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Abstract: The development of ballistic protection vests (BPVs) has become increasingly significant,
particularly in the design of soft panels, which are critical to the overall size and configuration of
these vests. Despite their importance, a standardized design process for soft panels is lacking in the
literature. This research addresses this gap by creating soft panels tailored to the body types of
regional soldiers while adhering to relevant standards. We propose a comprehensive design
algorithm and evaluate the applicability of the National Institute of Justice (NIJ) standard 0101.06
test templates for configuring these panels. This study aims to design soft ballistic panels for BPVs
that cater to the body type requirements of regional soldiers and comply with NIJ 0101.06 standards.
We have developed an algorithm for designing soft panels and analyzed the feasibility of using NIJ
test templates for their configuration. The research encompasses a detailed literature review,
analysis of existing BPV soft panels, and comparison with NIJ test templates. The panels were
designed and scaled using computer-aided design (CAD) systems and evaluated through by
physical fitting on mannequins and virtual fitting using the Clo3D program. Our findings indicate
that the NIJ standard test templates are only partially applicable to the design of soft panels. The
developed methodology includes an algorithm and size specifications tailored to regional covers. A
coefficient (K) was identified to calculate the soft panel surface area prior to design, thereby saving
time and resources.

Keywords: Ballistic protection vests; soft panels; body armor; design; NIJ standards

1. Introduction

The development of individual BPVs is critical globally due to the high demand in both civil and
military defense sectors [1,2]. With the advent of new textile materials and enhanced soldier
equipment, the design and modularity of ballistic protection clothing must evolve to integrate
effectively with personal protective equipment (PPE). Modern BPVs must comply with NIJ standard
0101.07, widely used among NATO member states, to ensure optimal protection and comfort. This
research focuses on creating BPVs with enhanced modularity and adaptability, considering the
diverse body types of the target audience while maintaining compliance with NIJ and STANAG 2335
standards.

Ballistic protection vests (BPVs) must meet the stringent requirements of modern personal
protective equipment (PPE) [3]. One of the critical requirements is the full-fledged modularity of BPV
components while ensuring compliance with the National Institute of Justice (NIJ) standard 0101.07
[4], the most widely used standard among NATO member states. This standard not only mandates a
high level of ballistic protection but also emphasizes maximum comfort for the wearer. Enhancing
the physical comfort and mobility of the wearer can be achieved through flexible BPV construction
and design, task-specific compliance, weight reduction, and the creation of BPVs tailored to specific
sizes, accommodating various body types within the target audience.

© 2024 by the author(s). Distributed under a Creative Commons CC BY license.
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The primary functional components of a BPV are the soft panel and the hard plate, both of which
provide critical protection against ballistic impacts. The size and features of a BPV are predominantly
determined by its soft panel. According to the National Institute of Justice Selection & Application
Guide 0101.06 [5] to Ballistic-Resistant Body Armor, “The standard does not dictate how armor must
be designed; rather, it prescribes what it must be able to do. This ensures that body armor meets
officers’ needs, yet leaves manufacturers free to innovate.” Furthermore, the guide states, “To
provide for uniformity in testing, the standard provides five template sizes for soft armor panel
samples (C1, C2, C3, C4, and C5). These templates are designed to represent 95% of officers, although
they are not indicative of service armor design and are required for testing purposes only” [5]. This
implies that the only design parameter of the NIJ standard test templates that is relevant to
manufacturers is the surface area of the production panel.

Given that the surface area of the panel is significantly influenced by the primary parameters of
the soft panel —length and width—and that the GUIDE [5] claims the test templates are intended to
cover a wide range of officers, this study aims to determine the feasibility of using NIJ standard test
templates, adapted to human body proportions, as the basis for BPV soft panels. Additionally, it seeks
to investigate whether other manufacturers have utilized these test templates in their design
solutions.

The primary objective of this research is to develop soft panels suitable for the body types of
regional soldiers across all necessary sizes, ensuring compliance with NIJ [4,6] and STANAG 2335
("Interchangeability of Combat Clothing Sizes") standards [7].The goal is to achieve an optimal
balance between ballistic protection and physical comfort. This study explores the possibility of using
test templates in BPV design and develops a soft panel design methodology that could be employed
by manufacturing and research companies for pattern making.

Currently, no comprehensive methodology exists for designing soft panels that adhere to these
standards and potentially saving companies considerable time in locating relevant information and
ensuring compliance with minimum requirements without extensive research. Often, companies
may bypass the research phase to expedite design, relying on existing market panels without fully
understanding the correlation between parameters and human body proportions, thereby
compromising both the physical comfort and ballistic protection of the BPV.

This methodology can also be valuable for researchers focusing on improving soft panels and
BPVs in aspects beyond size fitting. The study involves analyzing regulatory documents and
technical information on globally produced soft panels, designing soft panel patterns for specific
regions, fitting them on appropriate figures, and assessing their compliance with standard
requirements. The proposed methodology's broad applicability was on 16 different BPV sizes in two
variations: as an outer garment and as an undergarment.

The development of a standardized methodology for soft panel design not only facilitates
compliance with regulatory standards but also enhances the efficiency and effectiveness of BPV
manufacturing. By ensuring that soft panels are tailored to the specific body types of regional
soldiers, this research contributes to the creation of more comfortable and protective BPVs, ultimately
improving the safety and performance of military personnel.

2. Materials and Methods

This research was initially based on the NIJ 0101.06 standard [6] Jand later evaluated against the
updated NIJ 0101.07 standard [4]. The methodology comprises several key steps:

1. Literature Review: Conducting an extensive review of existing standards and BPV soft panel
designs.

2. Pattern Design: Developing and scaling soft panel patterns using CAD systems, based on the
typical measurements of regional soldiers.

3. Fitting Evaluation: Assessing the patterns through physical fitting on mannequins and virtual
fitting using the Clo3D program.

4. Algorithm Development: Formulating an algorithm for soft panel design, incorporating
necessary improvements and adjustments identified during the fitting process.
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5. Comparative Analysis: Comparing the surface areas of NIJ test templates with the designed
panels to evaluate their applicability.

The study aims to assess the suitability of NIJ test templates for BPV design and to develop a
standardized methodology for the production of soft panels, thereby saving time and resources for
manufacturers and researchers.

This research was conducted based on the NIJ 0101.06 standard and its updated version NIJ
0101.07 released in October, 2023. Consequently, the designed panel patterns and methodology were
reassessed to ensure compatibility with the updated standard. Despite supplementations in NIJ
0101.07, such as improved test methods for designing women's BPVs, more rigorous testing of soft
panels, and references to standardized test methods and laboratory practices, it was determined that
there were no significant changes affecting soft panel pattern design. Although the NIJ 0101.07
standard does not specify the surface area for production soft panels, it retains the same test template
sizes and configurations. The standard states, "...the supplier selects the templates to be used based
on the range of sizes over which the armor model will be produced". This necessitates comparisons
between production soft panels and NIJ test templates, particularly in terms of surface area. For this
research, test templates from the NIJ 0101.06 standard were utilized due to their convenient metric
measurements, which are not included in the NIJ 0101.07 standard.

BPV Types and Design Recommendations

According to the NIJ standard, two types of BPVs can be distinguished based on their usage:
undergarment BPVs, designed to be concealed and typically consisting only of soft panels, and outer
garment BPVs, which may include hard plates for additional protection depending on the required
protection level. Outer garment BPVs can also incorporate various elements and accessories
necessary for specific work duties. Unlike the NIJ standard, which primarily focuses on requirements
and performance, more specific recommendations for BPV design and body interaction points are
found in the GUIDE and are summarized in Table 3. For instance, the frontal panel shall start at the
nape of the neck and extend to 2-3 finger widths above the waistline. The GUIDE also explains the
use of the proposed C1-C5 test templates. The width and length gradation step were defined using
the STANAG 2335 standard, adopting the unified size designation—an 8-digit code for more precise
size comparison between member states [7].

Analysis of Existing BPV Soft Panels

The study included an analysis of BPV soft panels currently used by the national army, involving
a pattern comparison of sample parameters with NIJ standard test templates in both printed and
CAD formats. The surface area corresponding to each test template was used to determine the
characteristics of the soft panels and to assess whether the proposed NIJ standard test templates and
requirements were considered in their design [5,6].

Data Collection and Adaptation

Due to the absence of up to date information on regional soldiers' body measurements, national
literature from previous periods was reviewed [8,9] and measurement tables from global BAV
companies [8,10-18] were surveyed. In collaboration with a local military clothing manufacturing
company, these measurement tables were re-worked to reflect the current situation in the region.

Determining Ease Allowances

Seven different layers of military clothing were placed on a size-appropriate mannequin to
measure the differences between and uncoated and a clothed mannequin in chest and waist
circumferences. This helped to determine the required ease allowances for the outer garment and
undergarment BPVs [19].
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Design and Fitting Evaluation

The soft panel patterns were designed and scaled using a CAD system based on typical regional
soldier measurements. Fitting evaluations were conducted on an adjusted mannequin and virtually
using the Clo3D CAD system's fitting module. The suitability of the patterns for different sizes within
the target audience was assessed. All improvements and changes identified during the fitting process
were analyzed and digitally incorporated into the soft panel patterns in the CAD system.

Development of Design Methodology

The design methodology was developed as an algorithm, incorporating all necessary
improvements, analyzing them, and summarizing the development progress of the soft panels. This
comprehensive methodology aims to assist companies in saving time and ensuring compliance with
minimum standards without extensive research. It also serves as a valuable resource for researchers
focusing on aspects of soft panel and BPV improvement beyond size fitting.

3. Results and Discussion

The research reveals that although NIJ standard test templates provide a useful starting point,
they are only partially applicable to the design of soft panels. Our proposed algorithm and size
specifications for the region ensure a more precise and tailored fit. By identifying a coefficient (K) for
calculating the soft panel surface at the pattern development stage, the study offers a practical tool
for optimizing the design process, thus enhancing efficiency and resource management.

Determination of Research Data

BPV design criteria can be divided into three groups: ballistic energy absorption, wearer comfort
and mobility, as well as product accessibility. When designing BPV, including their soft panels,
demanding tasks such as: maximum absorption of ballistic energy, comfort of the wearer, usability,
compliance with regulatory documents, reduction of the total weight of the product, flexibility of the
design, and reduction of product costs must be solved (see Figure 1) [5-7,20,21].

i ENSURING THE COMFORT of the wearer:
ballistic gnergy » flexibility of the structure (pattern and
absorption WEARER design).

BALLISTIC COMFORT » usability /compliance with the task and

ENERGY AND
ABSORPTION MOBILITY

purpose
7 reducing the overall weight

AVAILABILITY

Reduction of product costs

Figure 1. BPV design criteria and tasks (author's image).

To improve the physical comfort and mobility of the designed BPV, the level of protection must
be first determined. The speed of the bullet can reach 398-990 m/s and impacts the body with different
forces; therefore, each BPV is designed for a specific level of protection [22]. The NIJ 0101.06. standard
[6] distinguishes 5 levels of protection from IIA to IV levels, where IIA is the least ballistic energy
absorption. Each subsequent level can also protect against the threat of the previous levels. Since
October 2023, there is a separate NIJ Standard 0123.00 for the ballistic protection levels and associated
test threats [22]. The BPV developed within this research was designed for level IIIA, which according
to new standard is NIJ HG2, as this is the highest level for which the necessary protection can be
achieved only with soft panels. The protection levels according to NIJ are presented in Table 1.
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Table 1. NIJ standard BPV protection levels [22].

) Reference
Protection Former Test Threat Velocit
Level Threat Level es ¢ eroctty,
m/s
9mm Luger FMJ] RN 124 grain 398
IJ HG1 IJ Level 11
NUHGL  NijLeve 357 Mag JSP 158 grain 436
9mm Luger FM] RN 124 grain 448
NIHG2 - NIj Level LA 44 Mag JHP 240 grain 436

7.62x51mm M80 Ball NATO FM] Steel Jacket 847
147 +0/-3 grain

NIJRF1 ~ NIJLevel I 7.62x39mm MSC Ball Ammunition Type 56 732
from Factory 31
5.56mm M193 56 +0/-2 grain 990

7.62x51mm M80 Ball NATO FM] Steel Jacket 847
147 +0/-3 grain

NIJ RF2 NA 7.62x39mm MSC Ball Ammunition Type 56 732
from Factory 31

5.56mm M193 56 +0/-2 grain 990

5.56mm M855 61.8 + 1.5 grain 950

NIJ RF3 NIJ Level V 30.06 M2 AP 165.7 +0/-7 grain 878

Depending on the protection level, size, and type, an assembled BPV can weigh between 3 and
25 kg. A higher level of protection can be achieved by increasing the number of layers of soft panels
and adding hard plates, as well as other additional protective parts (shoulder, neck, upper arm,
throat, groin, etc.). These measures results in a heavier and less flexible BPV assembly, interfering
with the soldier's daily tasks [6,21].

BPV Physical Comfort

The product's functionality is critical for the soldier's efficiency and is closely related to the
number of layers of clothing worn underneath and the amount of equipment that can be attached to
the BPV. Functionality is determined by the work tasks to be performed by wearer and the actions
required for their completion; for example, it could be an ability to quickly change the layers of
clothing worn underneath, run, bend, and squat freely, stand in battle positions, and so on [23]. When
designing the soft panel configuration, it is necessary to pay attention to physical comfort, which is
directly related to freedom of movement and coherence with the body surface.

In order to choose suitable anthropometric data for the specific product, it is essential to identify
which parts of the body and to what extent will be covered by PPE, what physical activities and how
long to be performed by the wearer [21].

The freedom of movement can be evaluated in field experiments, for example with a worn
prototype trying to walk, sit, climb, run, pick up an object from the floor, or simulating the
movements that are necessary for a soldier's everyday life, such as placing a weapon on the shoulder
and throwing a grenade.

For example, the important body measurements for the design of shoulder garments is the width
of the shoulders, because when raising the arms up, for a soldier decreases by 4.6-5.8 cm. While the
width of the armpits when extending the arms forward, increases by 9.3 cm [23]. This example clearly
demonstrates that changes in body measurements during movements must be considered in the
patternmaking of soft panels.

do0i:10.20944/preprints202406.1604.v1
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Dimensions of Soft Panels

According to the NIJ 0101.06 standard, the basic characteristic of soft panels is their surface area.
The NIJ standard [6] defines three different area limits for each panel size:

e the first ballistic test template surface area with a very accurate configuration, according to
which soft panels are prepared for ballistic protection tests;

e the second and third are the maximum and minimum surface areas for production soft panels
to be placed in protective vests, specifying only their configuration with specific indications
about panel overlapping in the side parts and indications ensuring the ergonomic comfort of the
BPV wearer in the neck, waist, and arm areas.

Table 2 presents the main characteristics of the soft panel test templates under NIJ standard.
According to these, the proposed test templates were verified whether they can be adapted to the
human body and used in panels’ production. As well as other manufacturers’ soft panels were
compared whether they adhered to them in their designs.

Table 2. Summary of the main characteristics of NIJ Standard test templates [6]

Surface area, Width (A), Height (B), Upper part
mm? mm mm width (C), mm
. Bmin

min max Amin Amax (Front/Back) Bmax Cmin Crmax
NIJ-C1 <98000 98000 292.2 3175 2629/292.1 3175 228.6 254
NIJ-C2 98000 139900 406.4  431.8 313.7/3429  368.3 254 279.4
NIJ-C3 139900 189000 520.7  546.1 364.5/393.7  419.1 2794  304.8
NIJ-C4 189000 245500 635 660.4 4153/4445  469.9 304.8  330.2
NIJ-C5 245500 >245500 749.3 7747 466.1/4953  520.7 330.2  355.6

The GUIDE [5] contains suggestions for the selection of BPV and indicates of exact points where
the soft panels need to start and end on the soldier's body, which also helps in the designing of the
soft panels. For example, the front panel must start directly from the jugular notch and end 4.45-6.67
cm above the working belt. All the requirements specified in the document supplementing the NIJ
standard [6] regarding the side cover of the panels and the indications ensuring the physical comfort
of the BPV wearer in the neck, waist, and arm areas are summarized in Table 3.

Table 3. The GUIDE [5] requirements regarding the design and use of soft panels in BPV

Instructions for outer

No. Requirement Front panel Back panel garment BPVs
1. Side coverage Front and back panels overlap at
least 5.08cm on the each side. -
2. Height Should extend Should extend Can be slightly longer
from just below  from without impeding

the jugular notch approximately movement or comfort.
to two to three 5.08cm below

finger-widths the collar to

above the top of  approximately

the belt when 2.54cm above

standing. the belt.
3. The armpit area  Ballistic coverage under the arms May afford slightly
coverage should be as high as possible greater protection in

without compromising the ability this area.
to obtain a shooting position.
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4. Surface area The minimum and maximum A larger area of the body
specified in the NIJ standard must should be covered, and
be maintained. more protection should
be provided.
5. Fit Should fit snugly, but not so Less tight / looser

tightly that it may affect breathing
(including deep breathing, such as
may occur during a foot chase).
The armor should slide slightly on
the body as the torso is rotated
back and forth.
6. BPV and soft panel When trying on the soft panels and BPV itself, soldiers must
physical comfort conduct various daily movements, such as rotating their
check upper bodies or sitting down, to ensure that the soft panels
are not "sitting" on the belt and the upper edge is not
pressing against their neck.

Taking into account the above summary, the soft panels were configured using the dimensions
C and D of the relevant size test template from Figure 2 of this article, covering the entire minimum
border area of the upper part of the test template. Dimension A changes depending on the chest and
waist circumferences of the human body, which are supplemented with the constructive allowances
(undergarment BPV: 1-4 cm, outer garment BPV: 3-7 cm) and the side coverage width, while
dimension B changes according to the human body's height.

These dimensions also serve as features of the soft panels that are going to be created, allowing
us to analyze their compatibility with the proportions of the human body. Figure 2 illustrates the
locations of all dimensions on the soft panel.

g =
LA
D

NIST [SIzmc TEMPLATE FOR ARMOR SAMPLES | {¢rrer (8.5 x 1) [r\';m 06 mp,mi] 0

[Tee=iomw|  TEMPLATE SIZE NIJ-C-3 - MEDIM | aosmox. 1| M. A Riey SoFS
-~

Figure 2. NIJ C3 Test Template [6] for soft panels with the main dimensions marked, where A is panel
width, B is panel height, C is panel upper part width, and D is panel upper part height. The blue line
indicates the test template's minimal parameters, while the red line indicates the maximum.

Configuration Analysis of Production Soft Panel Samples Used in the Military

In order to improve the BPVs and soft panels used in a certain region, it is necessary to
understand the product range and configurations that are already in use; therefore, an analysis of
available soft panel samples was carried out.
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Soft panel patterns from two manufacturers, "Company A" and "Company B," were studied and
analyzed to determine their conformity with the requirements of NIJ standard 0101.06 [6] and the
indications of accompanying documents [5], presented in Tables 2 and 3, and Figure 2.

The First Requirement: Surface Area

Table 4 shows the analyzed soft panels according to their surface area which adheres to a specific
NIJ standard [6] template. The study determined that the analyzed BPV samples did not cover all test
templates; only soft panels of NIJ-C3 and NIJ-C4 sizes were available for the sample assessment.

Table 4. Adherence of the analyzed soft panels to test templates NIJ-C3 and NIJ-C4

Allowabl
owable Surface area, Height, cm  Width, cm
surface areas Manufacturer, m?2
th T f
Title 1 for - name of the Sige 1YPEO
production  analyzed soft wear Front Back Front Back Front Back
BPV, min- panel. panel panel panel panel panelpanel
max, m?

NIJ-C3 0.1399-0.1890 “Company A”,S1 ~ S1 ~ Outer 0.1710 0.1436 343 36.6 64.6 52.2
“Company A”,52  S2 garment0.1770 0.1635 36.6 39 648 59.4

“Company A”,53  S3 0.1832 0.1838 39.2 419 64.6 66.8
“Company A”, 51/52 0.1635 0.1505 36 385 61 56.8
paper
“Company B”, 52 0.1675 0.1651 35.7 387 615 62
n0.39/57, no.37
“Company B”, LL Underga0.1523 0.1639 37 44 545 56.8
no.15/16, no.13/14 rment

NIJ-C4 0.1890-0.2455 “Company B”, 2XLL Underga - 0.1999 - 49 - 645

no.27 rment

In total, 16 samples of soft panels were examined — 5 outer garment BPV soft panel sets, 2
undergarment BPV soft panel sets, and 1 undergarment BPV back panel.

In comparison the areas of the outer garment BPV size 52 soft panels of both manufacturers,
showed minimal differences: 0.0095 m? for the front panel, and 0.0016 m?for the back panel. Only the
surface area configuration of the comparable panels differed (see Figure 3).

a) b)

Figure 3. Front (a) and back (b) panels of outer garment BAV size S2 — “Company B” (blue dashed
line) and “Company A” (black line).

The Second Requirement: The Configuration of the Soft Panels

To determine whether these companies used the dimensions from the relevant test templates
specified by the NIJ standard, all three dimensions A, B, and C (see Figure 2) were estimated for the
soft panel samples and compared to the NIJ-C3 and NIJ-C4 test templates [6].

First, the width, or dimension A, of the soft panels were compared. Since the test templates
specified in the standard do not include side overlap, but the manufactured samples do, to ensure
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that both sizes are graphically comparable, it is assumed that the minimum expected side overlap of
5.08 cm was used and distributed symmetrically on the front and back soft panels (see Figure 4).

The vertical axis indicates the widths of the soft panel pairs (front and back) without side
coverage. The minimal and maximal limits of the NIJ-C3 and NIJ-C4 test templates widths are
marked in orange.

@ oo
5o W

Width without side coverage, cm
FoT T, B [T T, |
98 2 o n 9
I
] Il
1 I
1 I
| ||
- I
1 I
] Il
]
1
|
]
]

45

“Company “Company “Company “Company “Company “Company “Company
A" 51 A" 52 A*,53 A", paper BT, 3857 B, 15/16 8", 27
and 37 and 13/14
m Front panel NI-C3 min_ {max NI-C4 min./max. NII-C2, NIJ-C3, and NU-C4
Back panel width limit width limit ==" \width separation boundaries.

Figure 4. Width comparison of soft panel samples with corresponding NIJ standard test templates.

The graphic in Figure 4 clearly illustrates that the majority of the soft panels in width A
correspond to the relevant test template. The widths of the outer garment BPV soft panels on the left
slightly exceed the maximum width limit of the NIJ-C3 test template: the front panel by 0.3 to 0.7 cm,
and the back panel by 2.35 cm for the S3 size (Company A), yet the back panel of the 51 size (Company
A) does not exceed the NIJ-C3 by 0.7 cm.

Determination of the Height B of Soft Panels

The NIJ GUIDE [5] specifies the required position of soft panels in relation to specified
anthropometric points on the body (see Table 3). This demonstrates that the height B of the soft panel
is proportionate to the length of the soldier's torso. For panels of the same size designed for users of
different heights, the height B will differ.

Document [5] specifies that the front panel should extend from below the jugular notch to two
to three finger-widths (4.45-6.67 cm) above the top of the belt when standing. The back panel should
extend approximately 5.08 cm below the collar and 2.54 cm above the belt.

Figure 5 illustrates the height B dimensions of all investigated soft panels. It was determined
that the studied undergarment BPV soft panels were designed for tall users with torso lengths above
50 cm, therefore, the height B of the back panels exceeds the maximum height B restrictions of the
NIJ-C3 and NIJ-C4 templates. On the other hand, the height of the front panel B is less than the
minimum height restriction of the NIJ-C3 test template, which can be explained by the allowable
neckline recess of up to 5.54 cm.

The comparison of the outer garment BPV soft panels of both manufacturers, showed that their
height B measurements did not reach the minimum specification limit of the corresponding NIJ-C3
test template height B. This could be because the BPV can be accompanied with shoulder and neck
protectors to cover the sections of the body not protected by the BPV soft panels. Protectors overlap
with the front and back soft panels. However, it should be noted that the shoulder and neck protectors
are not always used.
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50
48

46

Height, cm

36
34 I I
32

C:Jmpary "Company “Company “Company “Company b “Company “Company
A", S1 A" 52 A", 583 A" paper B“, 39/57 ) B”, 15/16 B", 27
and 37 and 13/14
M Front panel NU-C3 min./max. NIJ-C4 min./max. Maximum front
Back panel height limit height limit = 7 neckline recess

Figure 5. Height B comparison with the NIJ-C3 and NIJ-C4 test templates; a) outer garment, b)
undergarment.

Determination of the Width C of the Soft Panels

The top width C of the analyzed outer garment BPV front soft panels mostly exceeds the
maximum limit value of the NIJ-C3 test template, while the back panels are below the minimum limit
value (see Figure 7) by 0.7 to 2.1 cm. Undergarment back panels no. 27 are 4.3 cm short of the NIJ-C4
template's minimum top width requirement.

The upper part width of the examined soft panel front parts has an obliquity (E) of 4.2 to 6.3 cm,
which is significantly exceeds the maximum of 1.9 cm allowed by the NIJ test templates (see Figure
6). However, given that the C parameter of the studied soft panel samples mostly exceeds the
maximum limit of the NIJ-C3 test template, the larger obliquity helps bringing the mid-width of the
top (Caverage) closer to the standard. This can be explained by the intention to reduce the area of the
soft panels, and thus increase the protection in the armpit area.

Figure 6. Allowed obliquity (E) of the soft panel upper part width (C) of NIJ test templates [6].

Even though measurement C of panel no. 27 should be within the NIJ-C4 test template's limits,
the upper part width of the undergarment BPV soft panels does not even satisfy the NIJ-C3 test
template's minimal limit. The upper part width of this panel is narrowed by 1.5-4.2 cm compared to
dimension C of the NIJ-C3 test template.
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Upper part width, cm
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Figure 7. Upper part width (C) comparison with the NIJ-C3 and NIJ-C4 test template limits.

Determining the Configuration of Soft Panels

By matching the contours of the front and back undergarment BPV soft panels of the "Company
B" with the corresponding NIJ-C3 test template (see Figure 8 with blue contour), the overall
dimensions and configuration of the soft panels are compared to the NIJ standard test template.

As the soft panel height B is increased to fit tall user with torso length > 50 cm [19], it causes an
increase in the total surface area. In order to keep the soft panels fit in the specific area of the NIJ-C3
test template, the upper corners of the back panel have obliquity.

Looking at the configuration of the undergarment BPV soft panels relative to the configuration
of the corresponding NIJ test template, it can be seen that the bottom edge of the soft panels is curved
to provide a snug fit. The size of the curve depends on the difference between the chest and waist
circumferences of the soldier figure, as well as the tolerances in those circumferences.

Figure 8. Comparison of “Company B” LL size undergarment BPV soft panels (black line) with the
NIJ-C3 test template configuration (blue lines).

Output Parameters for Designing Soft Panels

The NATO standard STANAG requires each member state to produce as small range of sizes as
possible, covering national demand [7]. At the local military apparel production Company A, it was
discovered that the regional type figure length ranges from 160 to 200 cm, with a chest circumference
of 80 to 140 cm.

To ensure the modularity and comparability of BPV in all NATO member states, the STANAG
2335 standard defines a graduation step by length and circumference group sizes of 5, 10, and 15 cm
(the step must be divided by 5), as well as a size marking code consisting of 8 symbols, where the
first four numbers indicate length graduation and the next four indicate chest circumference
graduation [7].


https://doi.org/10.20944/preprints202406.1604.v1

Preprints.org (www.preprints.org) | NOT PEER-REVIEWED | Posted: 24 June 2024 d0i:10.20944/preprints202406.1604.v1

12

The designed soft panels will be graded for three different body heights: short (168 cm), regular
(182 cm), and long (196 cm). Figure 9 illustrates the full-size coverage. The numerical names of the
sizes correspond to the codes established in the STANAG 2335 standard, while the letter designations
provide easier comparison at the national level.

JACKET/VESTE
CHEST/TOUR DE POITRINE (cm)

70 75 80 8 90 95 100 1?5 11|O 11]5 12]0 12|5 1%0 1%5 140 1715

1 T 7 I |
150 T T | — T 1 T | B — | E——

155—+
160
6075/8090 | 6075/9000| 6075/0010 |6075/1020 | 6075/2030|6075/3040
T 1651
g S M L XL | 2XL | 3XL
2 1701 short short short short short short
5
5175
% 7590/8090 | 7590/9000 | 7590/0010|7590/1020 | 7590/2030| 7590/3040
2 180
")
£ S M L XL | 2XL | 3XL
185— regular regular regular regular regular regular
190
9000/9000 | 9000/0010{9000/1020 |9000/2030
1951 M L XL | 2XL
long long long long

200

Figure 9. National BPV size coverage.

It was challenging to obtain the current body measurements in the specific region because all
the available measurement tables were outdated and companies were reluctant to share their
accumulated measurement systems. Developing a table of measurements for the target audience by
taking measurements and compiling them is a time-consuming process that would require separate
research. All previously published literature sources of measurements were combined into one chart
and sent to Company A to update basing on the current situation. Resulting in a table of
measurements required for all 16 sizes with the gradation specified in the STANAG 2335 standard.

To estimate the needed tolerances for chest and waist circumferences, a mannequin was fitted
with layers of army clothing, and the increase in circumferences at the chest and waist levels was
observed. Outer garment BPV is worn over the layers of garments shown in Figure 10. The thickness
of six layers, which is worn under the BPV, has raised the chest circumference by 10 cm and the waist
circumference by 7 cm. The average tolerances for outer garment BPV were 5.8 cm at the chest and
3.7 cm at the waist.

[
(=]

5,8

3,7

B Chest level

B Waist level

The increase in circumference., cm
OO R W s =] 0D

~ Average increase in

circumference at
waist level

~ Average increase

in circumference at
chest level

Figure 10. An increase in the circumference of layers of clothing worn under the outer garment BPV
at chest and waist level.
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Undergarment BPV is typically worn on the first layer of clothes (1 or 2 undershirts), allowing
BPV to be created with smaller tolerances (see Table 5). On the other hand, numerous layers of
clothing worn under the outer garment BPV and possibly even the undergarment BPV, result in
higher tolerances and directly affect the surface area and configuration of the soft panels.

Table 5. Tolerances for undergarment and outer garment BPV.

Tolerance size for Tolerance size for

Designation Name undergarment outer garment BPV,
BPV, cm cm
Vira Tolerance in chest circumference 4 7
Vva Tolerance in waist circumference 2 4
Vimgpl Tolerance for back width 1 1.75
Viepl Tolerance for front width 0.5 8.8
Virocei Tolerance in armpit area 2.5 4.37
Designing Soft Panels

During the development of the soft panels, the first challenges arose and contradictions in the
standards were revealed. For example, the NIJ standard states that the soft panel should cover the
largest possible body area to obtain the maximum absorption of ballistic energy. When designing the
first version exactly according to the maximum characteristics of each size of the proposed NIJ
standard test templates and determining the area of each designed soft panel, it was discovered that
the area of the M regular size for the back panel, used for comparison, was bigger (0.1841 m2) than
the investigated "Company 2" no.13 and no.14 soft panel samples of comparable size (0.1639 m?).
Furthermore, the upper part width Cis at its maximum limit (indicated with a red circle in Figure 11)
according to the standard LVS EN 13921:2007 ergonomics criteria [20]. This causes the discomfort to
stretch the arms forward. The contradictions that emerged during the creation of Version 1 indicate
that an unreasonable increase in the surface area of soft panels reduces physical comfort and
interferes with mobility, as the increased surface area limits movements. Additionally, this approach
requires more fabric, making the soft panels and BPV heavier. The green circle line in Figure 11
illustrates a corner that can be rounded to a bigger diameter to minimize area, as the front panel
overlaps the back panel at this location.

Figure 11. Version 1 for the back panel of M regular size (developed in CAD Grafis).

All of the issues mentioned above were solved in the next version of soft panel development. To
ensure that the back panel was not noticeably larger than the front panel in the second version within
the BPV of the same size, the top corner obliquity was designed for the back panel (Figure 12 with
the red circle line), and the front panel was given 90% of the side overlay size. In this version, the area
of the back soft panel of M regular size was 0.1498 m?, which is less than the 0.1639 m? of the studied
sample no. 14 and significantly less than the area of the pattern in Version 1.
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\ / NIJ-C3 test template configuration

Mreg front and back soft panel

= Lreg front and back soft panel

FRONT PART BACK PART
Mreg=0,1500m2 Mreg=0,1498m2
Lreg=0,1606m2 Lreg=0,1603m2

Figure 12. Version 2 comparison between M and L regular size soft panels with the corresponding
NIJ-C3 test template [6] (developed in CAD Grafis).

However, when sizing Version 2, it was difficult to satisfy the national demand (for the height
range of 160-200 cm and a chest circumference of 80-140 cm). When grading the back panels on
shorter soldier figures and compared to the NIJ standard test templates [6], the obliquity corners
significantly reduced shoulder coverage (5-7 cm), thus, reducing ballistic protection.

The first two versions of the soft panels were designed to fit seven sizes, ranging from XS to
XXXL, ignoring soldier height differences within one size. This option satisfies the STANAG standard
requirement [7] to cover the demand for the smallest sizes only at the national demand, making the
BPV more convenient for manufacture and assembly between NATO alliance countries. However,
when grading and measuring against the specific soldier figure, it was determined that this type of
gradation does not completely cover all demands, reduces ballistic protection for taller members due
to shortened BPV torso proportions, and unnecessarily increases surface area and weight for shorter
users, reducing their comfort, mobility, and overall ballistic protection.

Next, the third version of the soft panel design was created on the 16 sizes shown in Figure 9,
with 6 short sizes from S-3XL designed for shorter soldiers from 160-175 cm in height, the next 6
regular sizes for heights between 175 and 190 cm, and 4 additional sizes for tall users over 190 cm in
body height. Figure 13 illustrates the configuration of version 3 and the M regular size surface areas
for the front and back panels.

= NI-C3 test
| i template
configuration
: = Mreg front and
back soft panel

FRONT PART i / BACK PART
Mreg=0,1463m2 | Mreg=0,1511m2

Figure 13. Comparison of Version 3 M regular-sized soft panels with the equivalent NIJ-C3 test
template [6] (developed in CAD Grafis).

The third version's M regular size was measured on a mannequin that matched the soldier
figure's chest circumference of 100 cm and waist circumference of 86 cm. The fitting indicated that
the side overlay should be designed symmetrically for the front and back panels. When adding 90%
of the overlay to the front panel, the BPV closure moves to the back, making it more difficult to close,
open, and adjust. However, in general, the soft panel design was adequate for the corresponding NIJ
test template (see Figure 14), and fitting in the CAD program Clo3D virtual environment for sizes S—
XL in short, regular, and long variations could be performed.
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Figure 14. Fitting M regular soft panels on an appropriately sized mannequin.

When preparing the soft panels of different sizes for virtual fitting, the side line displacement of
the front and back panels that did not appear in the actual fitting was discovered (see Figure 15 with
the orange circle line). The analysis showed that this displacement had occurred due to the different
starting points of the soft panels above the work belt, which ranged from 4.45-6.77 cm in the front to
only 2.54 cm in the back and were not aligned in the side seam. The same displacement of sideline
was also obvious in the Clo3D fitting (see Figure 16), and it was fixed in the final version which is
illustrated in Figure 15.

&

Figure 15. Displacement of the front and back soft panels in the sideline for the M regular size
(developed in CAD Grafis).

Figure 16. M regular size virtual fitting in the Clo3D program.

The outer garment soft panels were designed based on the undergarment soft panel patterns,
with changed tolerances. The top of the front panel straightened towards the junglar notch, and
coverage increased in the armpit and chest areas. However, when sewing and placing the BPV with
inserted soft panels and hard plates on the appropriate size mannequin, a new defect was revealed.
Because of the hard plate that did not match the body curves identically and gave free space between
the BPV and waist, the BPV was too small for the relevant size, unable to form the minimum 5.08 cm
side overlay (see Figure 17). Detailed analysis indicated that, the hard plate and the layers of clothes
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worn underneath significantly increase the volume at the waist level. Therefore, when designing the
outer garment BPV soft panels the chest circumference needs to be equal to the waist circumference.

Figure 17. Outer garment BPV's first fitting for size M regular.

In the result, the undergarment and outer garment BPV soft panels in all necessary sizes were
designed by addressing the previously mentioned issues, adhering to the NIJ standards [4,6], GUIDE
[5] and a thorough literature analysis [19-21,23]. Additionally, the studied dimensions and
configurations of existing BPV soft panel examples were considered. This approach ensures that the
BPV meets national requirements while remaining adaptable to the individual body types of soldiers,
thus fulfilling the research's purpose.

The soft panels were designed for three different body heights—short, regular, and long—
providing optimal ballistic protection coverage without adding unnecessary weight to users of the
same size but different body heights. Figure 18 illustrates the complications that arise when this
height gradation is not performed. The figure indicates, in green, that an average body height of
approximately 180 cm is suitable, but shorter and taller users will encounter issues.
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Figure 18. Soft panel problems (marked red) if the height gradation is not performed.

The research concluded that the GUIDE [5] provided more detailed instructions for designing
soft panels in relation to the proportions and specific points of the human body, particularly
regarding the A and B dimensions. However, the NIJ standard [4,6] test templates serve as a useful
starting point for manufacturers and researchers who are new to this field. These templates help in
verifying whether, for example, a designed soft panel provides adequate ballistic coverage in the
chest area for a specific size (dimensions C and D).

Although the configuration analysis of the available soft panel samples indicated differences
from the NIJ standard test templates, it was evident that manufacturers attempted to comply with
the standards by modifying them to fit the intended size and body shape. While NIJ standard 0101.06
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strictly defines the surface area limits for soft panels of various sizes and the exact configuration of
the corresponding test templates, it does not specify which specific standardized soft panel test
template surface area corresponds to each BPV type (outer garment or undergarment) and size.

This raised questions and confusion about how to match a designed BPV size to a specific NIJ
test template for testing and usage dimensions. Constructing one version, measuring the surface area,
then making modifications and constructing additional versions is a time-consuming and
unpredictable process, as modifying the parameters affects the surface area of the new soft panel,
necessitating a restart of the process.

Since dimensions A (panel height) and B (panel width) are closely related to the height and chest
circumference of the body, and the minimum side overlay of 5.08 cm is known, the research
discovered a method for calculating the surface area of the designated soft panel before it is created.
By multiplying the known parameters A and B, the surface area for a rectangle is obtained, but not
for the soft panel itself. To obtain the needed surface area, these dimensions A and B should be
multiplied by the coefficient K, which accounts for all curves of the soft panel (see Figure 19). As the
back and front panels have different curves, the coefficients values differ for these panels, depending
on the type of BPV.

e N 3 s ~N
I j L ; : ‘ e Il
A 1B % \ .
7 \ 4~ ~Nad o« K3

%
in order to get the exact Soft panel surface area a
mmm)  [oreaofarectangle | B | ares for soft panel, you - Fl K2 Ka

need to multiply A x B by

the coefficient(K) for AxBxK
curves

Figure 19. Obtaining the coefficient K for the calculation of the surface area of the designed soft
panels.

The coefficient magnitude was determined based on the overall dimensions of the NIJ 0101.06
standard test templates [6], with the minimum and maximum coefficients being within the range of
0.7-0.84. Figure 20 illustrates an example of calculating coefficient limits for the NIJ-C3 test template.
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Figure 20. Calculation of the coefficient K for the NIJ-C3 test template.

These coefficients were then verified on the soft panels created for the research. By using a
coefficient of 0.78 for the front panels and 0.7 for the back panels, a comparison of the calculated and
actual surface areas for the undergarment BPV soft panels revealed a potential error of 4.7%, 3.9% for
the outer garment, with an average error of 4.3%. This suggests that the calculated coefficients and
surface area calculation formula for soft panels are sufficiently accurate for research purposes.

Knowing the affiliation of each planned size to a specific NIJ standard test template allows us to
verify that we are proceeding in the correct direction and to understand the origins of the C and D
dimensions for soft panels. The design process for the soft panels started with the creation of the basic
block pattern, developed in the CAD GRAFIS program using the SEPP unified construction
approach. A regular size M, corresponding to a chest circumference of 96 cm, was used as the basic
size for the construction. The tolerance sizes used for the undergarment and outer garment BPV are
indicated in Table 5.
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Figure 21. Basic block pattern of M regular size BPV (developed in CAD Grafis).

The A and B soft panel characteristics are obtained from the GUIDE [5] and are closely related
to the soldier's body height and chest circumference, while the upper part width (C) and upper part
height (D) measures are calculated from the corresponding NIJ standard test templates, providing
optimal protection in the chest and armpit area. There will be several soft panel sizes to be designed
within one NIJ test template. To ensure equal gradation, the maximum number of sizes from the same
length for one test template (nmax) should be determined, which in this case is four (nmax = 4). The
measurement range is obtained by subtracting the test template's maximum (TrmaxCmax) from its
minimum (TrmaxCmin) (see Table 6), which, when divided by nmax- 1, yields the size gradation step.
Below is an example (2) and the entire formula (1) for calculating the upper part width for sizes M-
2XL regular that belong to the NIJ-C3 test template:

(TnmaxCmax - TnmaxCmin)/(nmax -1) 1)

(304.8 —279.4)/(4 - 1) = 8.47 mm (step for upper part width (C)) (2)
For the smallest of the sizes — M regular, the width of the top is 279.4 mm, L regular, and for each
subsequent size, a step of 8.47 mm is added.

Table 6. Summary for the NIJ standard test template [6] dimensions.

Main characteristics of the NIJ Test templates
Width(A), Height(B), Upper part Back upper part Front upper part

mm mm width(C), mm  height, mm height, mm
Template Amin  Amax  Bmin  Bmax  Cmin Cimax Drack Drront
NIJ-C1 2922 3175 292.1 3175 2286 254 146.1 136.5
NIJ-C2 406.4 431.8 3429 3683 254 2794 1715 161.9
NIJ-C3 520.7 546.1 393.7 419.1 279.4 304.8 196.9 187.3
NIJ-C4 635 6604 4445 4699 304.8 330.2 222.3 212.7
NIJ-C5 749.3 774.7 495.3 520.7 330.2 355.6 247.7 238.1

In the study, the process of designing undergarment and outer garment BPV soft panels was
transferred in the algorithm, illustrated in Figure 22.

The algorithm for designing soft panels begins with the preparation of initial data, which
includes the necessary size coverage, graduation steps, and accurate body measurements for
constructing the basic block pattern.

The basic block pattern is then created and prepared for soft panel modeling by closing the chest,
waist, and shoulder darts for both the front and back parts. This completes the preparation process
and enables the establishment of the main characteristics of the soft panels.

The first step is to mark the starting points of the upper and lower edges of the soft panel along
the center line of the front and back. These distances, defined in Table 2, form parameter B. The next
step is to determine if armhole lowering is necessary, which depends on the type of BPV
(undergarment or outer garment) and the desired level of armpit coverage. According to the NIJ
standard [6] and related documents [5], the soft panel should be as close to the armpit as possible.

do0i:10.20944/preprints202406.1604.v1
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Based on measurements obtained during the research, the recommended distance for undergarment
BPVs is 1-2 cm, while for outer garment BPVs it is 0-1 cm.

The width of the soft panel (A) is then determined by the width of the basic block pattern, to
which a minimum of 5.08 cm of side overlay is added on each side. The size of the overlay can be
divided equally between the back and front panels or adjusted as needed.

The height and width of the upper part are adjusted based on the calculated sizes from the NIJ
test template (see Table 6). The final steps involve connecting points with lines and designing the
corners to complete the soft panel shape.

Prepareinitial data - body
measurements, gradation step, and
required size coverage.

. Choose the number of sizes and
the required coverage.
. Determine the gradation step.
. Summarize all body
No .
measurements required for the
basic block pattern.

Are all of the bod
measurements required for
the basic block pattem
available?

Isthe required size
coverage defined?

Is a gradation
step decided?

Yes|

Construct the basic block pattern by
adding the necessary tolerances.

Prepare the basic block
pattern for modeling.

No e Close the waist darts.
e Close the chest darts.
. Close the shoulder darts.

Are all the dart
closed?

Mark the starting points of the panel's
top and bottom edges on the center
line of the front and back parts.

Lower the armhole on the side seam of the
front and back parts.

. The undergarment soft panel: 1-2 cm.
. Outer garment soft panel: 0-1 cm.

Isit necessary to lower
the armhole?

Construct a side overlay
on each side =>5.08cm.

Calculates the affiliation of each size with NIJ test
templates, as well as the upper part width and
height of the back and front soft panels.

Construct the calculated upper part
width for each size.

Construct the calculated upper part
height for each size.

Design the upper edge of the panel

Yes by drawing perpendicular to the

center line from the jungular notch

to itsintersection with the contour
of the front panel.

Is the soft panel
designed for an outer
garment BPV?

Round the comers and desigh the lines

Figure 22. Soft panel design algorithm.
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4. Conclusions

This research contributes to the field of ballistic protection by offering a standardized approach
to designing soft panels for BPVs. By addressing the specific body type requirements of regional
soldiers and adhering to relevant standards, the study enhances the modularity and adaptability of
BPVs. Future research should focus on further refining the algorithm and exploring its application
across different regions and standards.

In this research, we developed undergarment and outer garment BPV soft panel patterns in 16
sizes to cover the entire national soldier population. These patterns were designed based on the
national army soldier body measurements, enhancing the comfort and adaptability of BPVs to the
body types of the target audience. By using these soft panels, we aim to improve the modularity of
BPVs in line with modern PPE requirements while ensuring maximum comfort and size adaptability
for various figures. The methodology developed in this research can also assist other regions in
designing BPV sizes tailored to their specific body types.

The coefficient (K) size is a critical aspect of this research as it allows for the calculation of the
surface area of the designed soft panel before construction. This saves time by eliminating the need
to construct the panel, measure the area, make adjustments, and restart the process. This coefficient
enables easy comparison with NIJ test templates and facilitates further calculations for material
consumption or the total weight of the soft panel.

In the next stage of the project, we will develop a modern BPV construction based on the
designed soft panel patterns, enhancing its modularity to meet NIJ standards [6] and accompanying
document [5] recommendations. We will also consider the current requirements of local army
soldiers for more convenient use of BPVs, thereby improving their performance in daily tasks.

The numerous demands from soldiers for BPV improvements highlight the need for enhanced
BPV modularity in the specific region. Improved modularity will allow BPVs to be assembled to fit
different body types and perform various tasks while providing the necessary level of ballistic
protection as specified by NIJ standards.

Future research should focus on refining the algorithm and testing it with a broader range of
body types and different regional specifications. Further analysis of new materials and their impact
on the design and comfort of BPVs will also be beneficial.
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