCD 2011
method that allows performing the study at an impact (mid-point) or damage (end-point)
category level. A hierarchist perspective with normalization and weighting values of Europe was
associated with both category levels. The eighteen category indicators ILCD 2011 midpoint level
approach express the relative environmental burden of the inputs (use and depletion of primary
resources) and outputs (emissions generated by the system) on the atmospheric, hydro and soil
compartments. In particular, these categories are: climate change, ozone depletion, human
toxicity non cancer effects, human toxicity cancer effects, particulate matter, ionising radiation
HH, ionising radiation E (interim), photochemical ozone formation, acidification, terrestrial
eutrophication, freshwater eutrophication, marine eutrophication, land use, water resource
depletion, mineral, fossil and renewable resource depletion. Environmental performances of
ballistic and antistab panels set-up within the project are listed in the table below. The analysis
have been assessed comparing the performances of a model body armour (SIGMA PLUS –
Siamidis) facing the same technical performances (Ballistic LEVEL IIIA; ANTISTAB Level I).

Table 9. Environmental performances of ballistic & stab-resistant panels developed
Unit

Kevlar®+Nanocomposite Kevlar®+
structure
Crosslinked
polymer

Climate change

kg CO2 eq

-11.1%

-4.6%

Ozone depletion

kg CFC-11 eq

-13.0%

-3.0%

Human toxicity,
non-cancer effects

CTUh

-12.2%

-3.2%

Human toxicity,
cancer effects

CTUh

-11.9%

-3.7%

Particulate matter

kg PM2.5 eq

-11.1%

-4.3%

Ionizing radiation
HH

kBq U235 eq

-12.6%

-5.0%

Ionizing radiation E
(interim)

CTUe

-11.8%

-5.8%

Impact category
-Difference %
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Unit

Kevlar®+Nanocomposite Kevlar®+
structure
Crosslinked
polymer

Photochemical
ozone formation

kg NMVOC eq

-10.5%

-4.9%

Acidification

molc H+ eq

-10.4%

-4.5%

Terrestrial
eutrophication

molc N eq

-10.1%

-4.6%

Freshwater
eutrophication

kg P eq

-12.2%

-4.4%

Marine
eutrophication

kg N eq

-12.6%

-0.7%

Freshwater
ecotoxicity

CTUe

-11.9%

-4.0%

Land use

kg C deficit

-11.4%

-1.0%

Water resource
depletion

m3 water eq

-12.7%

-3.0%

Mineral, fossil & ren
resource depletion

Kg Sb eq

-11.4%

-2.8%

TOTAL Ecopoint

mPt

-13.1%

-5.3%

Impact category
-Difference %

Despite the fact that both amours are showing better environmental performances the body
armour realised with the panel assembled by using Kevlar®+Nanocomposite structure (for all
investigated impact category the environmental benefits compared to the reference are larger
than 10%) is more sustainable compared to that assembled with Crosslinked polymers. It is
mainly induced by the fact that less harmful chemicals have been used in the production of
protective panels and to its lower weight.
The environmental benefits that could be arisen by the replacement of current body armour
with those developed within SMARTPRO Project in terms of Carbon Footprint and water usage
have been evaluated by computing:
•

The reduction of CO2 emission by car per km (how many km can be covered by the
CO2 emission reduced thanks to the new technologies)

•

The absorption of CO2 by means of photosynthesis (number of tree requested to
absorb the CO2 emission reduced thanks to the new armour)
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•

The amount of water saved for human uses.

COST ESTIMATION
Technical performances of the functional textile exhibiting both ballistic and stab resistance
properties have been paired with an economic study aiming to define the final price of body
armour and its main components (in particular the protective panel).
A preliminary analysis related with the production costs of the functional textile have been
assessed.

Table 10. Preliminary cost analysis for surface-treated Kevlar® fabrics
Functional Textile

Cost breakthrough

Kevlar® fabric

Commercial price: 18.5 €/m2

Kevlar® +
Nanocomposite
structure

Expected price: 20.28 €/m2

Kevlar® +
Crosslinked
Polymer

Expected Price: 34.4 €/m2

Picture
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Accordingly, the costs for the production of SMARTPRO protective panel have been estimated
and compared with the costs for the production of conventional products featuring same
technical performances (Ballistic: LEVEL IIIA; Antistab: LEVEL I).

Table 11. Preliminary cost analysis for new ballistic & stab resistant panels
Protective Panel – anti stab + Ballistic

Margin (%)

SIGMA® PLUS

-

Kevlar® + Nanocomposite structure

-10.3%

Kevlar® + Crosslinked polymer layers

+36.1%

The outcomes related with the economic evaluation of the efficient SMARTPRO solutions show
that the most promising solutions seems to the the combination of Kevlar® and Nanocomposite
since it allows to reduce up tp 10% the production costs compared to alternative solutions
available in Siamidis portfolio featuring the same technical performances.

SUMMARY OF RESULTS OF LCA & LCC
•

•

According to the results of the Life Cycle Analysis the technological advancements achieved
in SMARTPRO are paired with environmental benefits. More specifically, since the
production of high-performance Kevlar® fibres is the most contributing factor to the
environmental impact of body armours, reducing the amount of Kevlar® used leads to
armours with a lower impact to the environment.
The preliminary cost analysis showed that the new, lightweight panels including surface
treated textiles are competitive to existing solutions in terms of cost.
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Conclusive remarks and market potential
Expenditure in 'public order and safety'
Expenditure on 'public order and safety comprises the following categories: 'police services',
'fire protection services', 'law courts', 'prisons', 'R&D related to public order and safety' as well
as expenditure not elsewhere classified.
At the level of the EU-28 in 2014, general government total expenditure on 'public order and
safety' stood at 1.8% of GDP (Estimated 2014 EU28 GDP: 16.5 trillion €). Within this COFOG
division, the equivalent of 1.0% (1.6 trillion €) of GDP was spent on 'police services', the most
important COFOG group in this division, 0.3% of GDP on 'law courts' and 0.2 % of GDP each
on 'fire protection services' (including in fact all civil protection operations) and 'prisons'.

Figure 48. Public order and safety costs in Europe (source Eurostat).

In 2014, the level of expenditure on 'public order and safety' as a percentage of GDP was highest
in Bulgaria (2.8 %) and Slovakia (2.3 %) and lowest in Luxembourg, Norway and Denmark (all
1.0 %).
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As a ratio to GDP, Cyprus, Bulgaria and Greece spent the highest amount on police services
(1.4% of GDP in 2014). This group comprises also expenditure on the operation of boarder and
coast guards.
Expenditure on fire protection services amounted to 0.3% of GDP in Bulgaria, Estonia, Greece,
France and Finland, thus ranking it highest among the reporting countries.
Expenditure on 'law courts', which comprises expenditure on the operation of courts and the
justice system ranged between 0.7 % of GDP in Bulgaria in 2014 and 0.1 % of GDP in Cyprus.
Expenditure on prisons ranged between 0.1 % and 0.2 % of GDP in all countries except the
Netherlands and in Poland (0.3 % of GDP in 2014).
At the level of the EU-28, the by far largest part of expenditure on 'public order and safety' was
on 'compensation of employees' (around 70%), i.e. wages, salaries and employers' social
contributions for staff working in this field, for example, police, judges, firemen and prison
guards. 'Intermediate consumption' (including the purchase of goods and services by
government) made up about 23% (total expenditure 350 billion €) and capital investments
about 5 %.
According to the Bulletproof Vest Partnership Grant Act of 2008 issued by the US Department
of Justice authorized and appropriated funding for Law Enforcement Armour Vests in the US is
around 22.250 M$US. Considering that UN indicates an approximate median of 300 police
officers per 100,000 inhabitants, it is possible to estimate that the average funding for low
enforcement body armours in Europe is around 35 M$US (10% of the total intermediates costs,
1% of the global body armour for law enforcement).
This figure has been computed considering the following equation:

𝐴𝑝𝑝𝑟𝑜𝑝𝑟𝑖𝑎𝑡𝑒 𝑓𝑢𝑛𝑑𝑖𝑛𝑔 𝑖𝑛 𝑈𝑆
∗ 𝐸𝑈 𝑖𝑛ℎ𝑎𝑏𝑖𝑡𝑎𝑛𝑡𝑠
𝑈𝑆 𝑖𝑛ℎ𝑎𝑏𝑖𝑡𝑎𝑛𝑡𝑠

Body armour market analysis
The global body armour market size is expected to reach USD 5,661.0 million by 2024 (value in
2015 3,939.7 million in 2015) according by Grand View Research, Inc. The evolution of modern
day warfare has largely become asymmetric in nature and includes counter-terrorism, counterinsurgency, and guerrilla warfare operations. Similar scenarios exist in the law enforcement
sectors wherein felons, criminals, and law offenders are capable of fatally injuring responding
officers, thus necessitating the demand for body armour equipment.
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The rise in military warfare is propelling the need for ballistic protection equipment in order to
safeguard the armed forces. Emerging economies, such as India, South Korea, and China, are
persistently focusing on the replacement of legacy military equipment and are subsequently
increasing their spending in the defence sector. Modernization activities are creating several
opportunities for the vendors of body armour, which, in turn, are trying to obtain a competitive
edge by collaborating with the military agencies through a contractual process.
The defence agencies in developed countries, such as the U.S., Canada, and France, are laying
high emphasis on enhancing personal protection for armed forces & ground troops and are,
thus, focusing on upgrading the conventional protective headgears and body armour
capabilities.
Technological advances are the key instruments in accelerating the market growth as innovative
techniques, such as liquid body armour and dragon skin, are gaining momentum. In addition
to this, the demand for modular tactical vests and double-sided combat uniforms is on a rise
due to its features offering enhanced protection and ensuring soldier survivability.
Prominent manufacturers of personal protection suits are increasingly investing on R&D
activities for the development of advanced fibers, fabrics, and nanotechnology materials to
improve the effectiveness of the body armour. The use of modular tactical vests is gaining
momentum and is rapidly replacing the conventional Outer Tactical Vest (OTV), which limits the
soldier’s efficiency of carrying additional assault load such as magazine (firearms) and grenades.
Key findings of the study are:
•

The type IIIA segment accounted for 21.8% of the overall market share (in terms of
revenue) in 2015. The body suit offers protection against the type I, type IIA, type III, and
most handgun threats. Furthermore, the armour is suitable for the full-time wear in
several warfare and combat situations.

•

The civilian demand for personal body suits accounted for 7.4%of the total market share
(in terms of revenue) in 2015 and is anticipated to reach 7.7% by 2024. The demand is
particularly high in the U.S. A significant rise in the crime rates and incidents of mass
shooting in the U.S. is driving the demand for armour vests among civilians.

•

The ‘other’ materials segment is presumed to witness an upsurge in the demand owing
to the wide-scale adoption of nanotechnology materials fibers and fabrics, such as
Kevlar® and Shear Thickening fluids, among others, for manufacturing breathable and
light-weight body protection suits. The ‘other’ materials segment accounted for 14.2%
of the global market share (in terms of revenue) in 2015 and is projected to account
14.9% by 2024.

PAGE 62

SMARTPRO – Final Publication

•

The North American regional market accounted for 49.5% of the global revenue share
in 2015. Government initiatives, such as the U.S. Army Equipment Modernization
Strategy and Soldier Protection System (SPS), are remarkably contributing to the
industry expansion in the North American region.

•

Prominent players operating in the market include AR500 Armour, Ballistic Body
Armour (Pty) Ltd., Aegis Engineering Ltd., BAE Systems, Craig International Ballistics Pty
Ltd., Kejo Ltd., Hellweg International, Point Blank Enterprises Inc., Pacific Safety Products
Inc., and Safariland LLC.

Technological requirements
Looking towards tomorrow and beyond, the future officers will be required to carry more, utilize
more technology and withstand more extreme environments. Advances in materials and
technologies will be required to alleviate the increased weight and related fatigue arising from
these new demands.
“Multifunctionality” is a cross-cutting idea that encompasses many classes of materials as well
as their applications. Some of the applications of interest for the law enforcement officers
include materials that are lightweight and enhance the stab, ballistic protection,
biological/chemical (BC) resistance, communications/energy storage properties, durability and
comfort of officers’ equipment and uniforms. The payoffs to developing these technologies
include significant reductions in fatigue, casualties and and improved individual environmental
protection.
The most significant potential functional requirements of the future officers are listed below:
1.

Weight Reduction

A recent Defence Research and Development Canada study determined there is a 25%
reduction in performance due to weight and heat retention.

2. Thermal Management for Comfort
Thermal management covers both insulation in cold conditions and cooling in hot conditions,
even if the latter is more critical. Heat stress is a serious concern because it can affect the health
and safety of the individual as well as operational performance. When the ambient temperature
is above human body temperature (37°C), heat is transferred to the person. This heat added to
the metabolic heat generated by the body itself results in the human body heating up.
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3. Biological and chemical Protection
With growing concerns over the possibility of terrorist attacks using biological and chemical
(BC) threats, protection is of increasing importance. Chemical threats refer to nerve and blister
agents, while biological threats include bacteria (e.g. Anthrax), rickettsia (e.g. Typhus), toxins
(e.g. Botulinum Toxin) and viruses. The drawbacks to traditional personal protective clothing
(PPC) are its bulk, weight and lack of breathability (i.e., contributes to heat stress). There are two
parallel and complimentary research streams in this area; sensors and protective clothing. Both
are a necessity. Sensors are important for early detection of contaminants, while light,
comfortable and protective wear is essential for survival.
4. Modularity and flexibility
Armour should defeat multiple hits of high level threats while maintaining the lowest possible
weight, and provide the wearer with unrestricted movement. Extremity armour is not a new
concept. Gauntlets for the arms and greaves for the lower legs date back thousands of years.
The key is to protect vulnerable areas with a minimal increase in weight and without adversely
affecting the ability to perform tasks
5. Power/Data/Conductive Applications
The officers of the future will be carrying increasing amounts of high-tech equipment. Along
with need for new power systems and storage, novel ways to transfer data are needed.
Examples of applications include antennas that are integrated and/or embedded within clothing
or other pieces of equipment, flexible displays, equipment that is powered either through wired
or wireless systems, novel interconnects for equipment and power harvesting and energy
storage for technology life extension. In some cases, integrating these applications into
intelligent textiles may be desirable.
The outcomes of the survey carried out within the project by the end-user (INT, D5.1) have been
compared with the Roadmap issued by the Defence Research and Development Canada, as
per table below.
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Table 12. Canadian Security Materials Technology Roadmap - maximizes chances of survival and
mission success in a cost-effective manner.
Year

2015

2016

2017

2018

2019

2020

Market
Drivers

Mass migrations, asymmetric conflicts, terrorism, climate change,
constrained defence budgets, ubiquitous information technology,
low cost sensors, increased cybersecurity challenges, increasingly
severe weather events, integration of sensors and information
systems into land forces, increasing Chemical Biological
Radiological and Nuclear threats, emerging direct energy
weapons, globalisation
Product requirements
Extremities
Integrate ballistic protection and
blunt impact

Body armour

Improve comfort/fit

Shields

Lighter for
breaching options

Technical challenges
Reduce weight Reduce weight by 15%
Reduce costs
Multi-threat
design

Improve
ergonomics

10% cost reduction
Defeat various
kinetic energy

SMARTPRO enduser targets
Integration of
sensors,
terrorism,
emerging direct
energy weapons,
stab resistance
Chemical treats
Modularity,
ballistic and blunt
impact, stab
resistance
Reduce weight,
Female armour,
size adaptation.
Cooling system
integration
Modularity

Reduce weight by
25%

Weight reduction
10%

Defeat various
chemical threats

Integrate
ballistic/Stab
resistance
Chemical
protection by
photocatalysis,
risk mitigation by
sensors
Female armour
Optimised
closing system

Adaptable to various body
sizes
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Summary of main achievements
The distinct scientific and technological objectives of SMARTPRO are presented in Table 13
along with the approaches proposed and followed to reach them and the main relevant
achievements.
Table 13. Scientific and technological objectives of SMARTPRO, approaches followed to reach
them and main results achieved
Objective
Development of
flexible and
lightweight ballistic
and/or stabresistant textile
panels

Approach followed towards
objectives
• Optimization of composition
and structure of ballistic and/
or stab resistant textiles for
specific threat types/levels.
• Application of alternative
treatments to increase the
ballistic and/or stab protection
provided by textiles on an
areal density basis.
• Assembly of ballistic and stabresistant textile layers in order
to maximize the level of
protection while keeping the
weight and cost of the panel
as low as possible.
• Development of fish-scale
type outermost protective
layer to absorb the first
impact.

Main achievements
•

•

•

•

•

A woven Kevlar® fabric was selected
among alternative textiles as the basic
protective fabric.
Alternative surface treatments were
developed and applied on the protective
fabrics to enhance their efficiency on an
areal density basis, including synthesis and
application of shear thickening fluids,
application of dilatant coating, thermal
spraying of ceramic coatings, application
of SiC particles along with PU and PA
nanofibers, and synthesis and application
of crosslinked aromatic polymers.
The treated fabrics were combined (also
with untreated ones) in various assemblies
aiming to develop a panel that provides
both ballistic and stab protection with
minimum possible weight.
In doing so, protective panels exhibiting
both ballistic (Level IIIA) and stab (Level 1)
resistance, and weighing 5,76 kg/m2, were
developed. These panels fulfil the endusers’ requirements specified in the course
of the project.
Further, flexible scale-type composites with
high impact strength were developed.
Such flexible composite structures can
replace the rigid metallic systems currently
used for impact protection by riot police
units.
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Objective
Reduced
maintenance
requirements

Approach followed towards
objectives
• Functionalization of the outer
fabric of the body armour to
induce self-cleaning and depolluting properties.

Main achievements
•

Increased
awareness

•

Development and integration
of smart solutions.

•

Comfort and user
acceptance

•

Use of 3D (spacer) fabrics for
reduced thermal stress.
Optimized design considering
modularity and ergonomic
requirements of end-users.

•

•

•

Realization and
evaluation of
prototypes

•

Manufacture of prototype
body armours, including
protective gear for body parts
other than the torso and their
evaluation by end-users.

•

To demonstrate the possibility of reducing
maintenance requirements of body
armours, the outer fabric of one prototype
was surface treated with photocatalytic
sulphonated polyetheretherketone (SPEEK)
compound, which was synthesized in the
frame of SMARTPRO and proved to
decompose organic substances and
pollutants.
As envisaged, in the frame of the project,
the following smart systems were
developed and integrated in one
prototype used as demonstrator: a heart
rate sensor (integrated in an
undergarment), along with miniaturized
nanowire gas sensor and textile antenna
(integrated in the body armour).
A new, modular body armour was
designed for use by special units and riot
police, considering the ergonomic
requirements and preferences of the endusers, who were actively involved in the
design process.
Furthermore, 3D knitted fabrics were
developed and integrated as liners in the
body armours to improve the perceived
comfort.
Prototype body armours for riot police,
special units and patrol officers were
manufactured as demonstrators. The
possibility of designing and manufacturing
protective panels specifically for female
officers was also demonstrated. The
prototypes were subjectively evaluated by
representatives of the end-users in view of
ergonomic and comfort criteria.
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As deduced from the above Table all the objectives set out in the project were successfully met.
It is worth noting that the comparison between the Canadian Roadmap (Table 12) and the
successfully reached SMARTPRO objectives demonstrates that project achievements allow to
efficiently reach most of the challenges to be faced in the near future for soft body armours.
Thus, there is a huge market potential for the project outcomes.
In fact, the project has led to nine key exploitable results, namely:
•
•
•
•
•
•
•
•
•

KER1: 3D knitted Kevlar® fabrics
KER2: Scale type composite for protective applications
KER3: Method for graphene growing on carbide particles
KER4: Optimized surface treatments for protective textiles
KER5: Process for self-cleaning functionalization of textile using photocatalytic polymer
KER6: Lightweight and flexible protective panel providing ballistic (Level IIIA) and stab (Level
1) protection
KER7: Textile antenna
KER8: Textile heart rate sensor
KER9: New design of modular body armour for riot police and special units

For each of these KERs, the Technology Readiness Level (TRL) at the beginning and the end of
the project, potential applications and anticipated impact are summarized in Table 14.
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Table 14. KERs and corresponding TRLs, applications and impact
KER

TRL at
project start

TRL at
project end

KER 1: 3D knitted
Kevlar® fabrics

TRL 3

TRL 7

Applications of KER
1) Spacers for workwear apparel.
2) Spacers for security forces apparel and
protective covers for armour vest
3) Anti vandal mattresses
4) Anti vandal seat parts for public
transport
5) Industrial fabrics

KER 2: Scale type
composite for
protective
applications

TRL5

TRL6

1) Individual protection (e.g.: protection
vest)
2) Sport protection (e.g.: leg protection
for soccer players or use in motorcycle
jacket, etc.)

Impact of KER
New product for a new market: E.CIMA will start a
production of an aramid spacer for apparel for
security forces as a result of knowledge acquired
during SMARTPRO project.
E.CIMA is able to produce new fabrics for anti vandal
mattresses and parts of seats for public transport
E.CIMA is able to produce spacers for industry with
high cut resistance and tear strength, and spacers for
work wear apparel where cutting resistance is a
requirement.
It is a compact and robust protection system and its
geometry allows fitting in the body limb (e.g.: arm or
leg). It can be glued on textiles to improve the
versatility and integration in the clothes directly.

3) Animal protection (e.g.: bite of a dog
or other animal)
KER 3:
Graphene

TRL1

TRL4

Synthesis of novel functional materials

Materials for lightweight reinforcement of textiles
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KER

TRL at
project start

TRL at
project end

KER 4:
Optimized
surface
treatments for
protective
textiles

TRL5

TRL7

KER 5: Process
for self-cleaning
functionalization
of textile using
photocatalytic
polymer

TRL6

Applications of KER

Impact of KER

growing on
carbide particles
1) Lightweight soft body armour
2) Cross-linkable polymers for textile
surface treatment

TRL7-8

1) Leisurewear textile to promote selfcleaning
2) Furniture sectors
3) Photocatalytic filter media wastewater and air purification

Potential increase of the textile performance at
reduced textile weights.
Exploit through licensing (fee 4-7%) of the
production protocol to company dealing with body
armor production.
The market for photocatalytic products is expected
to grow at a CAGR of 12.6% during the next 2 years,
reaching $2.9 billion by 2020. Competitive price for
photocatalytic finishing is promising for commercial
applications. It is estimated that total revenue could
reach up to 1,0 M/€ by 2025.
Exploitation: direct sell of the products (expected
price 13.5€/kg). Investment for the assembly of semiindustrial reactors or licensing (fee4-5%) for the
supply of functional polymer to chemical company.
Competitors: titanium dioxide product (Degussa;
Nanomaterial Inc.) and photocatalytic SUNDIA Fibre
(around 35 €/kg)
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KER

TRL at
project start

TRL at
project end

Applications of KER

KER 6:
Lightweight and
flexible
protective panel
providing
ballistic and stab
protection

TRL5

TRL7

KER 7: Textile
antenna

TRL3

TRL 5

GPS localization of risk-exposed staff,
e.g. at sea, forest or high-terrain

Textile antennas can be integrated in almost any
kind of fabric, assuring very good signal reading in
any kind of clothing

KER 8: Textile
heart rate sensor

TRL3

TRL 4

Hear rate monitoring for risk patients
(long-term measurements) and even for
fitness sector

Textile electrodes enable high wearing comfort and
therefore easy integration in any undergarment for
daily use such as for patient monitoring in hospitals
or at home

KER 9: New
design of
modular body
armour for riot
police and
special units

TRL5

TRL7

Body armours with modular and
ergonomic design for use by riot police
and special units’ officers

The key advantage of the design is that it was
developed according to end-users’ requirements, so
it is particularly fitting the needs of specific police
units. Further, it demonstrates the possibility to
adapt the design of body armours to specific tasks
and operations, maximizing the mobility of the users.

This KER is directly linked to KER 4

Impact of KER
As for KER 4.

1) Body armours for law enforcement
personnel and correctional officers
2) Military body armours
3) Body armours for civilian use
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