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ABSTRACT

Small arms ammunition measurements are difficult to conduct. This is especially
true in the field of internal and terminal ballistics. However, accurate

measurements are important for safety considerations.

Danger zones are defined as an area on shooting ranges in which there is a high
risk of harm. Risk driving factor for the size of the danger zone is the ammunition
used, properties and ricochet behaviour of the specific ammunition design. The
danger zone is of interest because a wrong estimation may lead to unwanted

damage to the shooter’s far environment.

The distant environment is less affected when it comes to weapon breech
damage. However, the internal ballistic breech investigation during the process

of firing is of high relevance for the safety considerations of the shooter.

The purpose of this study is to show the influence of novel ballistic measurement
devices on recent safety considerations. It is an experimental research study that
looks at internal and terminal ballistic effects. The pushout force was investigated
with a separately developed weapon breech, capable of measuring loads in a
dynamic manner. The other investigated parameter was the ricochet danger
which was also investigated with a device developed during the project. Both

parameters lead to new safety considerations.

During this thesis it became evident that the most relevant parameter for an
accurate ricochet quantification is the momentum of the fragment. This
measurement is possible thanks to a novel type of accelerometer equipped

sensor plates developed in this work.

The other main finding of this thesis is the fact that lubricated ammunition casings,
irrespective of whether with water or oil lubrication, leads to a significant rise in
pushout force. This pushout force is taken up by the breech and leads to safety-

relevant rises of internal forces on the breech.

Both measurement approaches need to be taken into account when it comes to

future safety considerations of small arms fire.
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1 Introduction

This chapter describes the overall scope of this work. It explains why it is
important to quantify small arms ammunition. This first chapter also serves to
provide initial insight into both the measurement devices and technical questions
which are answered within this thesis. The technical questions to be addressed
are consolidated into four main objectives relevant to the overreaching project
plan for this study. Finally, this chapter also lists the different parts of the thesis,
connecting these with the associated journal publications which comprise the

main study deliverables.

1.1 Thesis plan

The initial plan was to develop a simple, fast and accurate way to measure the
terminal ballistic ricochet events. One aim was to produce data to feed the

statistical tools for range danger assessments of specific projectile types.

During the path of the thesis, it became rapidly apparent that using other
measurement devices would not only be very interesting but would add weight to
the thesis. It was very beneficial to measure other ballistic properties using the
same sensor principle. The focus was on the force produced on the head of the

casing during the firing process, known as the pushout force.

Quantification of the pushout force, like ricochet quantification, is rarely described
in the literature. However, both ballistic processes are safety-relevant, and both

take place in the same timeframe.

The identified positive synergistic effects using two different ballistic

measurement approaches had several advantages:

- Gaining of knowledge concerning short time physical measurement
instruments

- Providing evidence that the acquired sensor signals are plausible

- Scientific publications focused on two safety topics concerning ballistics

- Safety recommendations for the far and near fields of the soldier

- Two novel approaches for small- arms fire measurements



The potential to profit from the synergies between both measurement approaches
was so high that the fundamental research question of this thesis was modified
and the anticipated thesis plan adapted. It is important to emphasis here that the
modifications has not impact on the initial focus, namely the quantification of the

projectile after deflection.

This thesis is presented as a series of journal papers. All papers have been
submitted to a peer-reviewed journal and have already been accepted for
publication. For reference, the published journal articles in their final form are
included at the end of the thesis. However, to maintain thesis flow, papers are
converted into chapters to fit into the thesis layout. All papers were written by the
primary author and the investigator of this research, Michael Muster, and edited
by Prof. Amer Hameed, Dr David Wood from Cranfield University and Dr Kilian
Wasmer from Empa. All experiments were designed and completed at RUAG
Ammotec AG Switzerland by Michael Muster, the author and sole investigator of
this study. The author had excellent access to a Swiss shooting range to

compliment facilities at Cranfield University.

During the early phase of research it became clear that the basic idea of the
triangulation of accelerometer data is more complicated than assumed. The
problem was that both ricochet and witness plate are a finite structure (steel
plates) which have boundary effects. If the plate is too small and the impact too
strong, the wave resulting from the impact does not build up nicely, and the wave
which is crucial for the positioning process is randomly reflected from the plate
boundaries. During a literature- review phase, a novel damping system which
enhances the properties of the signal for triangulation and momentum
measurement purposes, was found. This was also the starting point for chapter
4,

Thanks to the knowledge gained in Chapter 4, the research opened up so that
Michael Muster was able to pursue his research and investigation to meet the

newly defined objectives.

A big step with respect to ballistics was made between chapters 4 and 5. Chapter

4 investigated basically a terminal ballistic event. Chapter 5 investigated an



internal ballistic event, something not originally planned and which led to further
consideration due to the safety relevance and the close relation to the

measurement system.

e Sections 5.2 and 5.4 are interlinked since their prime focus is on the design
and verification of the development of the pushout force measurement
system.

e All algorithms developed in section 5.2 to smoothen the primary signal can
be applied in section 5.4 and chapter 6.

e Section 5 describes the pushout force measurement, which is more
reproducible compared to the ricochet measurement. However, both
measurements are interesting for safety considerations.

e Chapter 5 was a good starting point to investigate the momentum and
force production of a ballistic event. This knowledge was later used for

ricochet investigations.

With the successful proof of concept (including algorithm, sensor principle and
damping plates) the ricochet measurement device could be built. This was the

basis for chapter 6.

Chapter 7 is the overall discussion of the topics presented in this thesis. This
chapter covers a full and detailed discussion of the entire project. Besides, the

conclusions and the future work constitutes a substantial part of chapter 7.

1.2 Author's contribution statement

Chapter 1 introducing the original research idea was written by Michael Muster

and supervised by Amer Hameed and David Wood.

Michael Muster developed the basic idea for the ricochet measurement system
during his work at RUAG and then proposed it to Gareth Appleby-Thomas for
approval. Donald Meyer and Peter Spatz approved this collaboration between
Cranfield University and RUAG. Michael Muster designed and planned the

project.

Michael Muster wrote the PhD project proposal with the support of Amer Hameed.



Gareth Appleby-Thomas initially suggested the idea to elaborate this PhD thesis
in paper format. The final decision to do so was taken by Michael Muster, as he

was responsible

1.3 Fundamental research question

The reason for the fundamental research question was that some small arms fire
measurements has only been rarely investigated despite evidences that it has a

significant influence on the safety

The fundamental research question was: How do novel ballistic measurements
affect recent safety considerations? To answer this question novel measurement

systems needed to be developed and evaluated.

The strategy to answer the research question is shown in Figure 1-1. The
underlying topic for answering this question is ballistics. However, this is split up

into two sections:

¢ Internal ballistics for the pushout force measurement and,

e Terminal ballistics for ricochet measurements.

While these are entirely different aspects, they are both of interest to answer the
fundamental question. Both measurement systems are interlinked and can be
realised using piezoelectric sensors and are of interest for the shooter's safety

and yet are rarely described in the literature.

One novel aspect of this research work is that the pushout force is strongly
dependent on the lubrication of the casing. This pushout force affects the safety
of the weapon’s breech, which is one of the most important parts of the weapon.

Using this knowledge will result in new safety considerations.

New safety considerations are also wanted for the terminal ballistic investigation,
e.g. the aforementioned ricochet measurement. One can observe a projectile
dependent ricochet danger. A frangible bullet, for example, fragments in multiple
pieces after hitting a target. This fragmentation behaviour reduces the danger

potential of ricochets for the far field.



By answering the fundamental research question with two ballistic scenarios,

research fields of relevance to safety are opened. This new knowledge influences

the design of projectiles and the design of weapons to enhance the overall safety
of the field.

Ricochet
Measurement

Projectile
Dependent

Figure 1-1: Strategy to answer the fundamental research question.

1.4 Ricochet measurement

Ricocheting is the change of direction and velocity of a projectile after hitting an
oblique surface [1]. Ricochets have a significant effect on the shape of Surface
Danger Zones (SDZ) [2], see Figure 1-2. The SDZ is a depiction of the
mathematically predicted area of a projectile return to earth, either by direct fire
or by the ricochet [3]. However, depending on the design of the projectile, these
fragments may represent differing hazards dangers. This effect is often not

considered during ricochet quantifications.

Due to this effect, it is necessary to know the ricochet mechanics. A regular
5.56 mm projectile requires an SDZ of approximately 3.4 kilometres, for larger

small arms calibres like 12.7 mm the SDZ is over six kilometres [4].

There are several identification tools to measure the ricochet mechanics of a
specific projectile type. High-speed imaging plays a vital role in state-of-the-art
measurement techniques [5]. With the right choice of the frame rate and sharp
shutter time, the velocity of the particles can be measured with an accuracy of
+/- 30 m/s [6]. Another possibility to identify the behaviour of projectiles during
impact is that of Finite Element Analysis (FEA) [7]. These software packages are

used to reduce the number of costly full-scale impact experiments [8].




An additional advantage is that no heavy and bulky equipment has to be moved

to shooting ranges for measurements.

Modern high-speed imaging is often used to investigate the effects of the impact.
These measurements are used as a reference for FEA calculations. FEA
fragmentation studies still need this reference; without it, the fragmentation
behaviour cannot be calculated precisely [5], [9]. High-speed imaging techniques
used to measure ricochet mechanics also have some drawbacks. The equipment
Is expensive compared with other measurement techniques, and the cameras

are susceptible to breakage because of their optical systems.

Accelerometers are often used in the field of impact engineering to investigate
severe mechanical shock, specifically ballistic shock [10]. These sensor types are
widely accepted - for example, they are used for shock evaluations according to
military standards [11]. By using a matrix of accelerometers placed on a well-
defined witness material, it is possible to calculate the position of the impact
relying on Time Difference of Arrival (TDOA) methods. The TDOA method is
accepted if the speed of sound propagates homogeneously through a solid
material. In this case, the impact location on a flat surface can be treated as
transmitter and the accelerometers as receivers [12]. Signal Processing (SP)
allows obtaining essential parameters from the acquired data. Mechanical shocks

are always non-stationary signals, which can be analysed by short-time spectral

analysis and wavelet transformations [13].

Figure 1-2: A typical example of an SDZ (a) represents the shooter, (b) the target

and the length of the SDZ is around 3.4 kilometres for 5.56 mm projectiles.



In this study, the focus is on a measurement device, which can measure the

ricochet mechanics quickly, and precisely after impact on well-defined oblique

targets.

A conceptual approach on how to measure the ricochet using a novel device is

shown in Figure 1-3. The measurement concept is as follows:

The projectile hits under horizontal trajectory a steel plate, called the
ricochet plate. The distance between the small arms barrel and the
ricochet measurement device is kept the same for all tests. However, it is
possible to use a different amount of propellant to adjust the impact
velocity even though the distance between the barrel and ricochet plate
remains the same. The reason for this procedure is to enable simulation
of several real-world impact distances.

The ricochet plate can be adjusted to different angles (angle a of Figure
1-3 is variable). With this system, it is possible to reproduce different
incident angles. During the impact of the intact projectile on the ricochet
plate, the position of the projectile is recorded using at least 3
accelerometers and the aforementioned triangulation technique.

The projectile is deflected on the ricochet plate. During this process, the
projectile is deformed or fragmented to one or multiple ricochets. These
ricochets are thrown against a second steel plate which is also equipped
with accelerometers. This second plate stops the ricochets and measures
their momentum as well as the position at the same time.

Besides knowing the momentum and position of the impact this approach
also provides the time difference between the impact on the ricochet plate
and the witness plate (the distance between the ricochet and witness plate
Is known).

One can now calculate the velocity by dividing the distance (impact to
ricochet plate) by the time difference of arrival. The weight of the ricochet

can further be calculated by dividing the momentum with the velocity.



With this basic concept, a novel, fast approach for ricochet quantification is

presented.
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Figure 1-3: Schematic view of the ricochet measurement device.

1.5 Breech force and pushout force measurement

At present, the internal ballistic force measurement has only been rarely
investigated despite evidences that it has a significant influence on the weapon

safety. A typical example is shown Figure 1-4, a broken breech bolt.
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Figure 1-4: Broken breech bolt which failed due to high pushout force. This is a

very safety- relevant event which may lead to severe injuries of the shooter.

As for a general introduction, it is vital to explain the relationship between the
breech force and the pushout force as well as how this force is produced. The
breech force and the pushout force are constraining forces which build a force
equilibrium. While the pushout force is related to the ammunition the breech force

is related to the weapon in question.



The pushout force is produced during the firing process and occurs when the
casing is under pressure. The pushout force can be identified at the bottom of the
casing. It pushes the casing against the breech, which is often a boltlike structure.
Since the pushout force depends on the ammunition, this term is used for

ammunition- related measurements.

The breech force holds the casing in place and acts on the breech system. Due
to its direct influence on the weapon, the term is used for issues of relevance to

weapon and safety

Besides the different nomenclature, the breech force and the pushout force are
vectors which have the same direction and the same absolute value. However,

the signs are reversed. Figure 1-5 illustrates this force equilibrium

Weapon-Barrel

Breech Bolt Bottom of the casing

Pushout Force Breech Force

Contact Zone

Figure 1-5: A schematic presentation of the breech force and pushout force.

The potential pushout force can be calculated by Finite Element Analysis (FEA)
or analytical calculations. State- of- the- art piezoelectric force washers enable

dynamic measurements which are used as a reference for FEA calculations.



A conceptual approach on how to measure the pushout force using a novel
device is shown in Figure 1-6. Compared with the ricochet measurement
system, the pushout force measurement method is more straightforward. The
measurement concept is as follows: A special measurement breech bolt shall
be developed, capable of bearing the pushout force and serving as the force

measurement device at the same time.

Barrel Chamber

Fpushout

\ | Breech Bolt |

Piezoelectric Strain
Gauge

Figure 1-6: Initial concept for bolt force measurement.

1.6 Aims and objective

The main objective of this thesis was the development of a measurement system
for ricochet quantification, breech force measurement and to evaluate different
ammunition types concerning their ricochet and breech safety. All main
measurements are performed using piezoelectric accelerometers, strain gauges

and force washers.

It was hypothesised that a simple measurement system using two sensor plates
with four sensors each will be enough to quantify the ricochet adequately. It was
also hypothesised that a simple force washer is enough to assess the breech
force. For increased accuracy, it is apparent that a signal processing method
should be developed to filter the raw signal from the piezoelectric sensors.
Momentum and force are in focus for the quantification. The following objectives

were agreed as the core foci of this study:

1. To generate a state-of-the-art signal processing approach which enhances

the measurement accuracy of piezoelectric sensors.

10



2. To establish an approach for momentum measurement of ballistic
processes with the aid of force washers and accelerometers.

3. To undertake triangulation of the impact position using modern Time
Difference of Arrival (TDOA) methods.

4. To investigate the effect of different ammunition types on the developed
measurement system

A graphical presentation of the objectives can be seen in Figure 1-7 and Table
1-1.
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Table 1-1 Objectives in relation to the chapter.

Chapter/Topics Objective Treated

4 [ Measurement Plate 1,3

5 / Pushout force measurement System - Investigation | 1, 2, 4
on different Ammunition

6 / Ricochet Measurement System 3,4

1.7 List of published work

A list of the publications is shown in Table 1-2

Table 1-2 List of Published Work.

Title Journal Status
Damping of post-impact Elsevier Applied Acoustics | Published
vibrations

Dynamic qualitative pushout AIP Advances Published
force measurements for Open Source

investigating influence factors
on the pushout effect of small

calibre ammunition

Pushout force and impulse AIP Advances Published
measurement of seven types Open Source
of small arms ammunition with

three different surface states

Ricochet quantification using a | Elsevier Defence Published

multiple sensor approach Technology Open Source
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1.8 Conclusion

The main goal of this chapter is to provide clear guidance for the reader on the
thesis structure and approach taken. In particular, it is focused on explaining that
the thesis is designed to solve the fundamental research question: How do novel

ballistic measurements affect recent safety considerations.

This guidance has been achieved using a graphical and tabular representation of
the objectives agreed. In addition, this section has provided an insight into the
importance and complexity of the question of measuring ricochets and why the

intermediate step of consideration of pushout force measurement was necessary.
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2 Background

2.1 Author contribution statement

Michael Muster wrote the background section with support from Amer Hameed
and David Wood.

Michael Muster personally designed all measurement devices needed for the
research. Michael Muster and Markus Griinig cooperated to manufacture the

devices.

The ammunition used is serially produced in Thun. Some ammunition was
produced by hand. Marlies Jenni carried out this manufacturing process under

the guidance of Michael Muster.

2.2 Introduction

This chapter explains the fundamental aspects of the ricochet process in more
detail. It also provides an in-depth background of the tested ammunition and
equipment used to enable the scientific publications. Overall, this chapter
provides the necessary ballistic knowledge which is essential to investigate

ricochets.

2.3 About ricochets and SDZ

This section aims to show that ricochet measurement is of great importance for
safety considerations. Ricochets are one factor for the design of SDZ. The
investigation results, and the layout of the proposed device deal with the topic of
oblique impacts on steel plates and the generation of ricochets. Furthermore, it
is highlighted that the matter is worth investigating from a scientific point of view
since bullets on steel produce more reproducible and comparable ricochets

compared to other combinations.
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2.3.1 Assessment of SDZ

Range Danger Areas (RDA), also known as SDZ, are of great importance to
secure safety in a field which the systems are inherently packed with dangers.
According to Greer [1], it is simultaneously both a “science and art” to create a
safe environment which allows still efficient training. Due to the requirements of
the different parties, the creation of a secure range danger area is necessarily a

multidisciplinary task.

There are various opinions on how an SDZ should look. Planners for towns are
happy if they can place buildings as close to the shooting range as possible.
Other parties go further and do not want to have any shooting ranges close to
other urban areas - not only because of the danger but also because of the noise.

In their opinion, adequate SDZ’s need to be huge.

SDZ depends further on the country where the manoeuvre takes place. As an
example, Switzerland is relatively small and packed with high mountains. Only
40 % of the space is easily accessible. These geographical circumstances lead
to a high population density in the centres. Because of the restricted space,
acceptable SDZ are very small compared to other countries. This leads to some
interesting peculiarities — for example, in no other country is it is allowed to shoot
with small arms over frequented roads which are not closed during exercises, see
Figure 2-1. In addition, in Switzerland, it is also permitted to shoot large-calibre

artillery shots over whole villages for training purposes.

Other countries like the USA have a considerable amount of rules which regulate
all scenarios connected to SDZ. The Pamphlet 385-63 [2], which relies on chapter
4 of the DA PAM (Paragraph 4-1, b-c) [1] is one example. These regulations are
In some aspects, even contrary [1], which makes it difficult to generate useful

training scenarios.

According to the presentation of the U. S Army Training Support Centre (ATSC),
there are two shapes used for Surface Danger Zones (SDZ’s). The Basic cone
SDZ and the Basic Batwing SDZ, represented in Figure 2-2b and Figure 2-2a,

respectively. The Cone Shaped SDZ is the better known and significantly easier
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to be assessed, it relies on the distance X and a predefined angle, see Figure
2-2b. It is used for static training, where the stationary target is taken under fire

for all cases.

The Batwing SDZ considers possible trajectories of all ricochets; it depends on
computer-simulated models. It takes already rough values concerning the danger
potential of a specific weapon into account. Furthermore, it also considers very
rough ideas with respect to the maximal flight path of a particular type of
ammunition. The pocket guide for range safety [3], which is based on the
aftermentioned Pamphlet 385-63, describes the danger potential of ricochets
after being deflected. This guide shows the danger area after a deflection on
earth, water, steel and concrete for the whole calibre range from .22 cal Long
Rifle M24 to 30 mm M788 TP-T.

Steel represents the largest danger area for all ammunition types — based on the
significance of the results produced by the ricochet measurement device, which
Is intended to be built up with two steel plates. If projectiles fly farthest after impact
on steel, one can produce with purely “impact on steel plate” measurement data

a meaningful worst-case SDZ.

Comparing the Batwing SDZ with the Cone Shaped SDZ one has to recognize
that the Batwing considers more factors and is adequate when it comes to safety
considerations. The proposed ricochet measurement device gives with its results
a contribution to the Batwing SDZ.
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Figure 2-1: A shooting range in Switzerland, (a) shows the path of the projectile

over the street. (b) shows the shooting balcony with the ricochet break (c).

Picture (d) shows the view from the bullet trap to the shooting house 300 m
away. Road travel is allowed also during shooting competitions. Projectiles fly
over the driver’s head in this case.
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Figure 2-2: Different types of SDZ. The basic Batwing SDZ is represented in (a),
whereas the basic Cone Shaped SDZ is represented in (b).
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2.3.2 Ballistics of ricochets

There are three ways in which projectiles typically behave after hitting a target. A
mild steel plate is assumed for better understanding. Firstly, the projectile may
penetrate a target in a broken or still intact condition (depending on the projectile/-
steel plate combination). The second possibility is that it may penetrate the target
halfway and parts of the projectile are then stuck in the target. In this case,
backscattering or bouncing back of the projectile are also possible. It may also
be that the jacket of the projectile remains in the steel plate and the core
penetrates it. Thirdly, with increasing obliquity of the target, the projectile starts
ricocheting. During this deflection process, the projectile may stay intact or
fragment. The danger potential comes especially from intact ricochets. However,
small particles at slower speed still cause severe eye injuries. The relation
between these parameters is well described by Backman and Goldsmith [4], see
Figure 2-3. The diagram developed by Goldsmith shows the velocity/-obliquity

relation for one specific target-projectile combination.

High Speed

Broken

Intact .

Perforé‘ti-o‘n Zone

Ricochets Broken

Embedding Zone

Low Speed

Obliquity

-— o=
Zero Obliquity Full Obliquity see—

Figure 2-3: Simplified Backman Goldsmith diagram with the three zones. The

interesting zone for the thesis is the green zone where the ricochets occur.
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A deflection of a projectile takes place after a force acts on it. One can treat an
obliqgue impact on a plate like a multidimensional partially elastic collision [5], [6].
Figure 2-4 represents a partially elastic collision. Basic properties of such
collisions are that some of the collision energy dissipates to heat and deformation,
and some lead to the velocity after deflection, see Figure 2-4. In a real-world
scenario, one sphere may represent the projectile and the other a simplified
pebble stone. However, typically, the soil where the bullet impacts is considered
as significantly more substantial in weight compared to the projectile itself. This
assumption leads to the case represented in Figure 2-5. Here, the energy of the
projectile dissipates into the heavier structure. The projectile is ricocheted in the
other direction, whereas the soil remains in the same position due to its greater
inertia.

Figure 2-4: Partially elastic collision between two bodies of equivalent weight.

Figure 2-5: Partially elastic collision with a heavy counterpart.
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Figure 2-6 represents a typical process of how ricochets are generated. A
projectile may fragment or stay intact after bouncing off the impact surface during
this process, independent on the fragment, the residual piece is called ricochet.
The path of the ricochet is represented by the blue tube in Figure 2-6. After hitting
the ricochet plate under the incident angle (a), the rotation of the projectile
remains persistent. Because of this rotation, the ricochet is deflected in a

horizontal and vertical direction [7].

Depending on the right or left twist, the projectile gets deflected to the left or right
respectively. This second deflection angle is represented in Figure 2-6 as the
angle y. In the case of an impact without rotation, this ballistic property would not

exist.

Another ballistic property of ricochet generation is the distance between the
points of impact and departure. The distance between these points depends on
the hardness of the projectile, the hardness of the ricocheting surface and the
incident angle. The more inelastic the collision, the longer the distance between
the arrival and departure points. In turn, the more oblique the plate is in relation
to the incident trajectory, the shorter the distance between the arrival and

departure points.
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Figure 2-6: Generation of ricochets, under the incident angle (a), impacts of a
projectile on a steel plate. The arrival and the leaving point is not necessarily the
same. After the deflection, the projectile or its fragments are called ricochets.
They are also deflected under a different angle (B). It might be that there is also
a side bias compared to the incident plane, (y) represents this bias.

2.3.3 Ricochets and their danger potential

A projectile ricochets after hitting a surface. The ricochet behaviour depends
strongly on the angle and the mechanical parameters of the surface hit. The
impact velocity and the mechanical parameters of the projectile are also of
relevance. All these factors make it impossible to predict the trajectory of a
ricochet in the field, which is why probabilistic models are used to estimate an

SDZ which holds a danger potential of almost zero.
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As explained above, it is the unpredictable trajectory, which poses the main
danger potential of a ricochet. This statement is especially true for urban conflicts
or close- combat scenarios. For such situations it is impossible to precisely follow
the guidelines for an SDZ.

Besides the unpredictable trajectory of ricochets, the intrinsic wound ballistic
property of ricochets represents a significant danger. A generic military small
calibre projectile is spin stabilised and does not fragment if it hits a wound ballistic
medium. In Figure 2-7, one can see a typical wound ballistic channel of a
projectile which does not fragment. The energy dissipation is almost equal over
the whole wound ballistic path; the rotation remains persistent. Ricochets, on the
other hand, change the rotation speed significantly after fragmentation, and the
impacts cause large wounds [8]. This effect results in severe injuries [9]. Figure

2-8a shows the destructive effect of ricochets in terms of wound ballistics.

Similar to fragments of a bomb or shrapnel, all the energy dissipates within a
short distance into the wound track. Figure 2-8b shows a block of wound ballistic
material penetrated by fragments. The area of the wound ballistics affected by
the particles is substantial in comparison with one single intact projectile impact.
The the penetration keyholes are oval or round, depending on the deformity of
the fragments. This behaviour in terms of the spread of projectile fragments is a

third reason for the dramatic danger potential of ricochets.

The danger potential of ricochets, especially the related increase in the spread
was used to increase the probability of hitting enemies in the first wars where
machine guns were used. Ricochet fire also served to increase the distance
which a projectile can travel on a flat surface [10]. All these notes impressively

demonstrate the importance of ricochets and their danger potential.
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Figure 2-7: Typical wound ballistic picture of an unfragmented spin- stabilised
projectile.

Figure 2-8: (a) represents a typical wound ballistic channel of a fragment, (b)

shows ricochets impacted into wound ballistic soap.

2.3.4 Quantification of ricochets

Up until now, the quantification of ricochets has been a time-consuming process.
There are two main reasons to investigate ricochets. Reason one is for criminal
investigations. Ricocheting projectiles may give evidence of what happened at a
crime scene. For example, if one knows the projectile type and the weapon used
for the crime, this might enable statements about the possible positions where
the offender was standing. It would be possible to state the velocity of the
projectile and the lethality or the weapon used. A second reason to investigate a

ricochet is the construction of a suitable and bullet specific SDZ.
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Criminal investigations often consider surfaces like glass windows, concrete
plates, timber boards or dirt hit under a certain incident angle, and the deflection
angle is measured with a simple witness measurement device like cardboard.
This technique provides evidence for a particular crime scene. However, such
investigations are not suitable for the generation of an overall fragmentation

model of a projectile type.

Experimentally the projectile or its ricochets may also be trapped with ballistic
soap to measure the danger potential. The penetration depth and the shape of
the resultant wound channel give evidence about the energy dissipation of the
projectile in the wound ballistic medium. Another advantage is that the trapped

projectile can be analysed under a microscope.

As already mentioned, the above ricochet measuring approaches are suitable to
answer specific questions. Feeding into this area, extensive work was conducted
by Karl Sellier [5]. Sellier investigated the ricocheting behaviour of different
projectiles on metal plates (steel, aluminium, brass) of different thicknesses and
under different angles. This work was extended to for wood, glass, sand and
concrete. The results of this study showed that there is always a big spread of
ricochet behaviour, especially when sand and concrete are concerned. These
major differences of ricochet spread were clearly demonstrated by the tests of
Kneubthl [11] and Rottenberger [12]. Besides the incident and deflection angles,
the side angle and the residual energy are also measured to enable an estimation
of the maximum possible trajectory which determines the safety zone. The
trajectory spread for projectiles containing lead is found to be between 114 m and
1470 m, whilst the general spread for lead-free projectiles is between 79 m and
1521 m.

Another way of investigating ricochets was studied by Nishshanka [13] and
Liddell [14]. They used a Doppler radar to investigate the impact velocity. A high-
speed camera served to record the fragmentation speed and a fragments capture
box allowed them to investigate the size, weight and shape of the fragments or

bullet after a deflection.
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2.3.5 Pushout force measurements

The quantification of the pushout force is less time consuming than the ricochet
guantification. However, these measurements are rarely conducted up to now.
One reason might be the lack of suitable measurement equipment because it is
a closed system which is not directly accessible. Another reason might be a lack
of interest. However, with the increased availability of new casing materials, a

guantification of the pushout force seems a very important and timely endeavour.

Like ricochet measurements, pushout force measurements are important for
safety reasons. A significant rise in the pushout force may lead to weapon
breakage and severe harm to the shooter or bystanders. Essentially, ricochet
measurement contributes to the safety of the far environment, whereas the

pushout force measurement contributes to the close environment.

Apart from the safety aspect, the pushout force measurement is a defined

dynamic system and measurements are repeatable.

2.4 Scientific software

The scientific software used in this study comprised of LabVIEW [15], MATLAB®
[16] and Spyder [17]. LabVIEW is a software package from National Instruments
(NI) which is ideal for acquiring data from all kind of sensor signals. It can further
be used for complex control engineering tasks. Another strength of LabVIEW is
the fast and direct generation of User Interfaces (Ul). MATLAB® and Spyder are
suitable for the manipulation of multimillions of data points. Usefully, all software

used is the implemented toolboxes, especially the statistics toolboxes.

LabVIEW is a graphical programming language. The focus is on the data stream.
The dataflow is represented with lines between boxes, called Virtual Instruments
(VIs). The data manipulation takes place in these VIs. In LabVIEW, one has two
main panels which are connected. The front panel is the Ul which contains the
instruments. The block diagram panel contains the full graphical code. This
system enables fast switching between the connected panels, and this makes the
software suitable for rapid prototyping Ul and simple interface measurement

devices.
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The Ul of LabVIEW is essential for this thesis because using a Ul gives a good
opportunity to train the ballistics test team in using the measurement device. The
person who acquires the raw data is not necessary the person who processes

the data afterwards.

The company NI is not a pure software developer. Besides LabVIEW, which can
be used for measurement technique, control engineering and automation
purposes. It produces different kinds of devices for measuring signals or
controlling actuators. These devices are called NI-DAQ devices. The advantage
of the raw data acquisition using a combination of LabVIEW and NI-DAQ is that
all interfaces are plug and play. Further, all functionalities of the device are
enabled using LabVIEW.

The NI-DAQ device used is equipped with a pre-trigger which can be initiated by
the LabVIEW software. The advantage of the pre-trigger is that the ballistic event
itself can trigger the acquisition without loss of any data points. It is possible to
define a set of data points which is acquired before the ballistic trigger event took
place. Despite the fact that there are a lot of signal processing is possible with
LabVIEW like filtering or Fourier transforms, LabVIEW is in this case purely used
for acquisition of the sensor signal and the automated generation of a data .txt

file which can be used as an interface for other software packages.

The .txt files can be further used either by MATLAB® or by Spyder. During the
first phase of this thesis the filtering and signal processing software MATLAB®
was used. MATLAB® is a software package used for mathematical computations.
The underlying idea of MATLAB® is to use matrixes to solve mathematical
problems. The programming language is close to C. However, there are many
pre implemented mathematical functions which use built-in matrix calculations.
The advantage is that matrix operations are computation wise less complicated
compared to classical loops, so scripts run very fast. A vast amount of data can
be analysed within a short time. Data acquisition is also possible using
MATLAB®. However, MATLAB® is not primarily focused on this element.
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The post-processing of the acquired raw data was done in this thesis using
several script files. These script files were run using one main script file. There
was no User Interface implemented in the developed script. The reason for this
was that the person who does the post-processing needs to modify parameters
fast and knows how to work with scripts, since the person wrote the script. One
reason for using MATLAB® for initial post-processing algorithm was that
MATLAB® features also has a large number of already implemented algorithms,
which can be used for rapid prototyping. Signal envelopes, wavelet
transformations, windowed Fourier transformations, and different filter types,
amongst others. Even a Time Difference of Arrival (TDOA) algorithm is realised.
It was initially developed for the triangulation of Wi-Fi devices. It was postulated
that this triangulation algorithm could also be used to analyse in a first test the

precision of the impact measurements.

After the first measurements, a third software package called Spyder was used.
This change was necessary since Spyder can be installed on multiple devices,
as there are no licence restrictions. The open-source software presents benefits
if one uses multiple-processor systems or cluster computers and different
workstations. Spyder originates from the MIT (Massachusetts Institute of
Technology) and uses Python as language. The user interface of Spyder is
similar to MATLAB®. However, the basic principle is not matrix computations

which means that the existing algorithms need to be changed.

The final ricochet measurement device was realised, using LabVIEW with a Ul
as data acquisition software. The final overall post-processing momentum
measurement and triangulation algorithm are realised with Spyder software

which is installed on several computers.

2.5 Devices developed during the thesis

During the path of the thesis, it was necessary to design and develop two custom
measurement devices. The investigated parameters can’t be measured using
COTS measurement systems. The ricochet measurement device was separately
manufactured for these tests. However, the pushout force measurement system

was an additional feature of an already existing device.

30



2.5.1 Pushout force measurement device

During the firing process, the casing of the cartridge is under significant pressure.
This pressure could push the casing out of the chamber out of the weapon barrel.
To prevent this, a breech bolt is needed. The quantity, i.e. the scalar of the
pushout force, is equal to the breech force. The vectors, however, point in
opposite directions, so that they compensate each other, thereby eventually

creating a statically determined system.

One has to differentiate between the pushout and the extraction force. The
extraction force describes the force needed to extract an empty casing from its
chamber in the barrel. This force is relevant for reloading the weapon and applies
after the projectile left the barrel. It acts in the opposite direction, i.e. rearwards.
The casing sticks in the barrel chamber due to its expansion during firing. Figure
2-9 schematically shows the difference between the pushout and the extraction

force.

The main structure consisting of housing, trigger device, force measurement
sensor, breech bolt and igniter should remain the same for all calibres. The only
exchangeable item should be the barrel of the shooting machine. Each calibre
needs at least one barrel, consequently, more than seven barrels were necessary
for the relevant investigations. The heavy metal housing, proof barrels and
removable trigger device existed already, see Figure 2-11 and Figure 2-12. The
measurement plate shown in Figure 2-10, is an entirely newly developed device

(similar to the ignitor pin, which is also newly designed).
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(b)

Figure 2-9: (a) represents the pushout force measured with the measurement



Figure 2-10: Picture of the measurement plate, which is at the same time the
breech. The round zone under the casing presses directly on the piezoelectric

force measurement ring.

Figure 2-11: Housing of the barrel and the measurement plate.
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Figure 2-12: Interchangeable barrels used for ballistic investigations the largest

barrel is a standard .50 Browning test barrel, and the smallest is a 9 mm Luger
barrel.
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2.5.2 Ricochet measurement device

The ricochet measurement device has two main parts, a ricochet plate and a
witness plate. Both plates are equipped with sensors. The plates need to be
mounted on a suitable system, a heavy metal frame is needed to bear the

massive (100 kg) witness plate (Figure 2-13).

The frame forms a tunnel in which dangerous fragments are kept. This reduces
the possibility of damaging the measurement equipment significantly. The
heavyweight metal frame (900 kg) is also important to provide good stability
against overturning, i.e. essential for the measurement accuracy of the witness

plate.

The ricochet plate is smaller compared to the witness plate and is mounted on a
pushcart. With this system, the cart can move up and down. Further, the impact
angle can be adjusted using a linear drive, while the pushcart provides enough

ballistically protected space for the housing of the measurement equipment.

35



Protected space for

equipment

y

A

- || Adjustable height

Figure 2-13: The Ricochet measurement device.

2.5.3 Design principle of the devices

It is a challenging task to state design principles of devices for ballistic
investigations. Crucial aspects are that the devices can resist the huge loads
which occur during very short periods. In the internal ballistic field, typical values
are around. 0.5 ms for the acceleration process from 0 m/s to 1000 m/s [6], or a
rise in barrel temperature from ambient to 2700 °C [18]. During the time, pressure
rises from ambient to more than 350 MPa [19], [20].
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To cope with these conditions, tempered steel is the preferred material.
Especially during the terminal ballistic measurement, the impact transmits a
considerable impulse to the measurement device which must be accordingly
heavy to resist it. The most sensitive parts of a ballistic testing device are always
the sensors and cabling. The mechanical properties of the device must be

considered and adequate housing should be provided for each sensor.

Vibration-damping structures like rubber dampers were used to support the metal
frames. As described in [21], a design capable of resisting high- energy
mechanical oscillations is the principal criterion. In small-calibre ballistic
investigations, different ammunition calibres are often analysed. The system
should be as modular as possible to meet this requirement and facilitate a
solution. One can do the calculation with the most massive possible projectile
flying at the highest velocity. With this approach the measurement device will thus

be suitable for every projectile type.

2.6 Ammunition

This subsection describes the ammunition used for all tests carried out during the

courde of the work contributing to this thesis.

2.6.1 9 mm Parabellum

This calibre was used for initial tests because the energy produced is

considerably lower compared with all other tested calibres.

2.6.1.1 9x19 FMJ 8 g/124 gr

This standard ammunition type was always used for the first test. It showed good
results as regards ricochet behaviour. The projectile deforms in such a way that
it does not fly a long distance after deflection. The fragmentation pattern is due
to the fact that the projectile consists of a lead core and a soft steel jacket, see
Table 2-1 and Figure 2-14.
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Figure 2-14: Regular FMJ Projectile.

Table 2-1: 9x19 FMJ 8 g/124 gr.

Projectile Material Cu-coated steel jacket, lead core
Term of reference C.I.LP

Mean chamber pressure max. 2’350 bar

Muzzle velocity 380 m/s

Muzzle energy 575J

2.6.1.2 Frangible Copper Matrix SX 6.4 g/98 gr

Frangible ammunition was used to analyse the effect of ricochet-reduced bullets.
The overall momentum transferred was significantly lower because the projectile
consists of copper embedded in a polymer matrix. The result is that the projectile
is transformed into dust after deflection. See Figure 2-15. The frangible
ammunition displayed high, but short-duration forces during the firing process.
This is because the projectile mass is low compared with the other 9 mm

projectiles considered. See Table 2-2.
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Figure 2-15: Frangible 9 mm Ammunition.

Table 2-2: Frangible Copper Matrix 9 mm.

Projectile Material Copper polymer matrix
Term of reference MCMOPI

Mean chamber pressure max. 2’850 bar
Muzzle velocity 430 m/s

Muzzle energy 590

2.6.1.3 9x19 Action 4 SXF

Action 4 ammunition was developed for the police. The projectile deforms in the
body. For the purposes of ricochet and especially pushout force measurements,
it is a different ammunition type since it has a solid and light body as evident in
Figure 2-16. Furthermore, the ammunition is certified according to the TR, see

Table 2-3. This makes it worth investigating since higher pressures are allowed.
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Figure 2-16: Action 4.

Table 2-3: Action 4.

Projectile Material CuZn Alloy 6.1 g/94 gr
Term of reference TR

Mean chamber pressure max. 2’700 bar
Muzzle velocity 420 m/s

Muzzle energy 540

2.6.2 5.56x45 Ammunition

The bottleneck 5.56x45 mm ammunition allows proper sealing of the casing in
the chamber during the firing process. During experiments the projectile exhibited
significant differences in pushout force depending on whether the casing surface
was dry or lubricated. Ricochet behaviour depends on the design. Seeing that
this projectile represents a standard design, and a very frequently used calibre, it

was also taken as a reference for the ricochet behaviour throughout this study.
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2.6.2.1 5.56x45 FMJ M193

The advantage of this projectile was that it is very well tested and known. It is a
full metal jacket projectile, see Figure 2-17. The copper jacket and the lead core
provide limited penetration capabilities. It displayed comparatively significant
pushout force differences, between the dry and lubricated casing. The ricochet
behaviour depends on the design. Since this projectile is of a standard design, it

was also taken as a baseline reference for the ricochet behaviour.

Figure 2-17: M193 Cartridge.

Table 2-4: M193 Cartridge.

Projectile Material tombac jacket, lead core 3.6 g/55 gr
Term of reference MCMOPI

Mean chamber pressure max. 4100 bar

Muzzle velocity 990 m/s

Muzzle energy 1764 J
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2.6.2.2 5.56x45 Frangible SX

This specific ammunition type is intended for use in urban areas. The projectile
Is uniquely designed to decrease the danger of ricochets. However, the main
threat comes from the big fragments of the polymer matrix projectile, see Figure
2-18 and the description of the projectile material in Table 2-5. This ammunition
type was used for the ricochet analysis exclusively. It showed excellent

performances as regards momentum reduction after hitting an oblique surface.

Figure 2-18: Frangible 5.55x45.

Table 2-5 Frangible 5.55x45.

Projectile Material sintered Cu in tombac jacket 2.9 g/62 gr

Term of reference MCMOPI

Mean chamber pressure max. 4100 bar

Muzzle velocity 920 m/s

Muzzle energy 1296 J
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2.6.2.3 SS109

This ammunition type was tested for two reasons: Firstly, it is widely used and
suitable as a reference. Secondly, it has a soft lead and a hardened steel core
for better penetration - see Figure 2-19. This double core design gives it unique
properties for ricochet measurement. The heavier weight compared with the other
projectile types, see Table 2-6, offers different features for the resultant impulse

transmission.

Figure 2-19: SS109.

Table 2-6: SS109.

Projectile Material tombac jacket, hardened steel and lead core
4.0 g/62 gr
Term of reference MCMOPI

Mean chamber pressure max. 4100 bar

Muzzle velocity 945

Muzzle energy 17857
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2.6.3 7.5x55 GP11

This projectile type was investigated because its performance is highly
comparable with that of the M80, see Table 2-7. The projectile has a steel jacket,
which leads to other pushout forces compared with the M80, see Figure 2-20.
Another aspect is that the projectile features almost no cylindrical parts to reduce
the push through force, i.e. the force required to push the projectile through the

barrel. This conical design also reduces the pushout force.

Figure 2-20: GP11.

Table 2-7: GP11.

Projectile Material Plated steel jacket, lead core
11.3¢g
Term of reference Swiss Army

Mean chamber pressure max. 3300 bar

Muzzle velocity 787 m/s

Muzzle energy 3500 J
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2.6.4 7.62x51 FMJ (M80)

The M80 full metal jacket, see Figure 2-21, is a standard ammunition type, well
known and defined. The purpose of testing this projectile type was to obtain a
reference for ricochet measurements. The maximum capacity for many shooting
ranges is often designed around this projectile ammunition combination. The
second purpose was to crosscheck the results from the GP11 since the properties
are similar. In Table 2-8, one can see that the bullet weight is slightly lower
compared with the GP11. The muzzle velocity, however, is higher.

Figure 2-21: 7.62x51 FMJ (M80).

Table 2-8: 7.62x51 FMJ (M80).

Projectile Material tombac-plated steel-jacket, lead core 9.5 g

Term of reference MCMOPI

Mean chamber pressure max. 4100 bar

Muzzle velocity 855 m/s

Muzzle energy 34557
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2.6.5 .338 Lapua Mag. SWISS P BALL

This .338 ball ammunition is intended for snipers. The kinetic energy is high in

comparison with smaller calibres, see Table 2-9. However, the projectile design

is similar to the other FMJ types, see Figure 2-22. In the pushout force tests, a

considerable dispersion between the force measurements was detected. The

reason for this difference compared to the M80 ammunition is a different

obturation process.

Figure 2-22: .338 Lapua Mag. SWISS P BALL.

Table 2-9: .338 Lapua Mag. SWISS P BALL.

Projectile Material tombac jacket, lead core 16.g / 255 gr

Term of reference CIP

Mean chamber pressure max. 4200 bar

Muzzle velocity 855 m/s

Muzzle energy 5958 J
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2.6.6 .375 SWISS P

This calibre was investigated for a cross-reference with the .338 Ball. The
cartridge size and design are similar (see Figure 2-23). However, in Table 2-10,
one can see that the projectile energy is high compared to the .338, even the size

is similar.

Figure 2-23: .375 SWISS P.

Table 2-10 .375 SWISS P.

Projectile Material tombac jacket, lead core 22.7 g / 350 gr

Term of reference CIP

Mean chamber pressure max. 4200 bar

Muzzle velocity 880 m/s

Muzzle energy 8800 J
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2.6.7 .50 Browning Training SX

This projectile was the heaviest and most energetic one tested. The jacket is

called a “shoe” and is wrapped around a solid core consisting of a special zinc

alloy, see Figure 2-24. The centre is made of this soft metal because of the

reduced penetration capabilities which are highly desirable for training. The

projectile energy of 17077 joules was very high, see Table 2-11. Because of

these properties, the projectile was mainly used to assess the ruggedness of the

developed device. This cartridge type showed the most significant change as

regards the pushout force, irrespective of whether the casing was lubricated or

not.

Figure 2-24: .50 Browning Training SX.

Table 2-11: .50 Browning Training SX.

Projectile Material tombac jacket, lead core 41.7 g / 644 gr

Term of reference MCMOPI

Mean chamber pressure max. 4500 bar

Muzzle velocity 905 m/s

Muzzle energy 17077 J

48



2.7 Conclusion

Ballistics is the overarching topic of ricochet analysis. Thus, it is important to

describe ballistics and the ballistic equipment needed for the planned ricochet

investigations. One main objective of this chapter is to show that ballistic

processes, especially in small arms, are potentially dangerous. They take place

within a short time and the delivered kinetic energy is high. These factors are

demanding on the environment, the measurement equipment and the material to

be tested.
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3 Sensor data and its processing

3.1 Author’s contribution statement

Michael Muster contributed the basic ideas of the sensor system to the research.

Michael Muster contributed the signal processing system for the analysis of the

sensor results.

Michael Muster wrote this chapter with the inputs of David Wood.

3.2 Introduction

The focus of this chapter is on the signal processing of piezoelectric sensors. The
post-processing of piezoelectric raw signals is necessary to get reliable results.
This chapter discusses possible signal processing approaches and their

applicability to ballistic investigations.

Measurements are always connected to errors. Due to this fact, the present
chapter also elaborates on possible errors of the measurement systems

presented in this thesis.

3.3 Signal processing of ballistics events

The quantification of single impact events is essential for the entire system. For
the measurement and sensor system itself, it does not matter whether the impact
is produced by the actual projectile or the casing pressed against a breech. Single
impact events in ballistics produce strong signals during a short time (to the order

of milliseconds).

Separate ways of processing the raw signal are investigated in this thesis. A
signal envelope-based approach showed the best performance and the highest
accuracy as far as momentum measurements and triangulation are concerned.
The accurate capturing of Arrival Time (AT) and the momentum transfer are
crucial to get a reasonable estimation of the properties of the ricochet. If the AT
is not precise enough, one gets an imprecise positioning, which would be a

hindrance to answering the main research question.
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It is hypothesised that the performance of piezoelectric sensors could be
increased with modern SP approaches, especially ricochet mechanics for a new

device to measure ballistic events.

The next subsection is a short review of the possibilities of processing the
acceleration signals. However, best practice is to work with the physical

properties of the signals, especially for short-time events.

3.4 Advanced signal processing

This section concerns various signal processing approaches and evaluation.
Here, modern machine and deep learning techniques to solve the triangulation

problem have also been considered to improve the processing and data cleaning.

This part of the review was performed to critically appreciate the influence of the
triangulation of several impacts has on accurately identifying the location of points

of impacts. The approaches are rather mathematical-statistical than physical.

Knowledge about a signal processing of unsteady signals has increased
significantly over the past few decades. Comparable approaches for processing

the signals are those used in techniques of human speech recognition.

Starting with how the signal is acquired, it is observed that more and more micro-
electro-mechanical system (MEMS) microphones are now in use for mobile
devices [1], [2]. These systems convert acoustic energy (movements caused by
pressure differences) into electrical energy [3]. This is comparable to
accelerometers which convert larger-scale mechanical oscillations into electrical
energy. Also, how these systems produce the signals are similar; both detection
systems can be realized with piezoelectric crystals. The basic properties of the
signals are also similar: both signals are vectors containing waves of varying

frequencies and magnitudes.

However, there are also some differences between acoustic and impact signals.
The period of highest importance for location triangulation is immediately after
impact, while the period of free oscillation is less critical. In the case of speech

recognition, the whole body of the signal is essential.
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In other words, the main difference is that the signal acquired in the case of impact
detection is in microseconds and the case of speech recognition in milliseconds.

But the same analytical principles apply.

3.4.1 Acoustic phonetic approach

The acoustic-phonetic approach is the oldest method to be described. Liberman
et al. [4], using this approach, tried to identify conditions which make speech
unique. A phoneme is defined as the unit of sound, which makes it possible to
distinguish a particular word from another. With the linguistic approach, it was

attempted to teach machines to hear human words.

However, the main problem with this approach is the segmentation of the signal
into phonetic units. Due to threshold problems, segmentation errors appear to be
inevitable [5]. Further problem areas are the individuality of the speaker, time
normalisation, and recording quality [5]. Several similar issues exist concerning
the applicability to AT estimation. These, however, without workable solutions.
For instance, impact detection can be similar to phoneme detection, but in the

case of the AT detection, minimal time differences can lead to significant errors.

3.4.2 Pattern recognition approach

One of the main problems in speech recognition is the linguistic behaviour of the
speaker, pronouncing words differently depending on dialect or speed, as well as
the identification of separate words in a whole sentence. The pattern recognition
approach considers this. Itis connected to the language and requires the analysis
of statistics. The basic idea is that each word is split into a set of phonemes
(similar to the acoustic-phonetic approach). Such sets are then compared with a
trained pattern of similar sequences of phonemes. This allows a much more
precise speech recognition. The approach is mathematical and can be
represented in a statistical model. Typically the “Hidden Markov” model, with
which it is possible to recognise whole phrases that are not known initially. These
patterns can be compared with known words or phrases, and it is possible to
grade the quality of fit between the unknown and the known. This very

sophisticated approach depends strongly on the trained pattern.
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As the trained data sets have been greatly extended during the last few decades,
this approach has given speech recognition a reliable precision. This concept has

been used and accepted since the 1960s [4], [6].

3.4.3 Conclusion of advanced signal processing

Accelerometers measure the acceleration of a physical event. This physical event
is directly connected to the physical property of interest. In this work, it is the
position and momentum. This fact leads to the assumption that it should be
possible to work with a conventional signal processing approach, as presented in
this thesis. For multiple impact triangulation, it would be necessary to use
approaches like pattern recognition. Nevertheless, this issue can be solved using
thermography, which relies again on physical principles and is much easier to
process, because in this case image-processing approaches can be used which
exist already in many applications as a standard. Or already implemented vision

algorithms.

3.5 Conventional signal processing

During this thesis, only traditional signal processing approaches where used.
With slight modifications, the necessary signal processing approach was for all
experiments the same. This makes it worth to go deeper in this thesis with respect

to signal envelope, bandpass filtering and mechanical filters.

3.5.1 Mechanical filter

Mechanical filters are in this thesis used in two ways. Sensors like shock
accelerometer and load cell used in in the experiments of chapter 5 have an
internal mechanical filter which is related to the material properties of the sensor

housing.

For load cell rings, oscillating forces over 60 kHz are damped out by the titanium
or stainless steel housing. Furthermore, these ring load cells detecting forces

from one direction.
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Piezo crystals produce in all directions a signal if one put force on it. The
piezoelectric load cell housing filters the forces in such a way that only one
direction is measured. The mechanical filter is more critical for piezoelectric shock
accelerometers. The shock has the intrinsic property that it produces high
frequencies in the piezo crystal, which may lead to destruction. Because of these
multidirectional high frequencies, it was not possible to assess the accuracy of
shock sensors, without fundamental changes. Complex mechanical structures in
the accelerometer itself make it possible to filter and remove noise from
5 of 6 degrees of freedom out. This makes it possible to calibrate and use these
accelerometers as references when it comes to the assessment of vibrations after

shock loading, which is the main topic of chapter 4.

In this thesis, chapter 4 is devoted to describing a novel way to mechanical filter
noise from the original impact signal. With a spiked witness plate, it was proved
the noise could be damped effectively. The basic idea behind the mechanical
plate filter is to dampen all signals at the boundaries of the plate. The remaining

signal is the one which comes directly from the initial impact.

How effective and direct passive mechanical filters are shown in section 5.2. This
publication treated beside others the cross verification of a piezoelectric
mechanically filtered load cell with a piezoelectric strain gauge. The Strain gauge
itself was unfiltered, strains in all directions where recorded in high resolution. All
filtering needed to be done after recording the signal. The result was that the
digital signal processing approach was robust and useful. However, the overall
results from the mechanical filtered load cell were superior compared to the high

frequency unfiltered raw signal of the load cell.

Mechanical filtering is a significant step in the overall signal processing of ballistic
events. It gives the security that the primary signal is not overloaded with

mechanical noise originating from other sources than the one which is of interest.
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3.5.2 Signal envelope

Internal and terminal ballistic processes are connected to large forces applied in
a short timeframe. Because of the mechanical filtering described above, ballistic
shocks are defined banded. These mechanical shocks lead to force and

acceleration signals which oscillate.

The oscillations are wrapped to wave packages which oscillate slower. This is
similar to the wave sets which one can see on the sea. These wave packages
have a close connection to signal envelopes. Signhal envelopes can be generated
with different approaches. They are widely used in almost all fields of engineering
and physics. A property of the signal envelope is that smoothed the signal out
without losing the peak value. For time-sensitive events, it is furthermore

essential keeping the time of the first rise repeatable.

The Hilbert-Huang Transformation (HHT) is a relatively new approach to analyse
signals. Like other transformations, e.g. the windowed Fourier transform, HHT is
also a time and frequency decomposition. There is no inverse function, from a
mathematical point of view; it does not fulfil the requirements of an analytical tool.
However, it is a robust tool for the investigation of physical processes like
gravitational waves [7]. One main advantage is that it is a computationally fast
transformation which can be used for investigating non-linear features. The
empirical HHT is conducted within two main steps. The raw-signal is packet into
an envelope which wraps the peaks of the peaks. This average envelope is then
subtracted from the original signal. This subtraction marks the end of the first
iteration step. With this approach, the original signal is reduced step by step until
a previously set threshold is reached. The decomposition consists finally of the
peak envelopes of many iteration steps. The HHT is suitable for broadband
signals which does not loose spatial resolution. For momentum detection out of
acceleration signals, this transformation is appropriate. However, the time
resolution of the first rise when it comes to wave packages is insufficiently low.
An envelope approach which represents the physical properties of the wave

packages from a time perspective better is needed.
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A property of the acquired ballistic force and the acceleration signal is that it can
be considered as a narrowband signal. This type of envelope is produced within

three steps, see Figure 3-1.

e In the first step, the absolute value of the signal is considered. This
simplification makes the data array easier to handle. However, it does not
reduce the meaning of the data, because just the extreme values
(independent of minimal or maximal) are of interest. This manipulation
does not affect the time resolution. Which is essential for the detection of
the first wave package (the Arrival Time).

e In a second step runs a peak finding algorithm over the signal. Every peak
of the signal is detected and gives a strength which remains persistent
until the next peak arrives. This signal looks similar to steps/stairs.
However, the amount of data points remains the same as in the original
signal. This makes it easier to compare it with the initial signal.

e The signal from the second step looks like stairs with unequal stair length.

In the final step, these stairs are smoothed out with a simple lowpass filter.

With this simple three-step RMS envelope one gets an envelope which gives a
reproducible hull for the first wave package, which is necessary for the AT
detection and the maximal amplitude which is required for the momentum

measurement remains preserved.
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Figure 3-1: Principle of the signal envelope algorithm.
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3.5.3 Bandpass filter

The use of a bandpass filter can further enhance the RMS envelope. A third-order
Butterworth filter is suitable for this application. This filter makes the connection
between the mechanical filter and the RMS envelope. Some unwanted high, as
well as low-frequency stray signals, may be generated in the cable. These signals
are eliminated using the Butterworth filter. The used filter is a digital filter, which
can be easily modified or adapted. The digital filter also has the advantage that it

filters the digitalised and saved signal. Thus different parameters can be tested.

3.6 Position measurement

Projectiles, which affect a solid surface, produce vibrations. During this impact,
flexural waves travel circularly outwards from the point of impact. These waves
are used for triangulation. The idea behind the triangulation is shown in Figure
3-2.

Figure 3-2: Picture (a) shows a drop falling onto a calm surface. Picture (b) also
indicates a drop falling onto a smooth surface, but a few ms later in time. One
can easily detect that waves are circularly emitted from the point of impact.
These waves are the physical background for the detection system. The height
of the wave represents the momentum, and the eccentricity relative to the circle

of the coffee mug, the position.
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To calculate the position, finding the correct arrival time is crucial. Sensors for
positioning may rely on the principle of ultrasonic sonar and are used for
applications such as autonomous driving. Other sensors like acoustic sensors
serve to detect the position of failures in machines [8]. An additional application
Is the triangulation of mobile phone devices in an arbitrary matrix of transmission
masts. There are also approaches in the defence field like simulation and training,
where the position of exercising soldiers is measured in real-time. Many position
systems rely on different TDOF or TDOA calculations. All these tracking
approaches have demanding requirements concerning the underlying short-time
physics. Due to this, sampling rates of the data acquisitions systems are more
than one MHz, and the sensors have to be able to measure the physical event,
preferably without latency. The accelerometer signals need to be acquired
simultaneously since the correct time difference between threshold exceeding of
each sensor signal is crucial. Studies concerning the application of spectral

analysis for impact detection have been conducted by Doyle [9] and Park [10].

Gaul and Hurlebaus [11] conduct recent studies dealing with different concepts
for the impact analysis. They assessed three different methods of Time-
Frequency Analysis (TFA) in respect of their performance to detect flexural waves
emitted from impacts on a steel plate. The four concepts for TFA investigated by
Gaul and Hurlebaus were Short- Time Fourier Transformation (STFT), Wigner-
Ville Distribution (WVD) and Discrete Wavelet Transformation (DWT). The
performance of STFT and VWD are uniquely assessed in theory, whereas the
DWT is assessed extensively by Gaul and Hurlebaus in both theory and practice.
A significant advantage of the STFT is the direct connection to the physical world.
The inverse of the STFT is easy to compute. According to Gaul and Hurlebaus
[16], the major drawback of the STFT is that one needs a fixed window size, which
causes problems for high resolution in the time-frequency domain. High
resolution in the frequency domain is crucial if one wants to calculate the precise
AT. This problem does not exist in the VWD since the system is based on a
correlation function and allows an adjustable window size. However, there are
also drawbacks. The interpretation of the spectrogram is difficult, i.e. very tedious

computation-wise.
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Focusing on the three assessed TFA, the DWT is the best way to compute the
AT. DWT has a low computational effort, and the window size can be varied either
in the time or frequency domain [12], which is the basis for a multiresolution
analysis [13].

Gaul and Hurlebaus [11] also applied an optimisation method to find the impact
location. To this end, they evaluated the expected group velocity analytically.
Gaul and Hurlebaus did a great job, and some of their findings can be applied
directly to other impact triangulation problems. However, it might be more suitable
to choose a sensor system, which does not detect all variations of waves. Uniaxial
sensors like uniaxial accelerometers are more suitable in this case.
Accelerometers mounted on the surface of a plate, which predominantly
recognises Rayleigh waves, are adequate. These waves propagate on the
surface of the material. Uniaxial accelerometers detect also reflected waves at
the boundaries of the plate. However, the strength of these reflected waves
inhibits a very low amplitude in the uniaxial case, which leads to the verdict that

these reflections do not need to be considered in the calculation procedure.

Furthermore, the sampling rate of 1 MHz is rather low. For high-precision
measurements, a sampling rate of 2-10 MHz might be required. The estimated
velocity is around 3000 m/s, which means that, if one wants to get a resolution of

approximately 1 mm, the sampling rate should be at least 3 MHz.

3.7 Momentum and force measurement

There are different approaches on how to measure the momentum, each of which
has its benefits. An accurate method of measuring the momentum of a ballistic
impact is the ballistic pendulum. It is based on gravity, which is a well known
natural constant. A ballistic pendulum contains a reference weight held in place
by a pendulum arm, see Figure 3-3. By shooting a projectile in the soft reference
weight, the projectile is embedded in the mass. Because of the embedding

process, a perfectly inelastic collision takes place.
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The oscillations of the pendulum can be measured repeatably. Major drawbacks
of this system are the large measurement equipment needed for this, plus the
fact that it is not possible to measure multiple impacts. However, huge

advantages are the simple measurement principle and the achieved accuracy.

V1
m

Figure 3-3: Example of a ballistic pendulum. The projectile gets embedded into a
mass of a pendulum. The embedding process represents a perfectly inelastic
collision. As the masses of the pendulum and the projectile are known, one can

calculate the momentum with the height of the first excitation.

Another possibility to measure the momentum are strain gauges. Their
advantage is that they can be placed easily on large structures. And since they
acquire signals from all directions, it is possible to measure multiple Degree of
Freedom (DOF) systems. The overall momentum of complex structures can be
derived if one uses a matrix of all possible directional momentums. This system
can measure the momentum load over time, which is crucial if one wants to

measure multiple impacts.

Drawbacks of the strain gauge measurements are the filtering requirements,
since unwanted multiaxial oscillations of the system - which have nothing to do

with the momentum - may disturb the system.
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A third possibility is to measure the momentum with accelerometers. It combines
both already described approaches. With conventional uniaxial accelerometers it
Is not possible to measure the momentum in all directions. This measurement
approach is like the measurement principle of the ballistic pendulum. By this

method it is also possible to measure impacts on large plate-shaped structures.

Another similarity between the strain gauge and the accelerometer is the nature
of the signal. The indirect output signal of the strain gauge is a force, the change
in resistance depends on the deformation and the deformation itself depends on
the applied force. The indirect output signal of the accelerometer is also a force
since the mass of the system is known. With the known mass and the measured

acceleration, one can compute the force by Newton’s second law.

If the ballistic impact on the plate occurs in an orthogonal direction, it is
advantageous to measure in the direction where the impact occurs. Here it makes
sense to rely on uniaxial accelerometers. Another advantage is that the
accelerometer can be used easily to measure other properties like the AT of wave

packages, which enables a reliable TDOA positioning.

A reliable approach to measure the momentum is the combination of a bandpass
filter and a signal envelope (Figure 3-4). The signal envelope has an integral
characteristic. With this knowledge, it is possible to work with the peak of the
signal to derive the momentum directly. For measuring the energy, empirical
approaches are necessary and efficient since the signal depends strongly on the

shape of the impact plate.
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Figure 3-4: Filtering system.
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3.8 Sensors used

The thermographic camera was used for a straightforward position and
dispersion measurement, which did not need to acquire the signal in a range
of us. The range of seconds was sufficient. All other sensors were dynamic and
relied on the same piezoelectric measurement principle, pictures of the sensor
are represented in Figure 3-5. The piezoelectric sensors came mainly from
manufacturer PCB, USA. The sensors used for the experiment were high-shock
ICP® accelerometer [14], [15], sensors which are specifically designed for events
where severe accelerations up to 50,000 G may rise and decay in 10 ps. Another
sensor was a reusable piezoelectric strain sensor ICP® [16]. This sensor type is
often used to support the measurements from the accelerometer. The advantage
of this kind of sensor is that it may detect an event very quickly and that tiny
strains may be detected. For the ballistic test, the sensor needed to be rugged
and able to detect frequencies up to 100 kHz. The last sensor type used were
piezoelectric force rings which are also based on a piezoelectric principle. Two
different ring force sensor (also known as force washer) manufacturers were
tested to underline the significance of the tests. One was Kistler Switzerland [17],
and the other PCB USA [18].

Figure 3-5: Picture of all sensors used (a) represents piezoelectric force
washers, (b) represents three piezoelectric strain gauges (c) shows the filtered

piezoelectric shock accelerometer.
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3.8.1 Piezoelectric principle

The main characteristics of the piezoelectric sensors used are that they are
active. These sensors do not need an external power source, because of a non-
homogenous deformation of the piezoelectric crystal, which is often SiO2, a
charge in the lattice structure of the quartz is produced which is nearly linear to
the applied force, see Figure 3-6. This charge of the signal in the range of Pico
coulomb and needs to go true a signal conditioner which provides a stable sink
for the source charge. The measurements performed are very demanding; other
sensor approaches like MEMS sensors are less dynamic and not suitable for
such a harsh environment. Most internal ballistic testing’s are so demanding that
they often lack a dynamic calibration test. It is possible to cross-verify between
different sensors to get an estimation of the status of the sensor [19]. This is also

valid for the acceleration calibration of shock sensors.
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Figure 3-6: Piezoelectric effect in quartz.
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3.8.2 Measurement errors

This subsection is split into two more sections, because of the complexity of the
measurement system, which is the main driver for error. The overall ricochet
measuring device can lead to more single errors which sum up concerning the
error of the force measurement system. This was the reason due to which the
impulse/momentum measurement was conducted first in the force measurement
system. Internal ballistic processes are controlled and reproducible, and it is

possible to do cross verification.

3.8.2.1 The error of the ricochet measurement system

To estimate the accuracy of the ricochet system, one has to define the
measurement properties of interest. The fragmentation pattern is dependent on
the resolution of the thermal camera and the area which is under investigation.
The proposed system investigated an area of 600x400 mm, and the thermal
resolution of the camera was 320x240 thermal pixel. With the setup of the
measurement system, it was not possible to reach all pixels, which means that
the spatial resolution of the fragmentation pattern was 2 mm. The primary source
of error besides the pixel is the temperature drift, which gives blurred pictures and
increases the inaccuracy because of the boundary of the fragments. The third
source of error was the need for a change of the rubber layer, which was not
changed after every shot. For more reliable fragmentation measurements, a
replacement of the rubber layer after every shot would be required. The setup

using the rubber layer is in chapter 6 described in more detalil.

The momentum measurement is the second main parameter investigated. The
momentum of the impact depends on the ammunition size and its design. The
overall accuracy of the momentum measurement is 0.01 Ns. This was measured
with different reference ammunition types. Main drivers for errors are the whole
calibration process. It is very challenging to calibrate sensors for such short time
events. Reference shots conducted the calibration. The strength of the
momentum depends on the weight and velocity of the projectile and could be

measured with an analytic scale which has a precision of +/- 0.0001 g.
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Furthermore, the speed of the projectiles before impact is measured via a
calibrated light gate. The accuracy of the velocity is +/- 2 m/s. These two errors
might lead to an overall calibration error of 2*10" Ns. This is more accurate than
the achieved accuracy of 0.01 Ns. This leads to the conclusion that the primary
source of error is the signal processing and the short time data acquisition
capabilities of the shock sensors. The quantification of a bullet itself during impact
Is more demanding than the inner ballistic pressure or force quantification. The
primary source of error is the sensor system itself. However, 0.01 Ns is still a

good result for the final aim, the ricochet measurement for RDA estimation.

The error of the velocity is driven by the distance error between the two plates,
the accuracy of the impact position. Furthermore is also the time estimation of the
first and the second impact of importance. The distance error between the
ricochet and witness plate is +/- 3 mm. The triangulation error of the position
estimation of the ricochet plate is +/- 5 mm. As already mentioned in the
positioning error of the measurement error +/- 1 mm. With this approach, one is
also able to calculate the time error +/- 5 mm leads to a timing error of the impact
of +/- 2 us for both plates. For a “standard” ricochet flying at 750 m/s all these
errors together lead to the worst-case velocity measurement error of +/- 7.5 m/s
or 1 %. This is congruent with the error measured in the tests described in

chapter 6.

3.8.2.2 The error of the force measurement system

The reduced complexity of the measurement system increases the overall
measurement accuracy. Errors are related to the performance of the
measurement system (data acquisition, signal conditioner) and the sensor

sensitivity itself.

The force measurement sensitivity of the force sensor is 27 mV/KN. The data
acquisition box is capable of a resolution of 16 bit over a range of 20 V.
Combining this parameter results in a measurement error of 11 Newton.
Concerning the expected force of 7 KN in minimum (9 mm Luger), this factor is in

the range of 2 %o, which is an acceptable value for such dynamic measurements.
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3.9 Conclusion

This chapter investigated different signal processing possibilities. It was shown
that conventional signal processing approaches are sufficient for ballistic
investigations. The main message of this chapter is that the measurement error
in not driven by the signal processing approach, but by the design and the sensor

itself
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4 Damping of post-impact vibrations

4.1 Introduction to chapter

This chapter covers the first publication of the thesis. Initial tests showed that the
signal quality of the impact triangulation on a steel plate was not sufficient and
had to be augmented. The focus of this chapter is the reduction of unwanted
flexural waves which affect the impact position calculation. The proposed solution
is very efficient and suitable for enhancing the triangulation signal. However,

many other applications are possible.
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Abstract

Impacts of solid bodies on rigid plates produce loud noise and strong vibrations.
During this impact, flexural waves travel circularly outwards from the point of
impact. These waves are used to determine the properties of the impacting body.
For reliable location and momentum measurements, the set of flexural waves

must pass acceleration sensors once without being disturbed by reflections.

Different plate designs are tested to evaluate the shape, which offers the best

damping properties against a single strong impact.

The investigations showed that the damping properties of the plates are
significantly better with a star-shaped design, which is equipped with a damping
layer. The novelty presented here is that the damping properties are significantly
increased using a star-shaped plate with especially power-law formed and

damped edges.

The work offers a solution to get significantly better damping properties and a
better signal for impact investigations. The results demonstrate that it is a
promising approach for an impact detection system, which could be equally

applicable to acoustic damping applications.
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4.3 Introduction to publication

This study investigates the effect of different plate shapes on their damping
behaviour after a single excitation burst leading from a small arms projectile. The

focus is on a short-time scale from microseconds up to milliseconds.

Small arms projectiles are structures that weigh from 2 to 10 grams, which travel
at supersonic speed and produce strong acceleration and acoustic signals when
they impact. Due to their high speed and rotation rates, they are generally
challenging to characterise during flight and impact. The impact characterisation
is used for applications like the estimation of range-danger areas after deflection

of the projectile on oblique plates.

For impact characterisations, one needs to know the position of impact and the
momentum transmitted into the plate. With this information, one can estimate the
residual energy and deflection angle of the projectile after impact. The main
challenge of the impact detection is connected to huge decelerations and large
deformations in a short time regime. Such projectiles are often too small to be
equipped with sensors. Therefore, sensors mounted on witness plates are widely

used for impact detection devices.

So-called Impact Soft-Recovery Experiments [1] are made, for example, with
impact detection devices. In this case, the target under investigation is a brittle
plate made of ceramic, monitored by an interferometer. The projectile impact
generates strong vibrations, the characterisation of which helps to calculate the
nature of the impact. Espinosa et al. [2] showed that it is possible to get a cleaner
raw signal from the target plate by using a star-shaped flyer geometry. Their tests
revealed that the effect of the outer layer of the plate on the impact zone itself
could be minimised significantly. Besides interferometers, accelerometers are
frequently used to measure properties of the impact like the impact position or

the transferred momentum [3]-[5].
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One of the significant sources for measurement inaccuracies is random and
reflected vibrations [6]. Hammetter et al. used an array of accelerometers fixed
on the plate to determine the momentum transferred. They showed that
geometrical properties of the detecting plate itself might lead to inaccurate

measurements.

Another source of measurement inaccuracy is electronic filtering of the
acceleration data. Best practice for severe-shock investigations is to use
mechanically insulated accelerometers [7]. Severe mechanical shocks such as
caused by bullet impact, typically lead to six degrees of freedom accelerations
represented in broadband frequencies. This makes it difficult to determine the
overall momentum [6], or the position. Mechanical insulators combined with
electrical filters were found to be an appropriate way to overcome this rapid

excitation problem.

The impacting body excites the witness plate within a very short time in a non-
linear and random vibration regime, where scattering and reflections of vibrations
at boundaries will occur [8], [9]. Right after the impact is the moment when the
point of interest occurs. This moment is called the Arrival Time (AT). The AT is
defined as the time when the sensor detects the first set of waves, which originate
from the impact position. Consequently, knowing the exact AT is necessary to
recalculate the exact impact position [10] with the

Time Difference of Arrival (TDOA) algorithms.

TDOA algorithms are often used nowadays and optimised for passive tracking of
wireless communication systems [11]. The underlying computations for wireless-
devices tracking and impact location, are the same. The main issue for the

triangulation of impact remains accurate AT detection.
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For flexural group waves travelling in steel at a speed of more than 2500 m/s,
already minor AT detection errors lead to large positioning errors. The speed of
sound in the target material and the AT difference must be known for positioning.
Furthermore, by knowing the positions of the sensors, one can easily calculate
the position of the impact/of the origin of the waves by numerical methods [12].
Mingzhouet al. showed the possibility of precisely detecting the AT of flexural
waves using accelerometers after the impact of a test weight dropped on a large
steel plate, also in noisy environments like power plants [13]. They used a
sophisticated decomposition algorithm combined with the Hilbert Huang

Transformation.

They found that the proposed algorithm was capable of detecting the AT with a
precision of several milliseconds. The main reason for the inaccuracies was still
the noise in the signal. During a ballistic impact on a plate, stochastic waves
appear inevitably, which affects the precision of the AT calculation. In an idealised
case, flexural and compression waves emitted from the origin of impact would not
be reflected. Two approaches can realise this: Using a plate significantly larger
in comparison with the investigated area (this approach is presented in [9]) or

using a damping plate.

A promising approach is a plate of special shape which decreases in thickness
atthe edge (called a wedge shape) in a power-law profile [14]. Internal refractions
eliminate different waveforms. However, the power-law shape is difficult to
manufacture, which is why it is not used in practical vibration dampers [15].
Possible ways of manufacturing this wedge shape are 3D milling or casting [16],

both of which are expensive.

For hardened-steel and supersonic impacts, such delicate and large structures
are unsuitable to be made by industrial methods. There are some highly effective
damping alternatives which are easier to manufacture, i.e. the application of a
thin absorbing layer to the plate surface. Another possibility is an acoustic black
hole, reduced in its space requirements as proposed by Lee [17]. This showed
that a damping layer is covering and wrapping the acoustic black hole results in

a reduced vibration.

74



However, for impact analysis purposes, other shapes are more desirable. From
a manufacturing point of view, if one wants to process a hardened wear plate,
just 2D shapes should be used. Such plate designs can be produced by water-
jet or plasma cutting. Possible shapes that can be produced easily are polygons
or any round, but two-dimensional. Star-shaped (polygonal) flyer plates are also
able to trap compression waves, as used for normal impact soft-recovery
experiments [2]. With the star-shaped plate, much lower level reflection is
observed during impact. This enhances the quality of the raw data in ballistic
experiments. The edge morphology can serve as a trap for waves and be
investigated computationally in [18]. Apart from the computational investigations,

the real noise-damping properties of the plates need to be quantified.

The plate experiences random vibrations after significant impulse is applied. The
plate’s response cannot be assessed using purely analytical models. The
random-decrement method is a possible way to quantify the damping factor of a
system. This approach is suitable for systems which are randomly excited, for
example fluid flow against rigid structures like ships or bridges [19]. Using the
logarithmic decrement to determine the damping ratio is widely used for such

damped systems [20].

This random decrement method is unsuitable for the present application because
the plate is just excited once with a strong burst, then recovers fully as the
vibration decays down to the not-excited state. The random decrement method
would be more applicable if the system were excited by many fragments
impacting simultaneously. In the case of a strong excitation burst, the plate
vibrates stochastically. According to the experimental results of Humbertet al.
[21], all frequencies are abundant during the first 70 ms after excitation with one
strong mechanical burst. All frequency bands of the broadband spectra of the free
vibrational decay have different decay rates. It is not possible to calculate just
one valid damping ratio [22], especially if one wants to calculate the AT, which is
the case in this investigation. In this case, one can use band-pass filters to

determine each specific damping ratio.
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The information about the properties of the impacting mass and the AT is retained
in flexural waves only for the first few post-impact milliseconds. The first 100 ms
must not be disturbed by reflections, to get a meaningful result. It is possible to
sort out specific reflections using wave separation [24]. This approach, however,
works for ultrasonic signals because small changes in frequency may be detected
with such systems. Severe shock signals need to be detected with mechanically
prefiltered accelerometers. The recorded acceleration broadband signal decays
exponentially after a single excitation event, which is comparable to the decay of

sound in room acoustics.

In-room acoustics, the “reverberation time” is a common way of describing a
signal decay pattern. The reverberation time is defined as an exponential decay
fit, which has the advantage that there is just one main decay rate, which includes
all frequencies. This reverberation time was introduced by Schroeder [24] in
1965. He used filtered pistol shots to produce a single excitation event
comparable to the application described in this paper. Since the damping is
directly related to the reverberation time [25], this is a significant quantity for the

system performance in the present case.
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The reverberation time is mostly measured to determine room acoustics [26], but
can also be measured for any solid plates, for instance, in musical equipment
[27]. This paper describes different plate shapes and their capabilities to
attenuate the noise, relative to a reference plate. The increased damping
properties enhance the detection of the AT. The vibrations are detected with
accelerometers capable of measuring uniaxial accelerations. They are normally
positioned on the plate. Only flexural waves will be measured using this
accelerometer type. Because of the similarities to the acoustical reverberation of
a sound burst (or filtered pistol shot), the reverberation time is chosen as
guantification method. In an initial study, a drop test is performed in a small-scale
experiment to determine the most efficient plate shape. This shape is produced

in a larger scale model and used for ballistic impact tests.

4.4 Experimental procedures and materials tested

4.4.1 Test procedures

Two different test scenarios were chosen to estimate the scalability of the system.
The goal of the two scenarios is to evaluate and assess the damping properties
of plate shapes after impact. The most promising design after the first test
scenario is verified on a larger scale. All shapes were produced using the
water- jet cutting technique, which results in surface roughness of Ra 25 pm. This
is comparable to standard sandblasting. The overall tolerances are 0.1 mm,
independent of the plate thickness. Concave edges are produced with radii of
0.75 mm, convex edges with minimum radii of 0.08 mm. In the case of the shapes
subject to the power law, the exponent was approx. 2.8 for both test scenarios.
The surface of the plate has a Ra of 8 um, which is relatively smooth. The surface
of the plate has no disturbances except for the screwed-in accelerometers. The
data acquisition system for the accelerometers was the NI USB-6366 (National
Instruments, USA) in both scenarios, with simultaneous sampling, acquiring and
recording data every 0.5 ys. Simultaneous sampling is necessary for such tests

so that the exact time shift between the excitation events is measured.
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The acceleration sensors used for both scenarios are shock sensors 350B01
(PCB, USA), mechanically isolated and electrically filtered. The signal conditioner
was the 483C40 (PCB, USA).

The data acquisition time was set to 150 ms, i.e. long enough to investigate the
signal decay. Each test was repeated three times. The maximum signal amplitude
acquired was normalised to+1. With this approach, one can compare low-
momentum impacts with high-momentum impacts. The time from primary wave
detection until 1 % of the max amplitude is reached, was used to calculate the
reverberation time of the different plates. This calculation was necessary to

quantify and compare the results.

4.4.2 First test scenario

The first test scenario was a small-scale setup; plates of four different shapes
were used to acquire information about their damping behaviour. All plates for the
first set of experiments consisted of 5 mm thick S275J2 steel. As a reference, a
simple rectangular plate was analysed. This had four additional small rectangles
attached for fixation purposes, as shown in Figure 4-2. Most ballistic standard
tests rely on square or rectangular plate shapes. Square plates are used in the
interest of simplicity and cost savings. A second reference plate of oval shape
was used to examine whether this would enhance the damping properties. The
third plate was made with projections featuring a 60° angle following the findings
of [2], [18], called the “star-shaped with 60° edge” plate. The height of the triangle
is 35mm. It is assumed that, with this shape, the damping rate increases
significantly. The fourth shape is the combination of the power-law profile and the
star-shape called “star-shape with a power-law edge”, the edges are shown in
Figure 4-2c. The number of spikes of the fourth shape is the same as in the case
of the star-shaped plate. The width between the corners remained the same.
However, the length of the edge increased to 98 mm. As suggested in [16], the
surface was treated with an absorbing surface, a magnetic polymer compound.
This layer can be removed if required. The star-shaped with 60° edge plate and
the star-shaped plate with power-law edges were equipped with three thread

bores each to accommodate three sensors.
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One of these bores is closer to the centre, while the second is near the concave
edge of the spike and the third in the centre of the convex edge as shown in
Figure 4-3. In this way, reflections and backscatter can be detected by monitoring
and comparing the sensor data. However, sensor position and the speed of

sound in a given material are parameters which can be controlled very accurately.

The plates were impacted by a falling steel roller bearing ball, its layout shown in
Figure 4-3. The ball's mass was 16.84 g, representing a widely used 16 mm ball
bearing. The reason for using such an object was that it consists of 100cr6
hardened steel. These drop weights can sustain several drops without any
deformation. The release height was 3.8 m, the release mechanism an
electromagnet switched by a transistor. The standard deviation of the overall drop

accuracy was 0.1 mm. This drop height delivered kinetic energy of 0.62 Joule.

The damping layer was applied only to the last section of the power-law spikes.
The size of the damping layer material (10x20x1 mm) was the same in all
analysed cases as shown in Figure 4-3. The damping layer was placed on the
oval plate, the star-shaped 60° edge plate and the star-shaped plate with power-

law edges.

For the plates with geometries such as the ones in Figure 4-2, it was possible to
add an equally distributed magnetic damping layer on the spikes or attach an
equally distributed magnetic damping layer to the oval plate. This attachment is
not possible in the case of the rectangular plate. The reason is that the
rectangular geometry has fewer edges compared to the oval plates, and they are

not equidistant.
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4.4.3 Second test scenario

During the initiation phase of the second test scenario, aluminium was also tested
to serve as damping plate. The applied material was AlZnMgCul,5 which is one
of the toughest aluminium alloys, often used for high-performance constructions.
The plate in question was 24 mm thick to prevent penetration. Tests showed that
aluminium is incapable to withstand the wear mechanism of an impacting
projectile. Figure 4-1 shows impressively that, compared with other ammunition
types, already a low-energy impact of 9 mm ammunition, results in a massive

deformation and destruction of the aluminium surface.

Figure 4-1: Impact on aluminium of a 9 mm projectile. It is easy to see that the

material is not hard to enough to resist multiple loading cycles.

Due to the low wear resistance of aluminium against impact, the second
experiment was finally made using a 12 mm thick Hardox 500 tempered steel
plate. This steel exhibits a yield strength of 1300 MPa [28] as a target, against an

impacting supersonic projectile.

Two different plates were tested in this scenario: A rectangular reference plate
(Figure 4-2a) and a star-shaped plate with a power-law edge (Figure 4-2d).
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Both plates had a thickness of 12 mm, the reference plate was 700 mm wide and
800 mm long, while the star-shaped plate with a power-law edge (Figure 4-2d)
had a diameter of approx. 800 mm. The reference plate was fixed in a rigid frame
at the four corners as shown in Figure 4-4. The power-law edged plate was
mounted between a frame consisting of two steel rings and then fixed into the
rigid frame shown in Figure 4-4a. A rubber inlay (called rubber damper) was

mounted between the spikes and served for both damping and fixation purposes.
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Figure 4-2: Different plate shapes: (a) reference, (b) oval (c) star shape with 60°
edge (d) star shape with a power-law edge. The reference consists of five
rectangles, with the large one representing the central impact zone. The four
small rectangles are fixation points. The oval plate is a second reference which

has, like (¢) and (d), an oval central impact zone, but no spikes.

The plates were tested with a 9 mm 7.5 g Full Metal Jacket (FMJ) projectile with
a velocity of 380 m/s. These projectiles were chosen because of the low
occurrence of backscattering. Another reason is that they are NATO-compliant

and widely available for such tests.

The velocity was measured 15 m before impact, using a BMC 31 (Kurzzeit,
Germany) ballistic data processing system and an LS 260 (Kurzzeit, Germany)
light gate for velocity measuring. The velocity drop within the light gate is
considered, using the known drag coefficient of the specific FMJ projectile type.
Knowing the velocity drop between the measurement system and impact is
necessary to determine the reference impact velocity. In this case, all four
sensors are equidistant from the centre, as shown in Figure 4-4b. This is easier

for triangulation, which will be applied in future.
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Figure 4-3: First test scenario: (a) schematic test layout, (b) accelerometer with
the sensor numbers, sensor 1 is most proximal to the centre, the other two are
at the same distance from the centre. Sensor 2 is exactly in front of the concave
edge to see if this edge influences the signal. Sensor 3 is in line to the spike of
the plate. (c) damping layer is a magnetic polymer compound which “sticks” to

the contour of the plate.
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><
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Figure 4-4. Second test scenario: (a) schematic test layout with the heavy
(800 kg) metal frame and the plate attached to the back of the frame. (b) star-
shaped plate with power-law edges with rubber damper. The plate is placed in
an assembly of rubber pieces and a fixation plate suitable for mounting in the

heavy metal frame.
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4.5 Results and discussion

45.1 General observations

In the case of the plate with power-law edge and rubber damper, the highest
excitation level occurs 10-20 us after impact. A similar decay pattern was
observed in both experimental scenarios. This, in spite of the fact that the impact
energy in the second experiment was approx. 900 times higher and the plate was
30 times heavier than in the first test scenario. The results of the experiments
conducted for the first and second test scenarios differ greatly in their repeatability
of the impact position. In the case of the first test scenario, the radial standard
deviation was less than 1 mm. The second test scenario, performed with 9 mm
projectiles, showed a radial standard deviation of impacts of 40 mm. The reason
for this impact distribution is the performance of the projectile acceleration

system.

Interestingly, the distribution of impact positions does not affect the standard
deviation between the measurements of the reverberation time shown in Table
4-1, Table 4-2. The reason for this stable reverberation time might be that, in all
cases, there are some flexural waves reflected by the boundaries which keep the
plate in oscillation during a few milliseconds.

One of the most demanding tasks of the damped plate is to reduce the vibrations
occurring after an impact event. By dumping the plate, one ensures that the
detected vibrations originate directly from the impact itself and not from the

boundary reflections.

Figure 4-7 shows the acceleration signal acquired for the reference plate (shape
like Figure 4-2a) and the star-shaped plate with power-law edges (shape like
Figure 4-5f). In this figure, the reference plate shows a package of small flexural
waves which are detected by the accelerometer 30 ys before the main wave
packages arrive. These packages disturb the positioning and the momentum
measurement process since it is not possible to distinguish between the small
reflected flexural waves and the wave package, which is emitted directly from the
impact. This is especially true if the two wave packages are overlapping more

than the ones represented in Figure 4-7a.
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With the proposed design, a very pure impact signal can be produced, as seen
in Figure 4-7b. In this signal, no disturbances are visible before the main wave
package arrives. This enhances the accuracy of the impact measurement

significantly.

The magnitude of the peaks is rising steadily, and no significant disturbance in
the signal can be detected before the first small excitation occurs. In the case of
the star-shaped plate with power-law edges with rubber damper, the acquired
signal is significantly different. The package of small waves does not occur. In

both cases, the magnitude of the acceleration peak is about 20,000 m/s?.

The best plate shape for single damping impacts is the star-shaped plate with the
power-law edges with the damping layer. This shape is a combination of the
shape of acoustic black holes and the star-shaped flyer plate. The damping effect
of general acoustic black holes, as in the case of the power-law shapes, is
strongly reduced since acoustic black holes react sensitively to truncation
imperfections, material failures, surface roughness and reduced length of the last
part of the spike [16]. However, with the use of rubber dampers, the damping
effect is still significantly better than compared with the star-shape 60° edge with
the damping layer. This can only be explained by the fact that the acoustic black

hole is additional help for the star-shape geometry.

In all measurements, there is a fast-oscillating signal body followed by sharp
peaks. These peaks are occurring stochastically because the plate is excited in
a turbulent regime. This makes the quantification of the damping system

challenging, since the peaks of the signal decay faster than the noise.

The reverberation time was chosen as the most stable value to quantify the
system. It does not depend on a specific frequency, which is vital for such
turbulent systems. The results reported here are promising, and a method can be

developed to analyse more sophisticated impact detection systems.
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4.5.2 First test scenario

The data presented in Figure 4-5 are the raw data representing typical plate
vibrational signals for all plates tested in the first test scenario. One can see that

the plate shape influences the signal decay pattern.

The damped and undamped power-law edged plate exhibits a steady signal
decay, whereas the oval plate shows a more oscillating behaviour after the initial
excitation. Itis also recognised that the peak amplitude occurs shortly after impact
in the case of the power-law shaped structures. In the case of other structural
shapes, especially the star-shaped plate with 60° edge, however, slow rising
amplitudes of the acceleration signal may occur because of internal compressive

waves reflecting at the boundaries.

Compression waves travel through the plate at almost twice the velocity of
flexural waves. The accelerometers detect in one direction only and therefore do
not detect these initial in-plane compressive waves. At the boundary, the
compressive waves are reflected and partly converted to flexural waves. These
reflected flexural waves are unwanted for the triangulation process since they
conflict with the arrival time of the unreflected flexural wave caused directly by

the impact. Such behaviour can be seen in Figure 4-7a.

The damping layer has a significant influence, reducing or eliminating the low
magnitude vibrations after 20 ms, evidence of which is observed in Figure 4-5g.
This is in keeping with the experimental investigations of Kyrlov and Winward
[15]. The small damping layer can absorb the energy of small magnitude

vibrations. However, this effect is not recognisable in the oval damped case.
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Figure 4-5: Typical vibration signals of the first test.
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4.5.3 Second test scenario

Figure 4-6 presents the typical data of the vibrational signal for the plates tested
in the second test scenario. The decay effect of damping is easily recognisable
in the case of high-velocity impacts, as shown in Figure 4-6b (star-shaped plate
with power-law edges with rubber damper). For the reference plate, the highest
excitation level is delayed to 1 ms after the first oscillation is detected. The
oscillations are still recognisable after 25 ms. Comparing the reference plate with
the star-shaped plate with power-law edges and rubber damper, one can see a
significant reverberation time reduction from over 200 ms to under 10 ms Figure
4-7.

However, the primary aim is to improve the information/loss ratio so that the
signal contains a more substantial portion of impact information compared with
the overall information. Since the signal is strongly reduced after the first few

reflections, this aim is met by using the plate with a power-law shaped edge.
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Figure 4-6: Typical vibration signals of the second test (impact of 9 mm
projectile). (a) the reference (rectangular) plate which shows still some
oscillations after 25 ms. (b) shows a significant signal decay after the initial
excitation, after 4 ms one cannot see any remaining oscillations rising beyond
the threshold.
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Table 4-1: Averages and standard deviations of 9 measurements in the first test

scenario.
average STD
reverberation (ms)
time (ms)
Reference 135 7
Oval 158 1.2
Oval with a damping layer 134 24
Star shape 174 0.8
Star shape with a damping layer 63 0.6
star-shaped plate with power-law edges 147 1.1
star-shaped plate with power-law edges with | 37 0.1
a damping layer

Table 4-2: Averages and standard deviations of 9 measurements in the second

test scenario.

Shape average reverberation time STD

(ms) (ms)
Reference 214 2.9
star-shaped plate with power- |9 0.9
law edges with arubber damper
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Figure 4-7: Acceleration signal acquired on (a) reference plate (b) star-shaped
plate with power-law edges with rubber damper. This picture shows the benefit
of the power-law edge design, the steady increase without disturbances of the
wave amplitude after impact. Disturbances that can be recognised in the case

of the reference plate lead to an inaccurate AT detection.
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4.6 Conclusions

The results show that the plate shape has a significant influence on both vibration
pattern and signal decay. The reverberation time is affected by vibration damping
layers in combination with toothed edges. The effect of the damped 60° spike is
less significant than the effect of the damped power-law shaped spike. Compared
with the reference plates, it is possible to reduce the reverberation time by a factor
of roughly 24, which is a huge advantage if one uses the witness plate as a

measurement system.

Even though the kinetic energy from the impulse tests with a drop weight falling
under gravity and a projectile flying at supersonic speed differ strongly, the
oscillations resulting from vibration-time properties are comparable. The star-
shaped plate, with power-law edges, can be used to design new devices which
are suitable for ballistic impact investigations. For example, a ricochet
measurement device could be built up. Furthermore, such measurement plates

are also suitable for the location of multiple impacts in the same period.

It is known from the acoustic black-hole effect and from star-shaped flyer plates
that they influence the wave propagation. This is particularly true with a

combination of the two shapes and intense excitation bursts like ballistic impacts.

Another fact is that the sound appears to be less intensive since the acoustic
reverberation time is shorter so that it is also possible to use this system for future
sound and noise reduction applications. Directly applied examples are silent bed
plates for punch presses, surface metal treatments in musical situations, quieter

reciprocating engines and cyclical systems.
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4.8 Connection to the next chapter

The fundamental research question of this thesis is, how do novel ballistic
measurements affect recent safety considerations? This chapter is not a direct
contribution to answering the question. To connect this chapter to the others, one
has to put it into a broader context. The anticipated research is only possible with

novel measurement devices.

This chapter describes a damping plate which will enhance the sensor signal for
terminal ballistic investigations. However, the next chapter investigates the

pushout force of the casing, which is an internal ballistic investigation.

The connection between this chapter and the next is devoted to the sensor layout
and the measurement system. In this chapter is has been established that
piezoelectric sensors are capable of sensing ballistic events in the range of
microseconds. This time range of the physical event is investigated in this and

also in the next chapter.

Furthermore, the knowledge of the best practice for signal processing of
piezoelectric accelerometers has been established in this chapter and will be

used and further refined in the next one.

One outcome of this chapter was that aluminium is not suitable for a
measurement device in the field of ballistics due to the soft material. A best
practice is to use hardened or tempered steel for ballistic investigations. This

knowledge was essential for designing the breech described in the next chapter.

The chapter deals also with the vibration, acoustics and noise reduction methods.
The publication covered in this chapter focuses on the proof of concept for one
very crucial part of the research, namely the sensor plate. The sensor plate is
subsequently differentiated into the ricochet and witness plate. These structures

are described in detail later in chapter 6.
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Figure 4-8: Comparison of the anticipated path and the actual path in relation to the chapters presented in the thesis. Chapter
2 was necessary to be capable of producing a ricochet measurement device.
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4.9 Conclusion of chapter

This chapter was not directly connected to ballistics. However, this intermediate
step was necessary to realise the ricochet measurement device. One key
outcome of this chapter is that the ballistic impact is a prime example of a sound
burst which produces all kinds of frequencies during impact. These broadband

spectra can be controlled using power-law spiked plates
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5 Pushout force measurement

5.1 Introduction to chapter

This chapter contains two publications which treat a similar topic. The first part is
about the initial proof and verification of the concept. The second part assesses
the usability for signal processing and the momentum measurement. Both parts
together present a double cross-verification of the fact that surface-treated
ammunition causes a significant rise in force. However, this chapter also shows
the high reproducibility of internal ballistic processes. Section 5.2 describes the

first accepted publication of the thesis.

5.2 Dynamic qualitative pushout force measurements for
investigating influence factors on the pushout effect of small
calibre ammunition

5.2.1 Author’s contribution statement

Michael Muster developed this publication. Michael Muster contributed the main

conceptual ideas concerning the sensor layout and its signal processing.

Michael Muster worked out almost all of the technical details and designed the
measurement device with the help of Ralf Wahrenberg. Markus Grinig

manufactured the novel breech.

Amer Hameed and Ralf Wahrenberg gave inputs for the test scenarios to prove

the measurement concept.

Michael Muster wrote the paper with inputs from all authors.
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Abstract

A small calibre weapon system consists of the weapon and the ammunition. In
the case of bolt action rifles during the process of firing, the breech is a rigid
bearing which prevents the casing from being pushed out. However, not the
whole pushout force is taken by the bolt. Because of friction forces at the casing
boundary, the chamber of the weapon can absorb a significant part of the pushout

force.

The duration of the pushout force is in the order of milliseconds. Piezoelectric
strain gauges are capable of recording such short time events qualitatively. To
increase the measurability of force obtained from the raw signal is filtered using
a bandpass filter and applying a signal envelope. A piezoelectric force washer

verifies the results from the strain gauges.

In this paper, two different lubrication states and two different casing materials

are analysed to evaluate their influences on the force absorbed by the bolt.

The analysis indicated that lubricated casings lead to pushout forces which are
more than three times higher when compared unlubricated casings. The
unlubricated steel casing also showed a significant lower pushout force when
compared with the regular brass casing. However, this effect is reversed if the

casing is lubricated.

This work demonstrates how to measure dynamic events. The acquired results
can be directly applied to 5.56x45 mm bolt action rifles. These measurements
may also have a significant influence on self-loading rifles since the process of
reloading is also dependent on the pushout force. The general application area

is target competitive shooting and military purposes.

99



5.2.2 Introduction to publication

The process of firing a weapon system is a vivid example of the application of
Newton’s third law. The gas generated by the burning propellant accelerates the
projectile in the weapon until it leaves the muzzle. This acceleration process leads
to recoil. During the acceleration, the casing of the cartridge experiences high
pressure. This leads to significant pushout forces, but for a minimal time.
However, the chamber and the bolt of the weapon holds the cartridge in place

during this time. See Figure 5-1.

The bolt of the weapon does not purely take the overall pushout force. The
cartridge casing can be assumed as a pressure vessel which is plastically and
elastically deformed during the time while the burns in the chamber. Through this
behaviour, the casing is pushed against the walls of the chamber. The friction
between the chamber walls and the casing provides some capabilities of taking

some of the overall pushout force.

The pushout force depends mainly on four factors: The surface area of the case
head, where the pressure applies; the pressure in the casing; the friction between
the chamber wall and the case body; and the material properties of the chamber
and the casing. The pressure curve in the chamber should be highly repeatable.
Woodley et al. measured the projectile and the propellant mass, which resulted
in comparable pressure maxima [1]. Since the cartridges are produced in tight
tolerances, the area of the casing head can also be assumed as constant. In
these experiments, the pushout force is mostly dependant on the material
properties of the casing and the chamber and the friction coefficient between

these materials.
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Figure 5-1: Schematic view of the cross-section of the barrel.

The behaviour of the dynamics of small arms weapons is often investigated using
high-speed cameras. However, these cameras are suitable only for visible
events, so are not appropriate for bolt action rifle measurements. A breech of a
weapon holds the ammunition in place during firing. Often such short duration
rigid or invisible processes have been modelled using finite element analysis [2],
[3]. The advantage of finite element methods is that numerous parameters can
be investigated within a single model by undertaking sensitivity studies. It is also
possible to analyse geometric parameters with minor changes in the model.
South et al. investigated an interior ballistic model which can be used to estimate
the behaviour of a projectile while being pushed through the barrel. Some aspects
of the model correlated almost exactly with the reality, but the wear mechanism
of the groove formation during the firing was not represented realistically [4]. It is
still challenging to simulate wear and tribological mechanisms such as friction

and lubrication in thin-film environments [5].
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It is also possible to measure these highly dynamic forces in a real environment.
Ritter et al. presented a system to measure the in-chamber primer pushout force
[6]. They used a force gauge to measure simultaneous the force on the breech
and pressure inside the cartridge. However, with this system, it was only possible
to measure the primer force, which is produced during a fire. It is not possible to

measure the whole force at the bottom of the cartridge.

Another possibility to measure highly dynamic events, such as vibrations, are
piezoelectric strain gauges. Michaelides et al. used such strain gauges to analyse
the movements of a vibrating bridge [7]. In their investigations, they used the
strain gauges for frequencies between 1 and 100 Hz. Such strain gauges are
capable of quantifying much faster events. The raw signal quality is good with
such encapsulated strain gauges so that it is possible to determine noisy but

dynamical events with adequate signal processing [8].

Bin Tan et al. used standard flexible strain gauges to investigate the effect of steel
balls, impacting at 200 m/s on military protection helmets. These strain gauges

were used as a reference for validating the FE model [9].

One main problem of internal ballistics measurements systems is the noisy
signals. The reason for this is that the acceleration process of a bullet is a short
time event approximately 1 ms for the investigated calibre, which is comparable
with a burst where a lot of mechanical oscillations are generated. In such a noisy
environment, one has to determine the main physical event of interest. Phuong
et al. suggested a de-noising approach with discrete wavelet decomposition in
combination with a Hilbert Huang transformation for the detection of faults in roller
bearings. They were more focused on reporting the time of occurrence of the
error [10]. Wavelet decomposition is less suitable to measure the amplitude of an
event. For internal ballistic pressure measurements, 20 kHz second-order
Butterworth lowpass filters are generally used [11]. In the case of pressure
measurements, it is simpler to determine the underlying physical event, such as
oscillating pressure waves which may affect the whole measurement. However,
in the case of the pushout measurement, more sophisticated filtering approaches

are necessary.
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Measuring force signals with piezoelectric force washers is widely used from the
field of biomedical engineering [12] up to the rock drilling technology [13]. Groche
et al. [14] used a force washer to indirectly measure the applied force on a punch
in a high-speed press for a thick steel plate. The indirectly acquired signals were
highly comparable to the signals of the measured directly. However, the system
had to be calibrated for which they used a stroke rate of 300 strokes per minute.

The duration of the event of interest was of the order of 100 ms.

More dynamical investigations were conducted by Jun et al. and Zhang et al. [15],
[16]. Jun et al. investigated the behaviour of the spindle in a machining setup
using an assembly of force washers. The rotation speed of the spindle and the
cutting tool determines the cycle time, the cycle of the cutting process was
between 50 and 5 ms, which is close with the internal ballistic process which is in
the range of 50 ps to 1 ms. Jun et al. conducted an in-depth investigation of the
force washer’s properties under harsh circumstances. They obtained a very
positive outcome for this dynamic application. Zhang et al. showed that ultrasonic

forces could be measured with piezoelectric force washers.

5.2.3 Material and methods

Two different casing materials were chosen to investigate the influence of the
lubrication on the pushout force. In both cases, the ammunition type M193 was
used, it is a well-defined NATO standard ammunition stock number [17]. This
ammunition type has a projectile diameter of 5.56 mm, and the length of the
casing is 45 mm. The M193 has been extensively investigated by several
researchers covering terminal ballistic studies [18] and [19]. Like some
ammunition types, the M193 was produced with two types of casings, a regular

brass casing and a steel casing.
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A fluid called Kliibersynt MZ 4-17 was used to lubricate the casings. This lubricant
is recommended for small calibre weapons such as hunting and sporting rifles
[20]. For the test, a thin layer of lubricant was applied onto the casing with a brush.
The average weight of lubricant applied was 10 mg. The lubricant was equally
distributed over the whole casing surface. The unlubricated ammunition was
cleaned beforehand using acetone to remove any fat residuals, which might

remain from the production process.

The ammunition was tested with a system similar to the Electronic Pressure
Velocity and Action Time (EPVAT) measurement setup [21] which is known for
NATO testings, see Figure 5-2. With this system; it was possible to measure the
pushout force of the ammunition. Three piezoelectric strain gauges where pasted
equidistant to the load cell with an adhesive, see Figure 5-3a and Figure 5-3b.
The load cell consisted of stainless steel X5CrNi18-10, which is typically used in
such experimental tests [22], [23]. This material is also resistant to residue from
the burned propellant, which is of strong oxidising nature. Also, this load cell acted

as a breech, providing a rigid bearing for the ammunition, see Figure 5-3c.

Multiple sensors were used to analyse the effect of inhomogeneous loading
during the acceleration phase of the bullet firing. The measurement system
housing was manufactured from the cast iron, to assist with vibration damping.
The gun barrels were similar to those used in an EPVAT system and were
interchangeable and could be used for multiple calibres. The Kistler 6215

pressure gauge with a Butterworth 20 kHz filter was used as a reference system.

The velocity was measured with a light gate. The pressure and velocity were

measured in separate test setups.

The National Instruments USB-6366 data acquisition device was used for the

tests. It can simultaneously acquire and record data every 0.5 ps.

The piezoelectric strain gauges were of type 740b02 (PCB, USA). They are
capable of measuring frequencies up to 100 kHz. Also, a low pass filter to reduce

the mechanical oscillations while measuring the pressure was used. The raw data
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with a signal amplification rate of 1, was acquired without a filter using PCB-
482CO05 (PCB, USA) signal conditioner.

A precalibrated force washer was additionally used for strain gauge verification.
This force washer gives a signal in volt, which can be directly converted into a
force signal in Newtons. However, with this system, it is not possible to detect

asymmetrical loads produced by the casing.

The used force washer was a Kistler 9041a (Kistler, Switzerland); this sensor type
is capable of recording forces up to 90 kN. The signal conditioner was a Kistler
5073A (Kistler, Switzerland). Figure 5-4 shows the assembly of the force washer.
In Figure 5-4a, one can see the sensor. However, this sensor needed to be
protected by a steel protection plate (Figure 5-4b). The second reason for the

steel plate was to provide a rigid bearing for the ammunition.

The data acquisition time was set to 20 ms. As the signal of interestwas ca. 4 ms,
this acquisition time was sufficient. The pre-trigger was setto 0.1 ms. The reason
for this extended acquisition time was to ensure that the trigger started the data
acquisition before releasing the spring-loaded igniter rather than later when the
igniter hit the primer. In this experimental setup, it was possible to trigger the

release time. Each test was repeated five times.

A servo press was used, to investigate the signal linearity of the load cell with the
piezoelectric strain gauges and the force washer, which applied a defined load
for a short time on the system. The servo press was controlled by a calibrated
force detector and an additional sensor that controlled the servo press system.

This double controlled system ensured the calibration accuracy.
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After shooting, the empty cartridge casings where optically investigated for any
scratches or shape deformations. In addition, a longitudinal sectional cut of the
empty casings was performed to investigate the case head area and the
maximum internal diameter, see Figure 5-5.

The tests were performed in a closed shooting range behind safety glass. The

cartridge was ignited by a remote trigger.

Proof barrel
(interchangable)

M |

T

’
Trigger (local part)

Pressure Sensor

Strain Gauge

Figure 5-3: Qualitative measurement assembly of the load cell. (a) load cell with
strain gauge, (b) assembled load cell, (c) fully assembled breech measurement

plate.
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Figure 5-4: Quantitative measurement assembly. (a) force washer, (b) protection

plate (c) fully assembled quantitative breech measurement plate.

5.2.4 Raw data processing of piezoelectric strain gauge signal

The Hilbert transformation which produces a signal envelope is a widely used
function in signal processing, see [10], [24] and [25]. It is primarily used in the
analysis of a signal that exhibits a rapid increase and decay similar to internal

ballistics.

A general property of the signal envelope is that a signal wave which carries much
high-frequency noise can be demodulated into a low-frequency signal which
represents the main physical property if the signal is not cyclic. After transforming
the signal into an envelope, as shown in Figure 5-6, it can be used as a stand-
alone signal. The signal envelope approach is most suitable for our application
because it filters out high-frequency peaks that are artefacts, deriving from

reflections.

Tests showed that a reliable idea is to measure the force during firing with a
combination of a bandpass filter and a signal envelope. Because of the signal
characteristics, it is possible to work with the maximum value of the signal

envelope to determine the maximum force.
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Figure 5-5: Analysed casing types and their maximal internal diameters. The

upper is the brass casing, the lower the steel casing.

As already mentioned, a servo-press was used to investigate the linearity of the
system. However, such a press only offers limited comparability with the real test
situation. In the described system, the signal processing was undertaken exactly
as in the real internal ballistic measurements. Therefore, the investigation was
performed at its peak. This paper only investigates the linearity of the load cell; it
is not aimed to calibrate the load cell to give fully quantitative results.

,\/\M "/VU\ ,(/\/U\ //x\w F=x

Raw Signal Filter 10 kHz Signal Find
From piezoelectric strain gauges Butterworth Envelope ”| Peak Force

y

Figure 5-6: Signal processing of the raw data.
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5.2.5 Results

Figure 5-7 presents the raw data (in blue) of a typical pushout force signal for all
tested casing scenarios. The red dashed line represents the signal envelope:
Only the signal envelope was used to compare the results. The duration of the
signal is ca. 1 ms. One can note that the raw signal consisted of high-frequency
components, especially during the ignition phase. These parts are sharply
reduced by processing the signal through a 20 kHz filter and generating the signal
envelope. The signal envelope exhibits a strong smoothening. However, the time
of the first excitation of the envelope is strongly consistent with the thresholds
excitation point of the raw signal. In the unlubricated brass case, testing’s
measured with strain gauges, the duration of the force is shorter compared to all

other scenarios.

The force curves represented in Figure 5-8 show the post-processed raw signals
of the lubricated and unlubricated brass casings measured with strain gauges.
The amplitude is normalised relative to the regular case, which is considered to
be the unlubricated brass casing. One can observe that the starting time of the
force generation on the breech is at the same time for both the lubricated and
unlubricated casing. However, the peak force of the unlubricated casing falls at
0.4 ms, which is earlier when compared to the lubricated casing falling at 0.55 ms.
This observation is for both measurement scenarios valid, for the measuring

system with strain gauges and the one with the force washer.

The unlubricated casing curves show a lower peak force and in case of the strain
gauge measurement, a smaller deviation between the max and min peak force
compared to the lubricated casings. The semi-quantitative difference is of the

ratio of about 1:2 in both peak force and the deviation in the case of brass casings.

The difference between the lubrication scenarios can also be observed in Figure
5-9 and Figure 5-10. The variance in the case of steel casings is even stronger.
The peak force both in the lubricated steel and the brass casing is exhibited at

almost the same time.
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However, the time when the force applies to the breech is marginally different for
steel between the wunlubricated and lubricated curves. These force
measurements are contrary to both brass casing measurements, where the force
from the cartridge applied on the breech for the unlubricated state acted for a

markedly shorter time
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The comparison of some neuralgic data is represented in Table 5-1. It shows a
large difference in both the average and the maximum force between the baseline
(unlubricated brass casing) and the lubricated casings, which is in both cases ca.
factor 3. Even more dramatic is the difference between the minimal and the
maximum force of the steel casing, which is approximately exhibiting a ratio of
1.5. In general, unlubricated steel casings produce less force on the breech
compared to brass casings. The average reference pressure was acquired with
a different measurement system. Each pressure test scenario was also repeated
five times. The range of average pressures was comparable between the

scenarios and overall, differences were negligible.

Table 5-1: Relative comparison of the peak values of strain gauge

measurements.

Description Average Min Max Average
Force Force Force Pressure [Bar]

Brass Unlubricated | 100 %* 81 % 114 % 3510

Brass Lubricated 268 % 212 % 293 % 3560

Steel Unlubricated | 68 % 59 % 86 % 3590

Steel Lubricated 264 % 247 % 296 % 3509

* Normalised to the average of the unlubricated brass casing

The results of the strain gauge equipped load cell were compared and verified by
the force washer. The same apparatus such as the proof barrel, the housing of
the load cell and the trigger mechanism was used for all the experiments, to
ensure consistency. Figure 5-11shows the acquired data of the brass casings
comparing the results from the force washer with the strain gauge measurements.
The force washer signal was filtered with a 20 kHz filter. No signal envelope was
applied during the experiments. In general, the results between the force washer
measurements and the strain gauge based load cell are comparable. In the case
of the force washer, a comparatively slightly faster decay to zero was observed
in the lubricated brass casing. The comparative difference in the peak force decay

Is also noticeable in the lubricated casings.

115



The relative average force, tabulated in Table 5-2, indicates that the difference
between the lubricated and unlubricated casing is around ca. 2.2 times. The strain

gauges captured similar magnitudes of relative peak measurements.

Table 5-2: Peak force of the force washer measurements.

Description Relative Average Min Max
average Force Force [kN ] Force[kN]  Force[kN]

Brass 100 % 9.77 9.23 10.42

Unlubricated

Brass 217 % 21.2 20.5 21.72

Lubricated

5.2.6 Discussion

The results are consistent with the published models that used finite element
analysis [2]. The measurements are conducted with two different approaches and
are comparable, which strengthens the outcome of key results. A change in
lubrication leads to a significant difference in the pushout force. The signal
processing approach described here is suitable for these force measurements. It
was proven that the initial times of excitation remain the same while the primary
signal is strongly smoothened using a signal envelope approach, which leads to

good comparability.

The engineered piezoelectric load cell as well as the force washer are suitable
means of data acquisition devices to proof and measure the pushout force during
the firing process. The main advantage of the force washer is that it is easy to get
absolute values. If one wants to investigate the load distribution, the

measurement system with three strain gauges is more applicable.

The time during which the force is measured is comparable with the duration
during which a projectile is pushed through the barrel, despite the fact that forces
are still expected in the chamber well after the projectile exits the barrel. This

expected force is because of residual gas pressure in the chamber.

One significant observation from the analysis of these tests is that the lubrication
in the chamber or on the ammunition leads to higher pushout forces. For

reference, we have taken the unlubricated brass case as a baseline.
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The mechanical material properties of the two casing types differ strongly.
However, the fact that the lubricated brass casing produces the same pushout
force as the lubricated steel casing leads to the conclusion that the pushout force

is mainly depending on the friction between the boundaries.

The comparison of the unlubricated steel and brass casing indicates that the steel
casing produces a significantly lower force on the breech. However, the duration
of the load cycle in the case of the steel casing is comparatively longer, and in
some cases, is more than 1 ms. The pushout energy remained comparable
between the unlubricated steel casing and the unlubricated brass casing. It is
important to note that the steel surface is treated with a lacquer. Using a treated
surface it is not possible to make statements about the steel casing-chamber
interaction which has not been studied in this investigation, for a lacquered

casing, the interaction is between the polymer and the steel chamber.
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5.2.7 Conclusion and future work

This paper demonstrates two approaches to measure the pushout force of the
casing on the breech. The benefit of this system is that it can be used for calibres,
such as 8.6x70 mm, which is frequently used by long-range shootings with
breech rifles. An enhancement to this investigation is further tests with different
small arms calibres, to investigate what parameter influences the pushout force

significantly.

These results might also be applicable for repeating rifles since their mechanism
is strongly dependant on the pushout energy, which strongly changes if the
casing is lubricated. It is also worth investigating the effect of water or ice in the
chamber, which may exhibit similar results. This technique would also be
applicable for investigating the forces involved in breeches in larger gun systems

such as autocannons and tank guns.
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5.3.1 Connection to the next section

This section, showed that the pushout force measurement device can be used
for the investigation of different casing surfaces. Based on the results of this
section it was decided that it is worth further investigating the topic of pushout

force.

The aim of the next section was to investigate many different small arms
ammunition types under different lubrication states because this influences the

usage and danger potential of weapons.

From this section it is also known that the pushout force is a reproducible process
if the casings are treated in the same manner. With this knowledge it was possible
to further refine the filtering algorithm of the raw data.The refinement of this
section was necessary because one of the main aims of the next section is the

assessment of the momentum/impulse delivered on the breech.

The connections to the next section can be summarised as follows:

- The same measurement device is used

- The same lubrication for the casing is used

- The same force washer is used for the whole calibre range
- The same signal processing approach

- Published in the same journal

Differences to the next section are as follows

- Momentum/impulse measurement
- Assessment of ice layer treated ammunition

- Assessment of the whole calibre range
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Figure 5-12: Comparison of the anticipated path and the actual path in relation to the chapters presented in the thesis.
Section 5.2 was necessary for the proof of concept of a proper signhal processing algorithm which is less dependent on the

raw signal.
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Abstract

This study analyses the influence of lubrication treatments on the force absorbed by
the breech. The results are of interest for weapon-safety and durability studies,

especially when it comes to weapon maintenance.

A barrel-ammunition combination represents an expanding vessel under high
pressure. The pressure rises from ambient up to 420 MPa in less than a millisecond.
During such a highly dynamic process, purely static equations, describing the
problem of the casing pushout force, may not be applied. Besides the dynamic
behaviour, the surface properties and geometry also play a crucial role. To
investigate the pushout force, a measurement system based on force washer was
built. This system was validated using a crusher method and Finite Element
Analysis. The impulse was calculated using the data of the measured force to obtain

additional information about the force-time properties of the push-out behaviour.

Untreated ammunition and two lubrication systems: “ice layer” and “oil lubricated” as
well as seven different ammunition sizes ranging from 5.56 and 12.7 mm were
considered. The response was the force absorbed by the breech while the cartridge
provides rear obturating to the combustion gases. It was found that both the casing

geometry and its treatments have a significant influence on the pushout force.
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5.4.2 Introduction to publication

This contribution aims to measure the influence of differently treated cartridge
surfaces on the breech force in a range of small arms ammunition. Treatment types
analysed were untreated, ice layer and oil lubricated. Ammunition types investigated
were 50 Browning., 375 SWISS P, 338 Lapua Mag, 7,5 x 55 Suisse., 308 Win, 223

Rem and 9 mm Luger.

Because of safety and functionality reasons, the chamber of the weapon needs to
be sealed by the casing during the process of firing. This sealing process also
decreases the breech force. During the acceleration phase of the projectile, the
casing experiences a dynamic environment. Under such circumstances, the
cartridge casing can be considered as a pressure vessel, which undergoes a plastic
deformation while the propellant burns in the chamber. The plastic deformation of
the cartridge that prevents the rearward escape of firing gases between the weapon
chamber and cartridge is called obturation and is closely related to the pushout force.
For safety reasons, the obturation of the casing needs to produce a seal. Otherwise,
unpredictable gap flows may occur, known as the dangerous burn-through or gas-

wash phenomenon.

A thermodynamic gap flow investigation was made by Squire and Donnard [1]. They
described the efflux of luminous gases at the weapon breech, which is abrasive and
can lead to severe damage of the weapon. At worst, it can harm the rifle person.
Squire and Donnard described the problem in detail, referring to classical melting
theory. They investigated this experimentally by drilling a small hole in the head of
the casing. They observed that even a minor scratch might result in a burn-through.
This investigation was made with aluminium casings, which have a significantly
lower melting point as compared to regular brass casings. However, the possible
risks reveal the importance of a controlled obturation process guaranteeing the

sealing of the pressure vessel system.
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Hence, in recent years, several patent applications, describing possible technical
approaches to solve the sealing problem of the ammunition barrel system for small-

calibre ammunition [2], [3], but also large-calibre applications [4], [5], have been filed.

The obturation of the casing affects not only the sealing process but also has an
influence on the force taken/supported by the breech. In the case when the pushout
force exceeds a certain level, the breech can break, which leads to severe damage

or even can harm the operator.

With a combination of internal pressure and the obturation, the casing is pushed
against the wall of the chamber. In other words, it means that the overall pushout
force is not entirely taken by the breech. The friction between the chamber wall and
casing bears some of the overall pushout force. The friction between the interface
boundaries is a crucial factor for breech force assessments, which is described in
the literature, in particular for steel and brass systems. According to Aida [6], the
static and dry Coefficient of Friction (COF) of brass and steel is in the order of 0.19
[6]. In the case of the oil lubricated and kinetic brass-steel combination, the COF is
around 0.09, which is consistent with recent publications [7]. In terms of lubrication,
it is found that thin water layers may also act as a performant lubricant [8]. However,
lubrication is only one of the six main factors the breech force depends on; the other

five factors are:

- The surface area of the case head where the pressure acts
- The pressure in the casing

- The friction between the chamber wall and the case body

- The material properties of the chamber and casing

- The chamber geometry, i.e. fluted or smooth
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By controlling these five factors and measuring the pushout force, it is possible to
get information about the effect of the lubricant on the obturation process during
firing. Processes such as obturation are challenging to measure and are nowadays
simulated using Finite Element Analysis (FEA) [9], [10]. The advantage of FEA is
that numerous parameters can be investigated within one single model by sensitivity
studies. With only minor changes in the model, one can analyse geometric

parameters.

Besides numerical approaches, it is also possible to investigate the pushout force
analytically at the breech, as suggested by Allsop et al. [11]. The extraction force
equation can be used to estimate the pushout force. Such an approach is unsuitable
for solving the dynamical problem of the obturation and cartridge sealing since only
part of the analytical model can be applied. The main reason is that in the equation
of Allsop et al., the friction is assumed to have a constant value. Specific properties
of the propellant, such as pressure oscillations, described by Elkarous et al. [12], are

neglected.

Several types of small-calibre ammunition are available for both military and law
enforcement purposes. The most often-used cartridge type is the 9 mm Luger. This
type of ammunition is standardised and utilised in pistols all over the world [13]. The
most powerful calibre belonging to the family of small-calibre ammunition, exploited
by many armies, is the 12.7x99 mm, also known as 50 Browning or 50 BMG. This
calibre is mostly for the heavy machine gun Browning M2, which has its origins in
1918 [14]. The 50 BMG is especially worth for investigation since this ammunition
type caused problems concerning the reloading cycle and breech/pushout force and

was therefore profoundly investigated using FEA methods [15].
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Besides FEA investigations, it is also possible to measure forces at the case head
using force washers. Ritter et al. [16] measured the force on the igniter and pressure
inside the cartridge with a piezoelectric force sensor. This provided confidence in
predicting the behaviour occurring in the barrel chamber. They mentioned that the

impulse has a significant influence on the system.

Sensors relying on the piezoelectric effect are often selected for standardised
pressure measurements [17]-[19] and so are very suitable for ballistic investigations.
However, ballistic pressure investigations rank among the most challenging types of

measurement to be conducted.

These measurements were previously conducted using a simple copper crusher
method. The copper crusher method consists of a copper cylinder which is deformed
depending on the pressure produced in the chamber of the weapon during the firing
process [20], [21]. Even today, the copper has its legitimation for cross- reference
purposes. Elkarous et al. [22] investigated the sensing behaviour of two piezoelectric
pressure sensors and compared the results with a copper crusher. They investigated
the amount of deformation of the copper cylinders after the shooting tests, using FEA
to obtain quantitative results about the pressure applied. An approach to apply the
crusher method directly on the casing is to turn notches into the head of the casing.
Similar to copper, the brass of the casing is also a highly defined material and can

be investigated as the crusher method.

However, ballistic pressure measurements in the chamber of a weapon are regularly
conducted for security assessments. In contrast, breech force measurements are
rarely made, even though the breech is a main part of the weapon. The force on the
breech has a significant influence on the firing process, weapon functionality, and
safety. This paper confirms that the breech force depends significantly on the surface
treatment, which is one of the relevant issues. Consequently, this study is a
supplement to and enrichment of existing studies on diagnosis associated with the

firing process for small arms ammunition.
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5.4.3 Experimental procedures

Full Metal Jacket (FMJ) projectiles need a lower push-through force as compared to
Monolithic (Solid) projectiles [23]. All types of ammunition were certified according
to the most recent Commission Internationale Permanente (CIP) regulations [17].
The 9 mm Luger is the only casing without bottleneck design investigated. By
comparing the bottleneck-type casings, the differences are in the angle and
diameter-length ratio. For the ammunition, three surface states were selected,;
untreated, oil lubricated and ice layer and they can be seen in Figure 5-13b. The
surface lubrications oil lubricated and ice layer are highly defined and may occur in

real-world usage.

The oil lubricated case simulates the case where the ammunition might have some
lubricant at the boundaries of the inner chamber of the weapon. This is the case
when the weapon is cleaned and oiled before use. To oil lubricate the casings, a
fluid referred to as Klubersynth MZ 4-17 was applied. This lubricant is recommended
for the maintenance of small arms such as hunting and sporting rifles [24]. The

casing surface was treated with 0.4 mg/cm? lubrication oil.

In contrast, the ice layer state reproduces the situation where the ammunition is
significantly colder than the weapon so that it is possible that the ammunition
condensates quickly. In this study, to investigate the ice layer treatments, the
ammunition was cooled to -30 °C for 1 hour and then exposed two minutes to
ambient temperature. This approach permitted to build a highly defined thin ice layer
with a mass of 0.5 mg/cm?, as shown in Figure 5-13b. The condensation process
was controlled with an analytical balance (Mettler, Switzerland) and a stopwatch.
The resulting water film is very thin and does not increase the gap between the
chamber and the casing. Furthermore, it is melted immediately after putting it into

the barrel.
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The ammunition was first tested using an Electronic Pressure Velocity and Action
Time (EPVAT) (HPI, Austria) measurement setup [25]; recognised by NATO and CIP
testings. The amount of propellant is known from production certificates, and the
casing surface can be calculated from the specific dimensions published in the CIP
documents [17].

4 ‘ s Oil lubricated
‘I'§ 50 Browning 2

Figure 5-13: (a) picture of casings tested (b) picture of the different surface states.
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Table 5-3: Specifications of the investigated ammunition types.

50 Browning 12.70 48.5 825 16505 Solid 5219
375 9.50 22.7 850 8200 FMJ 3005
SWISS P

338 Lapua 8.60 16.3 860 6028 FMJ 2802
Mag.

75 x 55 7.50 11.3 780 3437 FMJ 1878
Suisse

308 Win. 7.62 114 770 3380 FMJ 1654
223 Rem. 5.56 3.6 980 1729 FMJ 1152
9 mm Luger 9.00 8.0 365 533 FMJ 497
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5.4.3.1 Piezoelectric measurements

The piezoelectric force measurement was conducted ten times for each ammunition
type so that the reproducibility and associated errors are statistically relevant. The
pushout force measurement device is similar to the EPVAT system, as shown in
Figure 5-14. It includes an interchangeable proof barrel, rigid housing that is made
of cast iron to reduce the effect of vibrations during shooting. In addition, it has a
trigger device attached to the force measurement plate, which is shown in Figure
5-15, this acts at the same time as breech. The trigger device and the force
measurement plate, which also serves as a breech, needs to be disassembled after
every shot performed. The difference to a regular EPVAT system was that the
breech was equipped with a force washer Kistler 9041a (Kistler, Switzerland), shown
in Figure 5-15. This sensor has an Eigen frequency of 65 kHz and is capable of
measuring short time events. A National Instruments USB-6366 (NI, USA) data
acquisition device was used for all tests. A trustful time and amplitude raw signal
were necessary for the impulse measurements. Hence, the data acquisition rate was
2 MHz (0.5 us step size) with a 16-bit resolution. The impulse was calculated using
the time integral of the force signal. The filtering of the acquired raw data was
identical in all cases. The filtering was a combination of 20 kHz Butterworth low-pass
filter is known from NATO standards concerning small-calibre ammunition [19] and
an RMS signal envelope [26] with a step size of 170 samples. The filtering approach
and the overall measurement system with a force washer are the same as the one
described in Muster et al. [27]. The effect of this filtering as compared with the raw
signal can be seen in Figure 5-16. The signal is not loaded with high-frequency parts

over 20 kHz. However, the time property of the first rise remains persistent.
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Figure 5-16: Typical force versus time curve of oil lubricated 308 Win ammunition. Filtered and not filtered.

For the filtering process, a bandpass, RMS signal envelope approach was applied.
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5.4.3.2 Case head crusher assessment

The 338 Lapua Mag. was chosen to conduct the cross-verification of the
piezoelectric measurements for two reasons. First, it is a calibre mainly used in
sniper rifles. Second, it has a rigid breech. Bolt-action rifles are with rigid bearings of
main interest for pushout force and safety investigations. In addition, the
338 Lapua Mag. was assessed since it provides enough material at the casing head
to drill notches, which is necessary for later crusher investigations. These notches
have resulted in defined spikes, which deform under the high forces occurring during
the firing process. This deformation was measured using an analogue microscope

with a measurement X-Y table (Wild Heerbrugg, Germany).

The unloaded notch pattern of the case head, see Figure 5-17, was replicated using
a CAD package of a FEA software. The FEA software applied for this investigation
was FORGE® Version 4.6.2.1 (Transvalor, USA), optimised for metal forming
processes [28]. The casing hardness was assumed to be homogenous with the
constant hardness value of 180 Hardness Vickers (HV30). This drawn casing head
was placed between two bearings, which were assumed to be fully rigid. A quarter
symmetry model was constructed, to save computation time. The load was built up
stepwise on a gradient, to obtain a force-step curve. No oscillations were assumed.
The element and mesh size was set to "automatic”. The force was applied “static”,
and the mesh for the analysis was generated automatically and dynamically. Each
surface state type was assessed three times. With this approach, we were able to
replicate the deformation under an applied force to obtain a semi-quantitative result.
The reason for this verification system is the same as presented by Elkarous et al.

[22], which is to obtain a result from a different measurement approach.

137



Figure 5-17: Modified “crusher” casing head using notches turned into the casing
head.

5.4.3.3 Analytic calculations

Besides the crusher gauge and FEA, the calculated maximum force (Fmax) is another
straightforward method that can be used for an analytic calculation of the pushout
forces of the ammunition types investigated. This method assumes that the
maximum possible force is delivered on the breech. The calculation of the theoretical
Fmax can be simplified since it depends only on two factors. The peak pressure
(Ppeak), @ measured value, and the casing head diameter (DCH) see Figure 5-18,
which is taken from the CIP regulations. Then, Fmax = Ppeak * DHC and the results
are given in Table 5-5. This maximal force scenario applies only if no obturation and
no friction exists between the boundaries of the casing and the chamber. Under such
circumstances, it is obvious that the theoretical Fmax cannot be exceeded in real-

world measurements and so must be taken as a maximum reference.
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More complex equations for push-out measurements rely on several parameters
such as the friction coefficient, materials, geometrical properties and the peak
pressure [11]. These parameters are hard to measure during the experiment and so
must be simplified. Another drawback of this approach is that the dynamic properties

of the projectile acceleration process are neglected.

Casing head diameter (DCH) for Maximal Force calculation

NN ‘\\

Firing Pin

Barrel (rifled)

Breech Bolt

Figure 5-18: Schematic view of the barrel cross-section. The maximum possible is

calculated according to Fmax = Ppeak *-DCH.

5.4.4 Results and discussion

The results section are into two sections, the piezoelectric measurements and the
case head crusher assessment. The piezoelectric measurements are divided into
four parts. Single force curves according to the different ammunition types are
presented. They give an impression about the force-time behaviour. Third, boxplots
summarised the statistics of the acquired results. Finally, the measurements are then

cross verified using a crusher method with FEA.
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5.4.5 Piezoelectric measurements

Figure 5-19, Figure 5-20 and Figure 5-21 show typical pushout force vs time curves
acquired with the force measurement instrument for the seven casing types. As
expected, after firing, the forces increase drastically before decreasing gradually.
Most of the sharp rise takes place within 1 ms, whereas the force decreases take
places between 0.8 and 3 ms depending on the casing. The 9 mm Luger is the only
casing without a bottleneck and has a unique push-out curve as compared to the
other curves. After a short rising time, the maximum force (Fpeak) measured is lower
than the other casing type followed by a decrease to zero force within only one
millisecond, and evidence of this is in Figure 5-19, Figure 5-20 and Figure 5-21. The
reason is that 9 mm Luger proof barrel (100 mm) is much shorter as compared to
the other barrels. In contrast, the .50 BMG has a much longer barrel (1200 mm), and
this leads to longer acceleration time. The difference in acceleration time is

independent on the surface state.

Figure 5-19, Figure 5-20 and Figure 5-21 are closely related to Table 5-4, which
summarises the measured but also the calculated forces for the three surface states.
The Ppeak Was acquired according to the CIP regulations. It represents the average
value from the pressure maxima’s of ten single shots. For each ammunition and
surface state, Fpeak Was averaged over a set of ten shots and Fmax was the maximum
pushout force value in the system. This table also contains an important value which
Is defined as Fpeak/Fmax. This value shows the measured force in relation to the
absolute maximal possible force (Fmax). Also, one main relation between the figures
and the table is the average force (Fpeak), Which is an average value of peak values
of the force curve shown in Figure 5-19. This is a very artificial value, since there is

always some obturation and friction in the system which lowers the push-out force.
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In Table 5-4, no significant difference is observed in the average maximum pressure
(Ppeak) and Fmax for the untreated and oil lubricated ammunition. In contrast, a slight
difference (but significant) is visible in the Ppeak between the untreated and ice layer
ammunition. This is because of the burning properties of the propellant and igniter

that are affected during cold conditions.

The results of the untreated surface state are shown in Figure 5-19 and Table 5-4.
In Figure 5-19, force oscillations, which are caused by the stick-slip effect, can be
observed and was detected in all untreated surface states. Some oscillations are
high in amplitude and reach up to 1/10 of the maximum pushout force; this affects
the reproducibility of the measurements. For the untreated surface state, it is
possible to identify three different casing groups. The first group is made by the 9 mm
Luger only, which shows a sharp peak and reaches up to 72 % of Fmax, see Table
5-4. The second group is made of 375 SWISS P, 338 Lapua Mag., 308 Win and
7.5x55 Suisse. These casings showed a similar relation for Fpeak/Fmax Values ranging
from 42 and 61 %. The third group is worth mentioning as it comprises the largest
and smallest projectile diameter investigated (223 Rem. and .50 BMG, see Table
5-4). These two ammunition types showed only 25- 26 % of the maximum possible
pushout force, see in Table 5-4, which is a strong indication of a good obturation
process. The reason for this behaviour might be the similar geometrical constraints
of the casings; see the geometry of these two casing types (Figure 5-13a). For the
untreated surface state, it is also to note that, although the 50 BMG has twice of the
muzzle energy of the 375 SWISS P, see Table 5-3, the 50 BMG has lower pushout
force as compared to the 375 SWISS P. Actually, the peak-force of the 50 BMG is
reached more than 1.5 ms after the first signal rises. All other casing types reached
the peak-force between 0.3 and 0.5 ms after. One reason is that the propellant used
for this largest investigated caliber is less vigilant; this leads to delayed peak
pressure. Another possible reason for the delayed peak-force is the stick-slip
phenomenon of the ammunition; an effect that can be observed between 0.2 and
0.7 ms in the case of the 50 BMG.
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In contrast, the 375 SWISS P produces the most significant force at the bottom of
the casing (up to 49 kN), see Figure 5-19, a behaviour true for all force curves
investigated in this work. This caliber reaches on average 53 % of the maximum

pushout force, see Table 5-4.

The surface state ice layer influences not only the coefficient of friction of the casing
but also the burning properties of the propellant. However, no significant difference

concerning the pressure and velocity of the projectile was observed.

The ice layer surface state rises the pushout force significantly for every ammunition
type and affects the obturation process. All ammunition types show between 73 and
97 % of the maximal force, which is remarkably high when considering the safety of
the system. The ice layer state revealed significant influence on the force oscillations
of all bottlenecked casings. All force signals are steadily rising and falling. Compared
to the untreated surface state, fewer oscillations occur. The force signal from this
surface state is comparable with the signal from the regular pressure measurements.
The peak-force is correlated with the muzzle energy, which is an indication that the
thin water layer affects the obturation process significantly. This is consistent with
the statement of Paliy et al.[8], who reported that, under certain circumstances, water

acts as a high-performance lubricant.

For the oil lubricated, a thin film Klibersynth MZ 4-17 was applied. The resulting
push-out forces are comparable with those from the ice layer. However, for example,
the 338 Lapua Mag. casings are subjected to fewer stick-slip effects; compare the

green lines in Figure 5-20 and Figure 5-21.
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Figure 5-19: Typical force signals acquired from the untreated ammunition.
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Figure 5-20: Typical force signals acquired from the ice-layer-treated ammunition.
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Figure 5-21: Typical force signals acquired from oil lubricated ammunition.
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Table 5-4: Tabular representation of the measured properties. The "Fpeax/Fmax "

represents a very meaningful value. A high value indicates that almost no

obturation takes place and may affect weapon safety.

Cartridge Surface Fpeak Fmax Fpeak
state [MPa] [KN] [KN]

50 Browning | Untreated 310 102.0 25,00 25
Ice Layer 305 100.0 85,38 85
Oil 310 102.0 85,38 84

Lubricated
375 SWISS | Untreated 390 76.0 40,10 53
P Ice Layer 385 75.0 64,80 86
o]] 390 76.0 64,80 85

Lubricated
338 Lapua | Untreated 380 66.0 40,40 61
Mag. Ice Layer 382 66.0 56,40 85
o]] 380 66.0 56,40 85

Lubricated
7,5x 55 Untreated 320 40.0 21,10 53
Suisse Ice Layer 310 39.0 34,75 89
Oil 320 40.0 34,75 87

Lubricated
308 Win. Untreated 330 37.0 15,70 42
Ice Layer 315 36.0 35,00 97
o]] 330 37.0 35,70 96

Lubricated
223 Rem. Untreated 400 29.0 7,50 26
Ice Layer 390 28.0 21,60 77
o]] 400 29.0 21,60 74

Lubricated
9 mm Luger | Untreated 200 17.0 12,30 72
Ice Layer 205 17,5 12,80 73
Oil 200 17.0 12,80 75

Lubricated
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To compare the statistical results of the experiments, one decided to separate the
ammunition into two groups: smaller and larger ammunition types based on their
muzzle energy delivered. The smaller ammunition types were defined for
ammunition delivering muzzle energy of less than 3500 Joule and the statistical
results are given in Figure 5-22a and Figure 5-23a. The smaller ammunition types
are normally used in self-loading firearms. In contrast, the larger ammunition types
are delivering muzzle energy higher than 6000 Joule, and their statistical results are
shown in Figure 5-22b and Figure 5-23b. These calibres are used by snipers and
are often used in weapons with bolt-action. Bolt-action rifles with a rigid bearing are
stronger affected by insufficient obturation processes and large pushout forces. A
comparison of the different smaller and larger ammunition types are presented in the
boxplots in Figure 5-22 containing the information about all force measurements

performed in this study. They represent median, quartiles as well as extreme values.

We can see that the force delivered on the breech bolt increases in the treated
surface states with increasing muzzle energy; compare Figure 5-22 with Table 5-4.
For all bottleneck casings, it is seen that in the untreated surface state has a
relatively low push-out force whereas the pushout forces for the treated surface
states are significantly higher. The ice layer causes a less significant rise in the

pushout force than the oil lubricated.
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It is worth comparing the 7,5 x 55 Suisse with the 308 Win casings as both have
almost the same muzzle energy values, and they are the only caliber investigated
with interchangeable projectiles. However, the casing geometry differs slightly,
which leads to different pushout force patterns. By comparing both casings, we can
conclude that the overall geometry influences the pushout force. This observation of
a geometrical dependency is supported by the different sized calibres 50 BMG and
223 Rem, see Figure 5-13a. They react with a similar force pattern on the surface
state. The absolute force value and its spread are low in the case of the untreated
surface, and both rise significantly after changing the surface state with lubricant.
Some of the measured 9 mm Luger peak-forces are so high that they reach almost
the calculated maximum possible force. In this case, the sealing of the casing in the
chamber might break and thereby release some of the hot and highly compressed
gas into the weapon. The scatter in the results of the non-bottlenecked 9 mm Luger
is the largest as compared to all other types of ammunition investigated. For the

bottleneck casings investigated, the 338 Lapua Mag. shows a large scatter.
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Figure 5-23 presents the results of the impulse transmitted to the breech. The
impulse gives information about the duration of the force applied on the breech. This
factor is meaningful because some breech systems like breech bolts are more
sensitive when a load applies for a certain time. The impulse transmitted at the base
Is represented by the integral of the force-time curve, and it also depends on the
length of the barrel. Based on Figure 5-23, no evident difference in the impulses was
observed between the treated and untreated 9 mm Luger ammunition. The average
impulses transmitted to the breech bolt varies between 7 and 59 Ns in the untreated
surfaces states. This range is larger for the lubricated surfaces, which varies
between 6 and 120 Ns. The lack of stick-slip effect in the treated surfaces prevent
the chamber from taking big amounts of impulse leading to an enlargement of the
range between min and max value. In contrast, all treated bottleneck casing types
show a decrease in impulse variation. This decrease in impulse variation supports
the theory that the barrel chamber cannot take significant amounts of impulse if the

casings are treated.
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5.4.5.1 Case head crusher assessment

The case head crusher assessment for the .338 Lapua Mag. was used to cross-
verify the electronic measurements. In such highly dynamic environments, there is
a distinct possibility that parts or tolerances of the measurement system influence
the quality of measurements themselves. The verification was conducted in a two-
stage approach; via optical investigation and FEA. Figure 5-24 presents pictures of
the case heads before firing (Figure 5-24a) and after for the three surface states.
This optical investigation showed already noticeable differences concerning the
casing-head deformation. For example, the less flattened ring contour in Figure
5-24d is due to the different hardness of the casing and is prominent in the outer

ring.

Furthermore, the extraction groove supports the outer ring less effective. In a second
step, the FEA was performed and their results compared with the force-washer
measurements. The oil lubricated casing showed a less significant flattening of the
casing head. However, this might be because of the intrinsic force spread of this
calibre (338 Lapua Mag.). This is interesting since the flattening of the casing head
might also lead to different internal ballistics or, in the worst-case scenario, affect the
obturation process further. Such an effect was not observed in the presented study.
Figure 5-25a shows the setup of the FEA, a rigid structure (black bearing) presses
a simplified ductile case head against a rigid plate which is not represented. The
results of the FEA are presented in Figure 5-25 for the three surface states, and the
comparison is given in Table 5-5. The Crusher FEA average peak-force (Fpeak)
analysis is remarkably close to the measured Fpeak by the force washer, and

evidence of this is in Table 5-5.
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Figure 5-24: Pictures of flattened casing heads.
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Figure 5-25: FEA recalculation of the flattened casing heads.
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Table 5-5: Comparison of the semi-quantitative FEA measurements and the force

washer experiments.

Surface Crusher FEA from force washer
state [kN] [KN]
Untreated 35 40

Ice layer 58 56

Oil 51 56
Lubricated

5.4.6 Conclusion

This contribution investigated the effect of casings and surface states on the push-
out force and transmitted impulse. Seven casings (50 Browning., 375 SWISS P, 338
Lapua Mag, 7,5 x 55 Suisse., 308 Win, 223 Rem and 9 mm Luger) and three surface
states (untreated, ice layer and oil lubricated) were selected. We established the
pushout force, and transmitted impulse often depends on the surface state. Using
lubricants such as water or oil increase the average peak-force (Fpeak) Up to a factor
of 3.5 and affect the obturation process. These are safety-relevant features since a
good obturation process is necessary to ensure the functionality of a weapon.
However, large, oscillating and unpredictable loads on a breech, especially on the

breech bolt may lead to its breakage and harm the operator severely.

We demonstrated that our proposed measurement system is suitable for analysing
a wide range of forces and impulses in small arms weapon systems. It has been
validated using a case-head crusher method, aided by FEA. The three different
surface states; untreated, ice layer and oil lubricated showed that already small
changes on the ammunition surface have a significant influence on the pushout force

and so on the obturation process.
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The geometry of the casing, also, influences the pushout force to a major extent,
which is valid for all sizes of bottleneck casings. The investigated non-bottlenecked
casing (9 mm Luger) behave differently concerning the overall spread of the
momentum or push-out force. The acquired results can be used to estimate the
maximum force at the breech, which is a very important and safety-critical factor in

the design and operation of a weapon.

The dispersion of the impulse is reduced in all surface-treated bottleneck casings.
This is a secure sign that for the lubricated surface state, no stick-slip phenomenon

occurs and that the obturation process has a minor influence on the pushout force.

The recommendation to users is to apply lubricant during barrel maintenance but to
remove the lubricant before firing. To weapon manufacturers, the relevant
recommendation is that a weapon should be capable of withstanding at least the
maximal possible force which depends on the maximal possible peak pressure and
the diameter of the case head. A gap between the breech and casing head leads to

strong collisions between the two during weapon firing.
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5.5.1 Connection to the next chapter

This chapter deals with the pushout effects of different ammunition types. It revealed
essential findings for weapon design purposes and further considerations. It also
showed the lubrication- dependent pushout force which can affect the breech bolt of

a weapon. This is of interest for the weapon and eventually the operator’s safety.

The ricochet measurement is of relevance to operational safety. Even if the
fundamental research question remains the same, the next chapter elucidates the

terminal ballistics.

Besides this change from internal to terminal ballistics, the next chapter is a
consolidation of the knowledge developed in this thesis. The knowledge about a
signal processing of short- time physical events from chapter 5 as well as the

knowledge about ballistic momentum measurements are applied to the next chapter.

The measurements described in this chapter are highly reproducible. This is
because internal ballistics needs to be as reproducible as possible for the sake of
weapon functionality and precision. However, this is not the case in the next chapter
devoted to the ricochet, which is, in general, not a well reproducible ballistic

phenomenon, as it depends on many factors.

Although signal processing and the evaluation of the ballistic event are interlinked in
this and the next chapter, one needs to connect to chapter 4 as well. It is only with
the power-law profiled damping plate that, the ricochet measurement device can be
built up. This is because of the filtering requirements of the terminal ballistic impact

since the ricochet is less reproducible and experiences even higher decelerations.
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Figure 5-26: Comparison of the anticipated path and the actual path in relation to the chapters presented in the thesis.
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5.6 Conclusion of chapter

The significant outcome of this chapter is the high-frequency measurement
capabilities of piezoelectric sensors. Piezoelectric sensors are capable of
measuring ballistic processes independent on the sensor purpose. Piezoelectric
strain gauges deliver comparable signals to force washers and accelerometers.
The measurement range of the sensor is very linear and thus applicable to a wide
range of forces accelerations and momentums. Due to this fact, the investigated

sensor concept is also suitable for ricochet measurements.
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6 Ricochet quantification using a multiple sensor
approach

6.1 Introduction to chapter

This chapter deals with the overall measurement system. It is a combination of
all previously generated knowledge. The concept of the ricochet measurement
device is proved using piezoelectric shock accelerometers and two damped
sensor plates called ricochet plate and witness plate. Besides the measurement
device, the ricochets of different projectile designs of 5.56 mm ammunition are

investigated in this chapter.
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Abstract

This study investigates the ricochet behaviour of three different types of small
arms projectiles using a novel ricochet measuring device. The results can be
used to estimate the danger potential of ricochets on shooting ranges. A ricochet
is a projectile or parts thereof changing direction and velocity after impacting an
oblique surface. This impact produces strong vibrations in a rigid plate. During
this impact, flexural waves travel radially outwards from the point of impact. These
waves are used to determine the properties of the impactor with accelerometers
situated on the target surface. With the use of two measurement plates, it is
possible to produce a ricochet and detect its velocity at the same time.
Accelerometers are suitable for accurate momentum measurements of single
iImpacts. However, depending on the strike velocity and the impact angle, a
ricochet can separate in multiple fragments after being deflected. From the
operational safety perspective, these fragments must be detected, also. The
concept of a coupled sensor was chosen to solve this problem. Thermographic
sensors were additionally used to visualise the heat produced by the penetration
of a rubber layer applied to the front surface of the steel target plate. With this
approach, one was able to detect the position of the impact. The investigations
showed that the measurement system's performance is better if a multiple sensor
design is used, which includes accelerometers for the velocity, impact strength
and partly the position measurement; In contrast, the thermographic sensor takes
care of the position measurement and partly the momentum measurement. The
investigated ammunition showed a plausible fragmentation behaviour, and the
results can already be used to estimate the danger potential of different

ammunition types.
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Frangible projectiles fragment into small particles after deflection already under
a small angle. Full Metal Jacket projectiles with or without a steel core, on the
other hand, do not fragment under angles of less than 5°. The objective of the
paper is to demonstrate the possibility of measuring the complex ricochet
mechanics of small projectiles using standard accelerometers coupled with
adequate signal processing techniques. The measuring system relies on an off-

the-shelf thermographic camera.

6.3 Introduction to publication

This work aims to investigate the performance of a novel measurement device
capable of measuring ricochets of small-calibre ammunition. Small arms are

extensively used during manoeuvre-based operations.

Any high-speed fragment ricocheting from fragmenting projectiles is a safety
hazard for personnel operating in the vicinity. It is essential, therefore, to evaluate

the potential danger zone of ricocheting particles generated by projectiles.

Small-calibre projectiles are objects that weigh from 2 to 10 g, which travel at
supersonic speed and produce strong acceleration signals on impacting an object
such as witness plate which are used for ballistic investigations. Due to their high
speed and rotation rates, projectiles are generally challenging to characterise

during flight and impact, even with high-frequency sensors.

Sensors mounted on small arms projectiles, for ballistic tests, would be too bulky
and affect the flight path. Ricochet characterisation is necessary for important
applications like the estimation of range danger areas of shooting ranges. For the
desired applications, one needs to know the position of impact and the
momentum transmitted into the plate. To be known are also the time and distance
between the first and second impact, where the ricochets are finally stopped.
Using this information, one can measure the residual energy, fragment weight

and deflection angle of the projectile after impact, as well as the velocity.
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The velocity can be derived easily by using a Time of Flight (TOF) approach with
two trigger devices. In the proposed system, the two sensor plates are considered
as trigger devices. However, the procedure is similar to the well-known trigger-
foil system, which is often used to trigger ballistic events such as, e.g. ballistic
events in high-speed imaging [1] or general investigations like multiple impacts
[2]. The idea behind foil triggers is that two electrically conductive foils (preferably
of aluminium) are set up directly behind each other. During the penetration

process, a short circuit is generated which can be used as a trigger.

Using two trigger devices, and with the known distance between them, one can

calculate the velocity by applying the TOF. This approach is shown by Yan et al.
[3].

The triggering system in the case proposed here relies on wave propagation in
the plate material. The idea is similar to the acoustical approach described in the
notes of Michael Courtney [4]. He investigated the time of flight with a high-
resolution microphone and placed this microphone equidistant between the target
and the barrel muzzle. With the known distance between target and barrel
muzzle, plus the time difference of the two acoustic signals, one could recalculate
the mean velocity of the projectile. The acoustic signals coming from the muzzle
burst, and the impact sound burst when the projectile hits the target (in this case,
a steel plate). The main challenge for in detail impact quantification on steel plates
has to do with enormous decelerations and significant deformations in a short
time. This is why sensors mounted on witness plates, in the proposed case of

steel, are widely used for impact detection.
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Impact detection units with plates rely on, e.g. Impact Soft-Recovery Experiments
[5]. In this case, the target under investigation is a brittle plate, monitored by an
interferometer. The projectile’'s impact generates strong vibrations, which can be
used to characterise the nature of the impact. Espinosa et al. [6] revealed that it
Is possible to get a cleaner raw signal from the target plate by using a star-shaped
geometry. Their tests showed that one could significantly minimise the effect of
the outer layer of the plate on the impact zone itself. Like interferometers,
accelerometers are frequently used to determine properties of the impact, such
as the impact position or the momentum [7]-[9]. One of the major sources of
measurement inaccuracies are random and reflected vibrations [10]. Hammetter
et al. used an array of accelerometers fixed on the plate to determine the
momentum transferred. He showed that geometrical properties of the detecting

plate itself might lead to inaccurate measurements.

Another source of measurement inaccuracy is electronic filtering of the
acceleration data. As a best practice for shock investigations, accelerometers are
mechanically insulated [11]. Severe mechanical shocks such as bullet impact
typically lead to six degrees of freedom accelerations represented in broadband
frequencies. These frequencies make it difficult to determine the overall
momentum [6] or the position. Mechanical insulators combined with electrical

filters were found to be an appropriate way to overcome this problem.

The impacting body excites the witness plate within a very short time in a non-
linear and random vibration regime, where scattering and reflections of vibrations
at boundaries occur [12], [13]. Right after the impact is the moment where the
point of interest occurs, this moment is called the Arrival Time (AT). The AT is
defined as the time when the sensor detects the first set of waves, which

originates from the impact position.
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Consequently, knowing the accurate AT is necessary to recalculate the exact
impact position with the Time Difference of Arrival (TDOA) algorithms [14]. TDOA
algorithms are nowadays often used and optimised for passive tracking of
wireless communication systems [15]. However, the underlying computations for
wireless devices tracking and the impact location are the same. The main issue
for an accurate triangulation of impact remains accurate AT detection. For flexural
group waves travelling in steel at a speed of over 2500 m/s, even minor time
errors lead to significant positioning errors. Knowing the speed of sound in the
target material and the AT difference are necessary for positioning. Furthermore,
by knowing the sensor positions, one can calculate the location of the impact/of

the origin of the waves by numerical approaches [16].

Mingzhou et al. showed the possibility of precisely detecting the AT of flexural
waves using accelerometers after the impact of a dropped test weight on a large
steel plate. This investigation was done in noisy environments like power plants
[17]. They used a sophisticated decomposition algorithm combined with the
Hilbert Huang Transformation. They found that the proposed algorithm was

capable of detecting the AT with a precision of several milliseconds.

The main reason for the inaccuracies was still the noise in the signal. In an
idealised case, to lower the noise, flexural and compression waves emitted from

the origin of impact would not be reflected.

Using a plate significantly larger compared with the investigated area (this
approach is presented in [13]), or using a special damping plate with wave filters

can be used.

An interesting approach is a plate of unique shape with decreasing thickness at
the edge (called a wedge shape) in a power-law profile [18]. The different
waveforms are eliminated due to internal refraction. However, the power-law
shape is challenging to manufacture, which is why it is not used in practical

vibration dampers [19].
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Possible approaches to manufacture this wedge shape are 3D milling or casting
[20], which are cost-intensive. Where hardened steel and supersonic impacts are
concerned, such delicate and large structures are unsuitable for ballistic
applications. For impact analysis, shapes for more robust structures are

desirable.

For hardened steel wear plates suitable to resist supersonic impacts, 2D shapes
should be used. Waterjet cutting or plasma cutting could produce such plate
designs. Possible shapes that can be manufactured easily are any polygons or

any round but two-dimensional shapes.

Star-shaped (polygonal) flyer plates are also able to trap compression waves, as
used for standard impact soft-recovery experiments [6]. In the star-shaped plate,
much lower-level reflection is observed during impact, which enhances the quality
of the raw data in ballistic tests. The edge morphology is capable of serving as a

trap for waves and was investigated computationally in [21].

A combination of star-shaped damping plate, enhanced by using an acoustic
black-hole shape for ballistic investigations, is proposed by Muster et al. [22]. A
witness and ricochet plate like this are capable of measuring the momentum of

an impact accurately.

For more accurate projectile impact position investigations, especially for multiple
Impacts, it makes sense to search for a different solution. Manrad and Doty [23]
describe in their patent an application which captures an impact on an elastic
screen which heats up during the penetration process of the projectile. The idea
of the patent is to calculate the exact impact coordinates of a single impact. Using
this information, it is possible to get a real-time signal out of the computations,
which the operator may apply during the most realistic possible training. The
information about heating up is used to calculate the virtual trajectory of the
projectile, not to make any statement about the impact. The process of heating
up and the amount of energy transmitted into the screen are not of interest.
However, it shows the basic idea and the performance of such thermographic

systems.
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Thermography in ballistics is also often used to investigate failure mechanisms in
composite structures [24]—-[26]. The reason for using high-speed thermography
Is that different materials of the composite structure are heated for a short time
during the penetration process, and this can affect the matrix material, which is
often thermoplastic or epoxy resin. These thermal differences are only of short

duration and need to be investigated by high-speed thermography.

However, thermography has also its benefits for the investigation of materials like
ballistic composite structures, without the need for frame rates over
30 per second. Gopalakrishnan et al. [27] showed that it is possible to investigate
the damage point of impact on a ballistic sheet impacted by a medium-velocity
body using a 50 Hz camera. The studied material with fibres acts more like a

monolithic material, as can be seen in the picture taken after several milliseconds.

Another interesting approach to investigate materials using low frame-rate
thermography is shown by Duan et al. [28]. They described a system, which
assesses the material after damage. They took a general heat source and heated
the specimen. This heating-up process was filmed with a low-framerate thermal

camera.

The outcome was that, with this low-cost approach, it was possible to investigate
the failure in the specimen itself accurately. The accuracy was better compared
to the state-of-the-art ultrasonic transmission assessment. Soonkyu et al. [29]
described a way to inspect wind turbine blades with the use of a laser and
thermography. Fractures on large blades are assessed by laser preheating. In
case, the damage is allocated to the surface, the specific heat capacity changes.
The blade with the damaged zone heats up faster. With such a system, the defect

can be precisely detected and investigated.

The sought sensor system is a combination of Gopalakrishnan with the low-
framerate thermography of impacts, combined with a similar approach of
Soonkyu et al.. During the penetration of a rubber layer, an impacting projectile
dissipates its kinetic energy in lower form by producing heat. This heat is stored

so that it can be seen for several seconds after impact.
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To increase the positioning accuracy of multiple impacts, a thermographic sensor
is used additionally. With this combination, a measurement device can be
realised, which is capable of working with all kinds of projectiles and quantifying
their ricochets. To get a broader picture of the accelerometer measurements, a
second sensor type is used as a so-called piezoelectric strain gauge. Thanks to
their broadband signal acquisition capabilities, these sensor types can identify

the condition of large structures [30].

This paper describes a sensor method for ballistic analysis using two plates
equipped with four acceleration sensors and a thermographic sensor in
combination with a witness rubber layer. The momentum measurement of the
projectile or its ricochets is made with specially shaped plates equipped with
accelerometers capable of measuring uniaxial accelerations. They are placed in
a normal position relative to the plate, which means that only flexural waves will

be measured.

6.4 Material and methods

The ricochet measurement device consists of two main parts. The schematic idea

of the system is described in Figure 6-1.

A heavy ricochet table which is attached to a pushcart with reliable brakes to
ensure that it does not move due to the impact see Figure 6-2a and b. The table
can be adjusted in height and angle. The ricochet plate is equipped with
accelerometers to localise the point where the projectile touches the plate for the

first time and deflects the projectile depending on the angle of the plate.

Second, a heavy metal frame, see Figure 6-2c and d, equipped with a second
sensor plate at the back, called witness plate. The witness plate is significantly
larger than the ricochet plate because the spread of the second impact (from the
deflected projectile or its fragments) is significantly larger compared with the first
impact. The weight of the metal frame is 950 kg. This is necessary due to the

strong impulse transmitted into the system during impact.
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Each of the two plate types (ricochet and witness plate) is equipped with four
accelerometers. The acceleration sensors are designed for severe-shock
investigations up to 100,000 G 350B01 (PCB, USA) [31]. These sensors are
mechanically filtered to prevent overshooting oscillations [11] and augment the
capabilities to detect the incident first flexural wave. A piezoelectric strain gauge
type 740B02 (PCB, USA) is also mounted on the witness plate to crosscheck the
sensor signal of the accelerometer, see Figure 6-3. The sensor plates are

equipped with damping structures, which can be seen in Figure 6-2a and c.

The ricochet plate has three major tasks, namely the deflection of the projectile,
the position measurement, and the exact time measurement when the projectile
impacts the first time. The momentum transmitted into the ricochet plate is also
measured during impact, but this is not this plate's primary task. The momentum

measurement in the witness plate is more in focus.

The witness plate's tasks are to measure the momentum and the exact point-in-
time. The measurement capabilities of the witness plate need to be augmented
by a thermography camera. This, because it is complex to locate different impact
positions at the same time using just four accelerometers. This capability is
needed because a ricochet can consist of several simultaneously impacting
fragments. The thermography camera shows on the rubber screen the heat
produced when a piece penetrated the thin rubber layer. The material used for
the layer was a special silicone of Shore hardness 60. The layer was 0.6 mm
thick. A typical picture of several impacts, which penetrated the thin rubber layer,
can be seen in Figure 6-4. These impacts were by subsonic projectiles weighing
less than 3 g each. This penetration process showed already significant heating

of the layer.
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1. Projectile 2. Ricochet Plate 3. Ricochets 4. Rubber layer 5. Witness Plate

6.Accelerometers 7.Conditioner 8. Data Acquisition 9. Thermographic 10.Processing

Figure 6-1: System layout: Under an incident trajectory, the projectile (1) impacts
on the ricochet plate under the angle a . 0° means a fully flat plate 90° means a
direct impact (2). The deflected fragments (3) fly in the direction of the rubber
layer (4) and penetrate it. After penetration, the fragments get stopped on the
witness plate (5) which is, like the ricochet plate, equipped with four
accelerometers (6). The raw signal of the accelerometers is first conditioned (7)
so that it can be digitalised by the Data Acquisition Device (8). The rubber layer,
heated up during the penetration process, is observed under thermographic (9)
to determine the point of impact with the help of the raw signhal of the

accelerometers. All signals are processed in the processing unit (10).
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Figure 6-2 a-d: Picture (a) shows the ricochet plate. The spikes of the plate are
damping structures which allow a better AT detection, which is important for
the precise triangulation. The measurement area is 340x200 mm, (b) is the
ricochet plate assembled on the pushcart. In this picture, the impact angle is
just 2°. The structure of (c) represents the heavy metal frame to which the large
withess plate is screwed (d). The witness plate has the same type of spikes at
the boundaries for damping purposes. The size of the measurement area is
600x345 mm.

Accelerometer Type 350801

Figure 6-3: Accelerometer strain gauge assembly on the witness plate.

Three different ammunition types of the same calibre are investigated, as shown
in Figure 6-5. They have a projectile diameter of 5.56 mm, and the length of the
casing is 45 mm. This calibre type was chosen to investigate the influence of the
tilt angle of the ricochet plate and the different ricochet behaviour of the particular

designs.
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The first projectile tested is different projectile in that; it is a 5.56 mm training
ammunition weighing 2.9 g. This projectile is optimised for fragmentation, see
Figure 6-5a. It consists of copper particles and a polymer matrix, called a frangible
compound. These projectile types are described less often in the scientific field.
The brittle material can cause severe wounds if a person is hit by this projectile
type [32], [33]. For the ricochet investigation, it is an unorthodox and interesting

projectile.

The second projectile type tested is the SS109, which is common and
investigated extensively by tests [34] or simulation [35]. The primary reason for
the development of the SS109 was to enhance the penetration capabilities of the
5.56 mm projectiles [36]. It also has a Full Metal Jacket (FMJ), but additionally
features small steel core in the front of the projectile, shown in Figure 6-5b. Such
double-core projectiles can act differently compared to a purely lead-filed FMJ
when it comes to ricochet behaviour. The steel core can fly longer distances
compared with the other projectiles. The weight of the SS109 of 4 g is the

heaviest investigated.

The third ammunition type (M193) is used is a well-defined NATO standard
ammunition stock number [37]. The M193 has been extensively investigated by
several researchers studying terminal ballistics[38] and [39]. The M193 is a
standard FMJ, see Figure 6-5c, which makes it also a reference for ricochet

measurements. The weight of the projectile is 3.6 g.

Figure 6-4: Thermal picture of 4 impacts with .22LR, the rise in temperature is

approx. 10 °C which can easily be detected.
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According to the presentation of Rottenberger [40], typical deflection angles for
ricochets are 5°, 10°, 15° and 25°. Chosen for this investigation were the angles
5°, 10°, 15°, 20° and 25°. The test scope was the same as presented by the
ricochet analysis of Rottenberger [40] and according to the ricochet investigations
of Mattijssen and Kerkhoff [41]. Each ammunition and tilt-angle test scenario was
performed five times, which means that 45 tests had to be made. The distance
between the ricochet plate and the witness plate was on average 180 cm. The

length was measured after every shot and noted.

The ammunition was tested with a system similar to the Electronic Pressure
Velocity and Action Time (EPVAT) measurement setup [42] known for NATO
tests. The National Instruments (NI, USA) USB-6366 data acquisition device was
used for the tests. It can simultaneously acquire and record one set of data points
every 0.5us. The piezoelectric accelerometers are capable of measuring
frequencies up to 35 kHz. The raw data with a signal amplification rate of 1 was
acquired without filter, using the PCB-482C05 (PCB, USA) signal conditioner.
The data acquisition time was set to 20 ms. As the signal of interest was approx.
4 ms, this acquisition time was sufficient. The pre-trigger was set to 0.1 ms. to
increase the accuracy and redundancy of the measurement. The velocity was
first measured ten times using a projectile light gate B471 (HPI, Austria). During
the ricochet measurements, the velocity was also measured before the projectile

Impacts, this using a small LS260 Light Gate (Kurzzeit, Germany).

The ricochet and witness plates were calibrated with 9 mm Luger calibration
shots. A standard 9 mm projectile was accelerated to different velocities, from
290-350 m/s. The upper limit of the transmitted momentum was investigated
using an SS109 projectile for both plate types. Both plate types were made of
Hardox 500 tempered steel plate exhibiting a yield strength of 1300 MPa as a
target [43]. They are regularly used for devices which are resistant to impacting

supersonic projectiles [44].
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This measurement was also verified by a fast-flying frangible projectile which
transmitted the same momentum as the M193. All projectile types impacted
orthogonal on the plates to ensure that the impact is fully inelastic. The systems
can only be calibrated accurately on the assumption that the impact is inelastic.
The thermal image was taken by a SeeK Compact PRO (SeeK, USA) camera.
The focus of this investigation was more on the fragmentation behaviour than on
the accurate triangulation. However, it was also an objective to prove that such a
system can be used to enhance the positioning of impacts. The signal processing
approach of this ballistic impact was the same as presented by Muster et al. [45].
An RMS envelope with low-pass filtering was applied for both detection systems,
the positioning and the momentum transmitted, see Figure 6-6.

(b) (c)

HITE

Figure 6-5: Picture of the three ammunition types investigated. Figure 4c
represents the regular FMJ projectile (M193), (b) represents the SS109 projectile
with a hardened steel core. However, the basic design is still a lead core and a
metal jacket. A different approach is described in (a). Frangible projectiles are
just copper particles with a matrix, which should be transferred again to copper

particles after hitting a hard target.
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Figure 6-6: Signal processing of the raw accelerometer data.

6.5 Results

The raw data acquired from a typical accelerometer and strain gauge signal is
presented in Figure 6-7. The strain gauge signal rises to approximately ten ps
before the accelerometer signal. This earlier rise is due to the strain gauge being
slightly more sensitive than the accelerometer. However, the strain gauge shows
a negative offset after being excited for one millisecond. This behaviour is even
more present in the filtered case, as Figure 6-8 shows. The time of the rise of the
strain gauge signal is still similar to the accelerometer signal, which is important

for cross-proofing purposes.

However, the strain gauge has a significantly longer recovery time compared to
the accelerometers. This dynamic offset makes the sensor unusable for
momentum detection. However, the first excitation, which is vital for the AT
detection, is prominent. The AT of all four accelerometers on one plate is
represented in Figure 6-9. The signal rises with some small sinusoidal variations.
These variations are not present in the case of the strain gauge. However, the
accelerometer shows a better overall performance for the performed ballistic test

scenarios.
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Figure 6-10 shows a typical accelerometer signal pattern of the tests. An M193
projectile generated this pattern under an impact angle of 15°. The first four
accelerometer signals are from the ricochet plate, and they rise significantly
higher compared with the second set of peaks, which come from the witness
plate. This difference in maximum acceleration comes not only from the different
impact strength but also from the different stiffness’s of the plates. The ricochet
plate is 12 mm thick, the witness plate 30 mm. The distance between the two
impacts divided by the time difference between the two sets of waves determines

the ricochet velocity.

This triangulation process of the ricochet plate is more straightforward compared
to the witness plate because the pre-processed acceleration signal rises strongly.
The arrival time is detected by a simple threshold trigger. The acceleration pattern
of the witness plate is loaded with different peaks and, just on proper AT, not
visible, see Figure 6-10. This pattern gives already an indication that a separation
of the projectile took place, or that the projectile flies under a stronger precession
and impacts diagonally. Positioning on the witness plate can be measured more

accurately using a thermographic camera.

178



1.0

—— Unfiltered Strain Gauge Signal
—— Unfiltered Accelerometer Signal

Normalised Amplitude

-1.0
0 2 4 6 8 10 12 14

Time [ms]

Figure 6-7: Unfiltered accelerometer /strain gauge signal.
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Figure 6-8: Filtered accelerometer / strain gauge signal.
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Figure 6-9: Different AT of the accelerometers. This picture shows that the
position of the impact was equidistant from accelerometers 1 +2 and 3 +4. It
indicates that the impact is closer to accelerometers 1 and 2.
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Figure 6-10: Typical raw signal. The first peaks represent the acceleration signal
produced on thericochet plate. The second set of sighals represents the signals

of the witnhess plate where the ricochet impacts finally.
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Figure 6-11 shows the velocity of the impact on the witness plate. The direct
impact was a scenario where the projectile was shot directly at the witness plate,
undeflected. It represents the normal velocity occurring 25 m after leaving the
muzzle. The error bars show the standard deviation of the measured velocity.
With an increasing impact angle, the velocity decreases. The velocity drop has

two reasons:

Firstly, the impact wear on the steel ricochet plate. This first hit slows the projectile

down, the amount of impact wear depends on the projectile material.

Secondly, the change of projectile shape. The projectile is less aerodynamic and

tumbles after hitting the oblique ricochet plate.

Looking at the heavier projectiles (M193 and SS109), one can recognise a steady
velocity drop. However, the slightly heavier SS109 shows a less steep linear
decay than the M193. In the case of the M193, the spread of the velocity
increases with an increasing ricochet plate angle. The increasing spread might
be because the M193 starts to fragment and the lead fragments are of different

sizes, which results in a different drag coefficient and thereby different velocities.

However, the most significant change in velocity is experienced by the frangible
projectile fragments after hitting the ricochet plate. The velocity of the frangible
fragments seems to plateau between 20 and 25°. This plateau effect might be

because the copper powder behaves similar to a fluid after total fragmentation.

Figure 6-12 shows the results of the same test scenario as in Figure 6-11. This
time, however, the momentum is analysed. The momentum also decreases in
this case with increasing impact angle. However, with all ammunition types
tested, the transmitted momentum is very low after impact on a 25° plate. Figure
6-12 shows, like a fingerprint of a specific projectile design, a distinct specific
momentum distribution. In the case of frangible projectiles, the momentum
decays before 10° to a certain threshold below 0.1 Ns. In the case of the SS109,
the signal also decays to a threshold. However, this threshold is reached at

20° impact. The M193 is in between in both scenarios.
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The M193 shows an S-curve decay, which has its main momentum decay
between 5° and 10° impact angle. Both the velocity and especially the projectile
weight of the SS109 are high compared with the other ammunition types
investigated, see Table 6-1. The momentum of the SS109 is more persistent and
decays not as fast as the other projectiles. This might be due to the steel core,
which behaves rigid and bounces away from the ricochet plate without substantial

momentum loss.

The logarithmic decay pattern of the frangible projectile is even more present in
the case of the momentum than in case of the velocity. Interestingly, the
dispersion and the velocity of the 15° and 25° impacts are almost in the same
range and decreased significantly compared with the initial momentum. Under
these angles, the frangible projectile already fragmented into fine copper
particles. These excellent disintegration properties are also the general purpose
of frangible ammunition [46], namely the diminution of the range danger area after
hitting any surface. This diminution can be quantified using the ricochet

measurement device.

In Figure 6-13 till Figure 6-17, one can see the fragmentation process on a
thermal picture of the investigated projectiles. The thermal image is plausible after
reading the momentum graph in Figure 6-12. Many impacts and a wide spread
of the residuals lead to a lower overall momentum. A low total momentum is

crucial for a shorter-range danger area.

Interestingly, Figure 6-13 (M193) shows just one single impact, which can occur
if the ricochet plate deflects the projectile more smoothly. However, this is not the
case all the time; the thermal pictures represent just a possible pattern. A problem
was the temperature shift and the blurring out of the camera one can recognize
this shift in the background of the Figure 6-13a. Due to this fact, only the

maximum temperature was indicated in the thermal images.

182



Projectile and Ricochet Velocity

950.0

900.0

I Frangible

850.0

00
S
o
o

Velocity [m/s]

700.0

650.0

600.0

Direct Ricochet 5° Ricochet Ricochet Ricochet Ricochet
Impact 10° 15° 20° 25°

Figure 6-11: Velocity graph. The direct impact shows the scenario when the
projectile hits the witness plate without prior deflection. All ricochet scenarios
describe the velocity after being deflected on the ricochet plate. 5° is the
smallest angle investigated. Due to the small impact angle, the projectile is also

just marginally deflected and loses less velocity compared to the other angles.
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Figure 6-12: Momentum graph. The direct impact shows the scenario when the
projectile hits the witness plate without prior deflection. In the orthogonal direct
impact scenario, the projectile transfers the largest amount of momentum into
the witness plate. All ricochet scenarios describe the momentum transmitted
into the witness plate after being deflected on the ricochet plate. 5° is the
scenario after a deflection on an almost flat plate. Due to the small impact angle,
the projectile is also just marginally deflected and transfers more momentum
into the witness plate compared to the other angles which deflect the projectile

stronger.
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Table 6-1: Comparison of projectile designs.

Proje C Pro DA R elo O 0 0
pe S A elo elo Drop pefore peftore
? DA Pla Petftle
angible BB 5 920 853 67 2,67 0,75 72
angible  [ERS 10 923 759 164 2,67 0,19 93
EETE 2.0 15 916 729 187 2,66 0,14 95
Frangible [ 20 921 701 220 2,67 0,13 95
Frangible [P 25 917 700 217 2,66 0,10 96
M193 3,6 5 900 864 36 3,24 2,85 12
| 3,6 10 901 841 60 3,24 0,87 73
3,6 15 900 813 87 3,24 0,67 79
3,6 20 900 773 127 3,24 0,41 87
| 3,6 25 899 752 147 3,23 0,37 89
4 5 908 894 14 3,63 3,26 10
4 10 905 864 41 3,63 2,35 35
ESTCE £ 15 900 845 55 3,60 1,03 71
SS109 4 20 904 838 66 3,62 0,50 86
SS109 4 25 901 809 92 3,60 0,45 88
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Figure 6-13: Thermal impact pattern of projectiles investigated under the impact

angle of 5°. The M193 does not fragmentise; the SS109 is separated into two

pieces, which is a general behaviour of two cored projectiles.

Figure 6-14: Thermal impact pattern of projectiles investigated under the impact
angle of 10°. The M193 fragmentise under this angle. The blurred picture of the
M193 and the frangible projectile is due to temperature drifts of the thermal
camera. The increase in fragmentation is recognisable primarily in the case of the

frangible.

Figure 6-15: Under the impact angle of 15°, all projectiles start to fragmentise. In
the case of the frangible projectile, a continuous thermal pattern can be
recognised. This is the impact angle, where all projectile types show a significant

momentum drop.
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Figure 6-16: Under the angle of 20°, the fragmentation spread increases for all

projectiles investigated. Under this angle, the franglible projectile is entirely
disintegrated.

Figure 6-17: Under the angle of 25°, all projectiles are entirely disintegrated and
show a haorizontal line pattern. This is because the projectiles are reflected under
a similar angle, independent of the material and design of the projectile.
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6.6 Discussion

In this ballistic experiment, positioning was performed manually by visual
investigation. The results of the frangible projectile ricochets, small particles,
showed that the rubber layer does not influence the test results. Even these small
particles penetrate the layer easily, and the velocity is not affected by the rubber
layer. In future, exact positioning with thermal imaging should be done using an

algorithm-based approach.

It was not possible to conclude from the thermal signature direct to the impact
strength or the shape of the ricochet. However, with a more in-depth investigation
and using a camera capable of several hundred frames per second, which is
more suitable for general ballistic analysis, this would be possible as part of the
future work plans. Concerning the camera, there is an additional drawback that
involves the temperature shift over time and the blurring of the temperature
pattern, especially the background. This was the reason why only the maximal
temperature was indicated. This drawback can be resolved by using a camera

featuring an accurate temperature shift filter.

The momentum measurement was performed with accelerometers and a
calibration step using different ammunition types. It is possible to augment the
precision of the momentum measurement with precisely defined metal balls shot
on the measurement plates using accurately defined acceleration machines like

gas guns.

The ricochet measurement device was in this publication used to investigate
5.56 mm projectiles and 9 mm projectiles. It is also possible to use this device to
investigate all small-calibre types and all different projectile types like armour-
piercing projectiles with a tungsten core or solid projectiles made of brass or

copper.
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6.7 Conclusion

The goal of this work was to assess the performance and trustworthiness of a
novel ricochet measurement device with ammunition types of interest. The
ballistic study showed that it is possible to quantify complicated and fast-flying
structures like projectiles or its ricochets with regular signal processing

approaches.

A Measurement system is proposed for ballistic impact investigations, which is
suitable to measure ricochet velocities and impact momentums in the typical

small-calibre range.

For ballistic momentum measurements, strain gauges are less suitable than
accelerometers because the signal drifts strongly in the investigated time domain.
However, AT detection is possible using both strain gauges and accelerometers.
For multiple impact positioning of projectile fragments, the used thermovision
device is appropriate to investigate the impact pattern. However, a more precise
camera with an image-processing unit would enhance the performance of this
sensor approach. The momentum measured using accelerometers is a valuable
property for ballistic investigations like the estimation of danger potentials of

specific projectile types and their fragments.

The transmitted momentum is further connected to the range safety. A large
momentum loss after a deflection on an oblique plate indicates a projectile, which

has good properties for a reduced ricochet danger.
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Three different ammunition types showed that the basic design of the projectiles
has a significant influence on the deflection process and with this on the range
danger area. The results presented here are plausible. The acquired results can
be used to estimate the danger potential of the different investigated ammunition
types. The investigations also confirmed that a slight deflection of regular

projectile types could lead to ricochets, which are still dangerous.

The main message is that quantifying of ricochets is possible using cost-effective
and straightforward devices. The concept itself can also be applied to larger or

smaller calibres to support the projectile design and development process.
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Figure 6-18: Comparison be the anticipated path and the actual path in relation to the chapters presented in the thesis.
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6.10 Conclusion of chapter

The momentum loss of a projectile after deflection is in close relation to the loss
of danger potential. This key fact shows that it is not sufficient to investigate just
the velocity drop of the projectile after a deflection. The measurement device
validated in this chapter showed the capability to measure in-situ multiple physical
properties, relevant to ricochet investigation. The knowledge published in this

chapter will be a significant contribution to future ricochet measurements.
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7 Discussions, conclusions and future work

7.1 Introduction

This final chapter includes the three final points, the discussions and conclusions

of all results concerning the fundamental research question.

7.2 Author’s contribution statement

Michael Muster wrote this chapter. However, Amer Hameed helped to describe
and formulate the potential novel parts of the thesis. Michael Muster designed all
CAD drawings of the novel damping structures. Meyer Donald was involved in

the future work section; he rated the potential of the new findings.

7.3 Discussion

7.3.1 Introduction

The knowledge about the safety of shooters in the near and far fields has been
extended during this thesis. This is in line with the fundamental research question.
It has been further proved that modern measurement devices can investigate

different ballistic phenomena using the same sensor principle.

The purpose of this study was to show the influence of novel ballistic
measurement devices on recent safety considerations. Experiments showed that

interesting and new aspects are found using the developed measurement device.

One important measurement system was the pushout force device which can be
used for very accurate short-time measurements. The pushout force rises by

factors using a lubricated casing compared to the unlubricated casing.
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The ricochet can be quantified using the proposed two-plate measurement
approach. The relevant implication from the ricochet research is that the projectile
design can be assessed using the momentum change after deflection. This
specific momentum change influences the danger potential of the projectile. A
projectile with low danger potential after ricocheting is beneficial, because a

smaller SDZ can be used.

The proposed ricochet measurement device is capable of comparing different
projectile designs amongst each other. With the assessment of projectile designs,
especially the measurement of their danger potential, one is able to establish
design guidelines. Proof that frangible ammunition has a significantly lower risk
of dangerous particles compared to other designs could be worked out with the

novel measurement device.

Besides the developed measurement system, the thesis also describes a novel
way for damping flexural waves in plates. This knowledge can be applied to many
other applications, not only ricochet measurements — for example, the reduction

of noise in piston engines.

7.3.2 Measurement Instruments

Two different measurement devices are developed. One for the pushout force
investigation and the other for the ricochet measurement. Both measurement
devices are operated by piezoelectric sensors and enable an accurate
assessment of the short time physical events during the process of firing and

projectile impact.
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The force measurement was conducted using piezoelectric strain gauges and
piezoelectric force washers. The ricochet measurement device was equipped
with piezoelectric accelerometers. These sensor types showed a very good
overall performance and are suitable for the devices. It has been identified that
the signal processing of accelerometers and the strain gauge are more
demanding compared with signal processing of the force washer sensor. A
reason for this is that force washers are better pre filtered than strain gauges or

accelerometers.

Both developed devices are of a modular design and capable of measuring in the
whole range of small caliber ammunition. Another main aspect was that they
needed to be bulky and rugged to withstand the extreme pulsed load.
Furthermore, the environment is rather harsh and no fragile measurement
systems could be used. This statement is valid for both measurement devices. In
general, the developed devices were rugged enough for the intended purpose
and, no device failed. The only damage observed during all experiments were a
few cables cut due to the debris. And one accelerometer was destroyed.
However, this accelerometer failed due to wrong handling and got hit directly by

a projectile.

The ricochet measurement system and the pushout force measurement were
conducted with the same filtering approach. It was evident that a bandpass filter
enhanced with an RMS envelope is best practice to measure short time physical
events. All events measured were in the time range between 10 us and 1000 ps.
Modern, sophisticated deep learning or machine learning signal processing
approaches would be appropriate for longer duration signals or other sensor

principles.
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It is possible that the used software would not be suitable for sophisticated deep
learning signal processing. However, for the measurements conducted, the open
source spyder software tool was absolutely appropriate. The programming
language is in python, which enabled a short working- in time. This language

serves a huge amount of online tutorials and thr help community is large.

The two proposed measurement devices including the open source software
enabled the research for novel safety considerations which are part of the main

scope of this thesis.

7.3.3 Safety considerations

The pushout force investigations have a direct impact on the knowledge of
weapon safety. This directly affects the operator in the form of near-field safety
considerations, connected to the near field ballistics. The ricochet
measurement, on the other hand, concerns the safety of civilians living near the
shooting range or the safety of colleagues working nearby. In short, this work
leads to the identification of the hazard zone to prevent collateral damage. The
ricochet measurement is under the scope of far-field safety and connected to

terminal ballistics.

Knowledge is acquired that a lubrication film influences the stick-slip effect
between the boundaries of the casing and the chamber of the weapon. It also
affects the overall obturation process of small-calibre rifles. Previously, this
knowledge was not accessible to the wide public. The newly acquired
knowledge should give the ammunition manufacturers reason to investigate the

possibilities of treating the surface of brass casings differently.
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The weapon manufacturers should search for possibilities of dampening these
high forces or, even better, the weapon itself should be capable of withstanding
forces produced at the breech during weapon firing. This is especially true for
breech-bolt weapons. User- the relevant recommendation is to lubricate the
weapon according to the cleaning protocol. However, the chamber and the

ammunition should be unlubricated and free from any residuals.

The results of the pushout force measurements were proven by applying a
method which relies on a strain gauge and a load cell to measure the

deformation, and FEA analysis.

The most relevant parameter for the ricochet quantification is the momentum
loss between the projectile before and after impact. This parameter holds the
most SDZ-relevant information as it is the product of the velocity and the
fragment weight. Experiments conducted in this research have demonstrated
that the velocity drop is not as significant as the momentum drop, which means
that the fragmentation is the driving factor which reduces the danger of the

ricochet.

The main sources of error while estimating the SDZ remain the drag coefficient
of the largest fragment (spin-stabilised or not) and the type of soil with which the
projectile is confronted during impact. Both parameters have a strong influence,
meaning that best practice would be to assume a worst-case scenario. With this
knowledge, the recommendation for best practice of SDZ calculation is to take
the momentume-loss values from steel plate ricochets and combine these with
the already existing statistical models. With this approach, it should be possible

to make SDZ more reliable and safer.
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7.4 Conclusion

A novel way of quantifying impacts of small-calibre ammunition has been found.
Short- time physical processes can be investigated using piezoelectric sensors
and spiked plate designs. To use the described system for a real ricochet
guantification and investigation, one needs to apply statistics, depending on the
underlying safety requirements. Conclusions on the parts of the overall system

are as follows:

- Nowadays, ballistic measurements are possible with COTS sensors and
data acquisition systems. Especially piezoelectric sensors are broadly
suitable for most ballistic investigations. However, the filtering process is
crucial for successful measurementa.

- Most dangerous physical events which can destroy a device, take place in
periods from several microseconds up to a hundred microseconds.
Investigations of high-velocity impacts on the measurement device
confirmed this as well as the powerful oscillating forces acting on the
casing bottom of 9 mm ammunition.

- Open-source signal processing tools like Spyder are entirely suitable for
filtering processes. Since they are written in Python language, it is equally
possible to create user interfaces, which are easier to handle than scripts.
A massive advantage of open-source software is that it is suitable for
cluster computing. This might well be required because a large amount of
data is collected within one second, which calls for a significant
computational effort.

- Short-time events require mechanical filtering. The shock accelerometers
need to be insulated mechanically. It was possible to significantly reduce
the noise in the signal with the help of a particular shape. As mentioned, it
is necessary to filter out events, which occur within microseconds.

- Different projectile designs display very different ricocheting behaviours if
they are in the same range as regards their energy. It is, in fact, the bullet
design which determines the danger potential, not the diameter or energy

of the ricochet.
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7.5 Future work

This chapter is split into two sections to enhance the readability. The first section
treats the future work of the main topic, which is ballistic measurements and
guantification. The focus is on projectile/ricochet quantification. The second
section mainly addresses possible applications of some of the research findings,

for example, other uses of invented power-law damping structure.

This PhD thesis defined four main objectives; signal processing, momentum
measurement, triangulation and ammunition influence. Each can be developed

further.

7.5.1 Future work related to ricochet/ammunition quantification
7.5.1.1 Process data to suit into mathematical prediction models

The data acquired with the ricochet measurement device should be used to
develop a probabilistic ricochet analysis model, which gives information about the
fragmentation behaviour and the range danger area. The ricochet measurement
device provides values like incident velocity, deflected velocity, fragment weight,
impact pattern and momentum transmitted to the witness plate. All these values
can be used to feed the mathematical model of the ricochet analysis software of
an army or a law enforcement institution. However, one major drawback is that
the ricochet measurement device quantifies the impact on a steel plate and

depends on the impact angle.
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A straight forward method would be to define, for example, tree impact angles.
And consider the momentum drop between the incident projectile and the
deflected ricochet. The momentum is already a compilation of all physical
properties measured. This approach can be used to minimise the amount of data

which is needed to be processed to develop a mathematical prediction model.

The ultimate target would be the momentum loss used as a factor which rounds
out a regular datasheet of an ammunition manufacturer. Figure 7-1 shows the
already existing datasheet of a conventional 5.56 mm M193 ammunition

enhanced with the Momentum loss (red).

The momentum loss would be a part of the performance data sheet and a solid
decision bases to consider to procure a specific ammunition type. Such a
standardised model might be beneficial to estimate range danger areas more

reliable in future.
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Cartridge 5.56x45 / .223 Rem.

projectile FMJ, 3.6 9/559r
projeculematena]tombacjacket]eadcore ........................................................................
ba|||st|ccoeff|c|entc1 ...................................... 0 280(|CAO) ......................................................................................................
primer/propellant SINOXID /double base powder
..C..ése rﬁ;{éria| ................................. c UZnauoy ....................................................................
E..artridég We;g}{{ .......................... 1169 ........................................................................
Performance

term of reference MCMOPI

temperaturerange ............................................. : 54°Cto+52°c ................................................................................................
meancasemouthpressure+35 ......... max4450bar ......................................................... (2100 .......................
muzzlevelocity 990 m/s (3248fp9) 510 mm barrel
mUZZIEQnergy ......................................................... 1764J .......................................................................................................................
accuracyatgo()m .............................................. 5 H5V585mm .................................................................................................
Bénetr;ﬁbn atgoo e 5mmstee|p|ate5t37 50; .....................................

Momentum loss (5°, 10°, 20°) 3 %, 20 %, 50 % <«

Packaging 10 rds/clip, 50 rds/cardboard box, 1 000 rds/M2AT1

Technical specification and numerical data are given as an indication only and are of no contractual nature.
10.2013

Figure 7-1: A standardised extract from the fact sheet of the M193 ammunition

type. A possible gquantification value stands in the performance section.

Objectives, which will be required: momentum measurement, triangulation and

ammunition influence
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7.5.1.2 Tests with different ammunition types
During the ricochet assessment, only a set of military 5.56 ammunition was

tested. However, ricochets are also worth being investigated for other calibres.

Only a selected set of ammunition types have been tested up until now. However,
the measuring device can measure all kinds of ammunition up to 12.7x99 mm.
Differences for further tests might be typical hunting projectiles compared with
military projectiles. It is assumed that the regular double-core projectiles with two
different lead harnesses in the core break up during the deflection in two or three
fragments. It is possible that, at a certain point of wall thickness, the projectile

reacts more similar to solid projectiles compared with regular-jacketed shells.
Objectives, which will be required: ammunition influence

7.5.1.3 Safety system for vehicles; real-time projectile assessment

With the development of the ricochet measurement plate, the idea emerged that
such plates might also enhance the performance of armour plates. A part of the
penetration process is always because of the high-frequency vibrations, which
propagate through the plate during the penetration. These vibrations propagate
radially outwards from the point of impact. These vibrations are strongly reduced

with the use of acoustic black holes.

Furthermore, as described in the paper of chapter 4, the signal is purified and
contains much information, which can be analysed and used to make a statement
about the projectile itself. In the ideal, case it also possible to make a statement
about the damage caused by the projectile. Figure 7-2 shows rugged vehicles
with regular plates. Spline edged plates may enhance the protection against

projectiles.
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Figure 7-2: Armoured vehicle which could be equipped with plates with spline
edges.

Objectives which will be required: signal processing, momentum measurement

and triangulation

7.5.1.4 Force investigations for different chamber types

Barrel chamber flutes are longitudinal grooves cut in the chamber of a firearm
that allows propellant gases to surround the fired casing. The flutes were thereby
equalising internal and external gas pressures, which facilitate extraction or bolt
operation for delayed blow-back firearm design [1], [2]. However, for
high- performance sniper rifles, this augmented force might be a problem,
especially if the casing is lubricated. The proposed measurement device may
also quantify the effect of the flutes in the barrel chamber. Using new processing
technologies in combination with the measurement device will enable novel
designs for barrel fluting. Figure 7-3 shows a possible approach to modify
chambers under consideration of the know-how that lubrication has a significant
influence on the overall pushout force, which is taken by the breech bolt. The
proposed design in Figure 7-3b is an approach to reduce the influence of
lubricant. Since the high pressure presses the ductile casing against small spots
of the chamber, the lubricant will be pushed away and reduce its influence on the
pushout force. A chamber design independent on the surface treatment behaves
more reliable. This enhances the system accuracy, which is crucial for a sniper.
Furthermore, it improves also the weapon safety, which is of interest for the

operator.
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Figure 7-3: Different types of chambers can be assessed easily with the
developed push out measurement device. (a) shows a regular smooth chamber
of arifle, whereas (b) shows a fluted chamber which is optimised for wet or oiled

ammunition.

Objectives which will be required: Signal processing, momentum measurement

7.5.2 Applications for the novel vibration-damping structures

The Proposed applications are straight forward. The vibration damping approach

gives a large amount of possibilities.

7.5.2.1 Gun barrel with power-law profile

Fluted gun barrels have advantages for heat flow and weight. There are many
different approaches and designs for fluting the barrel around for the best overall
benefit. However, for sniper rifles, the benefit of these flutings at the outer shell
of the gun barrel has attracted some controversy. According to Chaturvedi [3] and

Twafik [4], vibrations have a significant influence on the accuracy of the barrel.

Small manufacturing tolerances for the flutes are therefore necessary. The
process of firing gives a tremendous impulse on the gun barrel, which ends in all
kinds of vibrations and frequencies. The barrel needs to oscillate “symmetrically”,
otherwise, the projectile is affected during an acceleration process in such a way
that it does not leave the muzzle of the gun barrel in a reproducible manner.
However, a reproducible muzzle is a crucial aspect of accuracy and

first- round hit probability.
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Because of this sensitivity to intolerances, some sniper rifle barrels are still
unfluted, as presented in Figure 7-4a. Unfluted barrels have the big advantage

that the vibrations are more predictable.

Power law structured gun barrels, shown in Figure 7-4b, are a possible approach
to lower the influence of vibrations. The impulse emitted from the firing process
can be immediately damped out. Positive facts are; the advantage concerning
weight and heat flow remains the same; manufacturing tolerances of the flutings

can be reduced. In an ideal world, it will result in a better accuracy weapon.

a

Figure 7-4: (a) represents an unfluted gun barrel, (b) shows a power-law fluted
gun barrel. Sniper rifle barrels and medium calibre gun barrels are often fluted
in the middle part to achieve weight savings and better heat flow. Power law
fluted gun barrels might reduce the effect of vibrations and thus increase the

accuracy and overall reliability.
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7.5.2.2 Silencer of a weapon

A silencer for a weapon is generally considered, state of the art system within the
small arms by the army and law enforcement community. Nowadays, Hunters
have also started using silencers because it augments the safety of the hunter

that the sound burst does not damage the ear [5].

Figure 7-5 shows a drawing of a power-law profiled silencer. The structures are
challenging to manufacture. However, modern manufacturing processes, like

additive manufacturing, may solve this issue.

Figure 7-5: (a) shows aregular silencer for weapons, whereas (b) shows a novel
approach. The sound is damped because of the use of acoustic black holes. The
gas flow still needs to be broken down in the silencer. However, using additive

manufacturing, such structures could also be realised.

7.5.2.3 Damped exhaust system

Noise is considered according to the World Health Organisation (WHO) as a
significant environmental hazard of the 215 century [6]. Environmental noise from
the road gives a substantial burden to people who live near such places:
according to recent studies, one-third population living in the vicinity of highway
can be affected by noise [6]. Because of this trend, it does make sense to
investigate applications where the power-law noise-damping approach is
applicable on a larger scale. One possible application is the noise reduction using

more silent exhausting systems of any combustion engines.
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Similar to the silencer of a weapon, it could use the advantage of power-law
spikes to catch the vibrations directly in the catalytic converter or the exhaust
system. Figure 7-6 shows a rough drawing of such a device. This device, applied
to different kinds of vehicles, could lower the burden of environmental noise

around crowded places in big cities.

Figure 7-6: One of the major sources of noise from combustion engines are the
exhaust systems. With a simple power-law profile in the outer shell, it will be

possible to realise less noisy exhaust systems.

7.5.2.4 Damped steel plates as an example of truck beds

An approach similar to the exhaust system can be applied for damping of all kinds
of steel plates. During the assessment of the witness plate of the ricochet
measurement device, one recognised as a side effect that the impact of the
projectile on the steel plate appears significantly less loud. Because of this
finding, possible other direct applications could be identified. One immediate
application of the damped steel plate represents Figure 7-7, the loading area of
a pick-up truck is equipped with a power-law steel plate. With this solution,
significantly less noise is emitted to the environment if the truck is loaded or

unloaded.
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Another possible application is the application on punch presses. A factory, which
uses punch presses is always very loud; employees have to wear ear protection.
Punch presses could be modified with power-law plates to reduce the overall
noise of the factory. In an ideal case, it would be possible to get rid of ear
protection. However, there are a lot more applications where damped steel

plates, directly connected to the ricochet measurement plate, can be used.

Figure 7-7: Represents a possible application of power-law shaped plates. If
plane steel plates are loaded with an impulse force, they emit loud noise. With

the use of power-law shaped plates, this noise can be significantly reduced.

7.6 Final conclusion

The aim of the thesis is the measurement of ricochet mechanics with a novel and
fast measurement approach. The ricochet measurement is important for the

accurate estimation of danger areas.

The aim of the thesis has been met using a separately developed device which
Is capable of measuring ricochets which are made from different materials. This

aim has been met with the use of additional developments.

212



The enhanced measurement plate with acoustic black holes which was used for
the ricochet plate and the measurement system for the breech force was one of
the main developments. This two additional development where necessary to

fulfil the final aim of the thesis.

The necessary developments for the final aim are in close relation to significant

findings of the thesis. The significant findings are as follows:

- Power-law edged impact plates are capable of measuring projectile
impacts and their ricochets accurately. The power-law edge of the plate
can be considered as an acoustic black hole which prevents the reflection
of flexural waves in the steel plate.

- From a time and force range perspective, pushout force measurements
are comparable to the ricochet measurements. However, pushout force
measurements are much more reproducible. It is also found that
lubrication has a significant influence on the pushout force.

- Using the ricochet measurement device, which is developed during this
thesis showed that the design and the material of the projectile has a
significant influence on the danger potential of the projectile. This fact is

up to now not taken into account for most SDZ considerations.

The publication in Applied Acoustics is one key publication. It covers the
investigation of a novel measurement plate which is necessary for the overall
ricochet measurement system. A second publication treats the investigation of
the momentum and the force transmitted on the breech. These findings are
published in AIP Advances. The fourth essential publication is about the overall
ricochet measurement device to proof the concept are also different projectile

types investigated.

In the future work section are a number of ideas proposed which can be taken
forward. Some of the ideas have significant benefit both the commercial and

defence sector while others will deliver improved performance.
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Impacts of solid bodies on rigid plates produce loud noise and strong vibrations. During this impact, flex-
ural waves travel circularly outwards from the point of impact. These waves are used to determine the
properties of the impacting body. For accurate location and momentum measurements, it is necessary
that the set of flexural waves pass acceleration sensors just once without being disturbed by reflections.

Different plate designs are tested with the aim of evaluating the shape, which offers the best damping
properties against strong single impacts.

:%'::ﬁibmm“ The investigations showed that the damping properties are significantly better if the plates are of a
Damping star-shaped design and feature a damping layer.
Metallic plate The work offers a solution to achieve significantly better damping properties and a better signal for the

Boundary reflection investigation of impacts. The results demonstrate that it is a promising approach for an impact detection

system, which could be equally applicable to acoustic damping applications.

@© 2019 Elsevier Ltd. All rights reserved.

1. Introduction

This study investigates the effect of different plate shapes on
their damping behaviour after a single excitation burst. The focus
is on a short-time scale from microseconds up to milliseconds.
Small-arms projectiles are structures that weigh from 2 to 10
grams, which travel at supersonic speed and produce strong accel-
eration and acoustic signals when they impact. Due to their high
speed and rotation rates, they are generally difficult to characterise
during flight and impact. The impact characterisation is used for
applications like the estimation of range-danger areas after deflec-
tion of the projectile on oblique plates. For such purposes one
needs to know the position of impact and the momentum trans-
mitted into the plate. With this information, one can estimate
the residual energy and deflection angle of the projectile after
impact. The main challenge of the impact detection is connected
to huge decelerations and large deformations in a short time
regime. Such projectiles are often too small to be equipped with
sensors. Therefore, sensors mounted on witness plates are widely
used for impact detection devices. So-called Impact Soft-Recovery
Experiments 1] are made, for example, with impact detection
devices. In this case, the target under investigation is a brittle plate,

* Corresponding author.
E-mail addresses: michael. muster@cranfield.ac.uk (M. Muster), a.hameed@cran
field.ac.uk (A. Hameed), d wood@cranfield.ac.uk ( D. Wood), g.thomas@cranfield.ac.
uk {G. Appleby-Thomas), kilian.wasmer@empa.ch (K. Wasmer).

hetps://doi.org/10.1016/j.apacoust.2019.07.040
0003-682X /@ 2019 Elsevier Ltd. All rights reserved.

monitored by an interferometer. The projectile impact generates
strong vibrations, the characterisation of which helps to calculate
the location and nature of the impact. Espinosa et al. [2] showed
that it is possible to get a cleaner raw signal from the target plate
by using a star-shaped flyer geometry. Their tests revealed that the
effect of the outer layer of the plate on the impact zone itself could
be minimised significantly. Besides interferometers, accelerome-
ters are frequently used to determine properties of the impact like
the impact position or the transferred momentum [3}-[5]. One of
the major sources for measurement inaccuracies are random and
reflected vibrations |[6]. Hammetter et al. used an array of
accelerometers fixed on the plate to determine the momentum
transferred. They showed that geometrical properties of the
detecting plate itself might lead to inaccurate measurements.
Another source of measurement inaccuracy is electronic filtering
of the acceleration data. Best practice for severe-shock investiga-
tions is to use mechanically insulated accelerometers |7]. Severe
mechanical shocks such as caused by bullet impact, typically lead
to six degrees of freedom accelerations represented in broadband
frequencies. This makes it difficult to determine the overall
momentum [6], or the position. Mechanical insulators combined
with electrical filters were found to be an appropriate way to over-
come this problem. The impacting body excites the witness plate
within a very short time in a non-linear and random vibration
regime, where scattering and reflections of vibrations at bound-
aries will occur 8], [9). Right after the impact is the moment when
the point of interest occurs. This moment is called the Arrival Time
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(AT). The AT is defined as the time when the sensor detects the first
set of waves, which originate from the impact position. Conse-
quently, knowing the exact AT is necessary to recalculate the exact
impact position [10] with the Time Difference of Arrival (TDOA)
algorithms. TDOA algorithms are often used nowadays, and opti-
mised for passive tracking of wireless communication systems
[11]. The underlying computations for wireless-devices tracking
and impact location, however, are the same. The main issue for
an accurate triangulation of impact remains the accurate AT detec-
tion. For flexural group waves travelling in steel at a speed of more
than 2500 m/s, even minor errors lead to large positioning errors.
The speed of sound in the target material and the AT difference
must be known for positioning. Furthermore, by knowing the sen-
sors’ positions, one can easily calculate the position of the impact/
of the origin of the waves by numerical methods |12]. Mingzhou
et al. showed the possibility of precisely detecting the AT of flexu-
ral waves using accelerometers after the impact of a test weight
dropped on a large steel plate, even in noisy environments like
power plants [13]. They used a sophisticated decomposition algo-
rithm combined with the Hilbert Huang Transformation. They
found that the proposed algorithm was capable of detecting the
AT with a precision of several milliseconds. The main reason for
the inaccuracies was still the noise in the signal. During a ballistic
impact on a plate, stochastic waves appear inevitably, which
affects the precision of the AT calculation. In an idealised case, flex-
ural and compression waves emitted from the origin of impact
would not be reflected. This can be realised by two approaches:
Using a plate significantly larger in comparison with the investi-
gated area (this approach is presented in [9]), or using a special
damping plate. A very interesting approach is a plate of special
shape which decreases in thickness at the edge (called a wedge
shape) in a power-law profile [14]. The different waveforms are
eliminated due to internal refraction. However, the power-law
shape is difficult to manufacture, which is why it is not used in
practical vibration dampers [15]. Possible ways of manufacturing
this wedge shape are 3D milling or casting |16], both of which
are expensive. For hardened-steel and supersonic impacts, such
delicate and large structures are normally unsuitable to be made
by industrial methods. There are some highly effective damping
alternatives which are easier to manufacture, i.e. the application
of a thin absorbing layer to the plate surface [ 14]. Another possibil-
ity is an acoustic black hole, reduced in its space requirements as
proposed by [17]. This showed that a damping layer covering
and wrapping the acoustic black hole results in a reduced vibra-
tion. However, for impact analysis purposes, other shapes are more
desirable. From a manufacturing point of view, if one wants to pro-
cess a hardened wear plate, just 2D shapes should be used. Such
plate designs can be produced by water-jet or plasma cutting. Pos-
sible shapes that can be produced easily are polygons or any kind
of round, but two-dimensional. Star-shaped (polygonal) flyer
plates are also able to trap compression waves, as used for normal
impact soft-recovery experiments |2]. With the star-shaped plate,
much lower level reflection is observed during impact. This
enhances the quality of the raw data in ballistic experiments. The
edge morphology can serve as a trap for waves and was investi-
gated computationally in [18]. Apart from the computational
investigations, the real noise-damping properties of the plates
need to be quantified. The plate experiences random vibrations
after significant impulse is applied. The plate's response cannot
be assessed using purely analytical models [8). The random-
decrement method is a possible way to quantify the damping fac-
tor of a system. This approach is suitable for systems which are
randomly excited, for example fluid flow against rigid structures
like ships or bridges [19]. Using the logarithmic decrement to
determine the damping ratio is widely used for such damped sys-
tems |20]. However, this system is unsuitable for the present appli-

cation because the plate is just excited once with a strong burst,
then recovers fully as the vibration decays down to non-excited
state. The random decrement method would be more applicable
if the system was excited by many fragments impacting simultane-
ously. In the case of a strong excitation burst, the plate vibrates
stochastically. According to the experimental results of Humbert
et al. |8], all frequencies are abundant during the first 70 ms after
excitation with one strong mechanical burst. All frequency bands
of the broadband spectra of the free vibrational decay have differ-
ent decay rates. Itis not possible to calculate just one valid damping
ratio [21], especially if one wants to calculate the AT, which is the
case in this investigation. In this case, one can use band-pass filters
to determine each specific damping ratio. The drawback of this sys-
tem is that the results are strongly dependent on the chosen band-
width of the band-pass filter [22]. The information about the
properties of the impacting mass and the AT is retained in flexural
waves only for the first few post-impact milliseconds. To get a
meaningful result, it is desirable that the first 100 ps are not dis-
turbed by reflections. It is possible to sort out specific reflections
using wave separation [23). This approach, however, works for
ultrasonic signals because small changes in frequency may be
detected with such systems. Severe shock signals need to be
detected with mechanically prefiltered accelerometers. The
recorded acceleration broadband signal decays exponentially after
a single excitation event. This is comparable to the decay of sound
in room acoustics. In room acoustics, the “reverberation time” is a
common way of describing a signal decay pattern. The reverbera-
tion time is defined as an exponential decay fit, which has the
advantage that there is just one main decay rate, which includes
all frequencies. This reverberation time was introduced by Schroe-
der [24] in 1965. He used filtered pistol shots to produce a single
excitation event comparable to the application described in this
paper. Since the damping is directly related to the reverberation
time [25], this is a meaningful quantity for the system performance
in the present case. The reverberation time is mostly measured to
determine room acoustics |26, but can also be measured for any
solid plates, for instance in musical equipment [27]. This paper
describes different plate shapes and their capabilities to attenuate
the noise, relative to a reference plate. The increased damping
properties enhance the detection of the AT. The vibrations are
detected with accelerometers capable of measuring uniaxial accel-
erations. They are normally positioned on the plate. This means
that only flexural waves will be measured. Because of the similar-
ities to the acoustical reverberation of a sound burst (or filtered
pistol shot), the reverberation time is chosen as quantification
method. In an initial study, a drop test is performed in a small-
scale experiment to determine the most efficient plate shape. This
shape is produced in a larger scale model and used for ballistic
impact tests.

1.1. Experimental procedures and materials tested

1.1.1. Test procedures

Two different test scenarios were chosen to estimate the scala-
bility of the system. The goal of the two scenarios is to evaluate and
assess the damping properties of plate shapes after impact. The
most promising design after the first test scenario is verified on a
larger scale. All shapes were produced using the water-jet cutting
technique which results in a surface roughness of Ra 25 um. This is
comparable to standard sandblasting. The overall tolerances is
0.1 mm, independent of the plate thickness. Concave edges are
produced with radii of 0.75 mm, convex edges with minimum radii
of 0.08 mm. In the case of the shapes subject to the power law, the
exponent was approx. 2.8 for both test scenarios. The surface of the
plate has a Ra of 8 ym, which is relatively smooth. The surface of
the plate has no disturbances except for the screwed-in accelerom-
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eters. The data acquisition system for the accelerometers was the
NI USB-6366 (National Instruments, USA) in both scenarios, with
simultaneous sampling, acquiring and recording data every
0.5 ps. Simultaneous sampling is very important for such tests, so
that the exact time shift between the excitation events is mea-
sured. The acceleration sensors used for both scenarios are shock
sensors 350B01 (PCB, USA), mechanically isolated and electrically
filtered. The signal conditioner was the 483C40 (PCB, USA).

The data acquisition time was set to 150 ms, i.e. long enough to
investigate the signal decay. Each test was repeated three times.
The maximum signal amplitude acquired was normalised to + 1.
With this approach, one can compare low-momentum impacts
with high-momentum impacts. The time from primary wave
detection until 1% of the max amplitude is reached, was used to
calculate the reverberation time of the different plates. This was
necessary to quantify and compare the results.

1.1.2. First test scenario

The first test scenario was a small-scale setup; plates of four dif-
ferent shapes were used to acquire information about their damp-
ing behaviour. All plates for the first set of experiments consisted
of 5mm thick $275]2 steel. As a reference, a simple rectangular
plate was analysed. This had four additional small rectangles
attached for fixation purposes as shown in Fig. 1a-d. Most ballistic
standard tests rely on square or rectangular plate shapes. Square
plates are used in the interest of simplicity and cost savings. A sec-
ond reference plate of oval shape was used to examine whether

(a) (b) {c) (d)

this would enhance the damping properties. The third plate was
made with projections featuring a 60° angle in accordance to the
findings of [2] and [18], called the “star-shaped with 60° edge”
plate. The height of the triangle is 35 mm. It is assumed that, with
this shape, the damping rate increases significantly. The fourth
shape is the combination of the power-law profile and the star-
shape called “star-shape with power-law edge”, the edges are
shown in Fig. 2c. The number of spikes of the fourth shape is the
same as in the case of the star-shaped plate. The width between
the corners remained the same. However, the length of the edge
increased to 98 mm. As suggested in |14, the surface was treated
with an absorbing surface, a magnetic polymer compound. This
layer can be removed if required. The star-shaped with 60° edge
plate and the star-shaped plate with power-law edges were
equipped with three thread bores each to accommodate three
sensors. One of these bores is closer to the centre, while the second
is near the concave edge of the spike and the third in the centre of
the convex edge as shown in Fig. 2b. In this way, reflections and
backscatter can be detected by monitoring and comparing the sen-
sor data. However, sensor position and the speed of sound in a given
material are parameters which can be controlled very accurately.
The plates were impacted by a falling steel roller bearing ball,
its layout shown in Fig. 2a. The ball's mass was 16.84 g, represent-
inga widely used 16 mm ball bearing. The reason for using such an
object was that it consists of 100cr6 hardened steel. These drop
weights can sustain several drops without any deformation. The
release height was 3.8 m, the release mechanism an electromagnet

Fig. 1. Different plate shapes: (a) reference, (b) oval (c) star Shape with 60° edge (d) star shape with power-law edge. The reference consists of five rectangles, with the large
one representing the main impact zone. The four small rectangles are fixation points. The oval plate is a second reference which has, like (c)and (d), an oval main impact zone,

but no spikes.

(@) Electromagnet

Drop weight

3.80m

Accelerometer

v

Hard polymer

Impacl plate pad

(b)

Damping
layer

Fig. 2. First test scenario: (a) schematic test layout, (b) accelerometer with the sensor numbers, sensor 1 is most proximal to the centre, the other two are at the same distance
from the centre. Sensor 2 is exactly in front of the concave edge to see if this edge influences the signal. Sensor 3 is in line to the spike of the plate. (c) damping layer which is
basically a magnetic polymer compound which “sticks" perfectly to the contour of the plate.
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(a) Damping plate

Rigid frame

>

P

&
Accelerometer

Fig. 3. Second test scenario: (a) schematic test layout with the heavy (800 kg) metal frame and the plate attached to the back of the frame. (b) star-shaped plate with power-
law edges with rubber damper. The plate is placed in an assembly of rubber pieces and a fixation plate suitable for mounting in the heavy metal frame.

switched by a transistor. The standard deviation of the overall drop
accuracy was 0.1 mm. This drop height delivered a kinetic energy
of 0.62 Joule.

The damping layer was applied only to the last section of the
power-law spikes. The size of the damping layer material
(10 mm x 20 mm x 1 mm) was the same in all analysed cases as
shown in Fig. 2c. The damping layer was placed on the oval plate,
the star-shaped 60° edge plate and the star-shaped plate with
power-law edges.

For the plates with geometries such as the ones in Fig. 1b,c and
d, it was possible to add an equally distributed magnetic damping
layer on the spikes or attach an equally distributed magnetic
damping layer to the oval plate. This is not possible in the case
of the rectangular plate. The reason is that the rectangular geome-
try has less edges and they are not equidistant.

1.1.3. Second test scenario

The second experiment was made using a 12 mm thick Hardox
500 tempered steel plate exhibiting a yield strength of 1300 MPa
[28] as target, against a supersonic impacting projectile.

Two different plates were tested in this scenario: A rectangular
reference plate (Fig. 1a) and a star-shaped plate with power-law
edge (Fig. 1d). Both plates had a thickness of 12 mm, the reference
plate was 700 mm wide and 800 mm long, while the star-shaped
plate with power-law edge (Fig. 1d) had a diameter of
approx.800 mm. The reference plate was fixed in a rigid frame at
the four corners as shown in the Fig. 3a. The power-law edged
plate was mounted between a frame consisting of two steel rings
and then fixed into the rigid frame shown in Fig. 3a. A rubber inlay
(called rubber damper) was mounted between the spikes and
served for both damping and fixation purposes.

The plates were tested witha 9 mm 7.5 g Full Metal Jacket (FM])
projectile with a velocity of 380 m/s. These projectiles were chosen
because of the low occurrence of backscattering. Another reason is
that they are NATO-compliant and widely available for such tests.

The velocity was measured 15 m before impact, using a BMC 31
(Kurzzeit, Germany) ballistic data processing system and an LS 260
(Kurzzeit, Germany) light gate for velocity measuring. The velocity
drop within the light gate is considered, using the known drag
coefficient of the specific FM] projectile type. Knowing the velocity
drop between measurement system and impact is very important
to determine the reference impact velocity. In this case all four sen-
sors are equidistant from the centre as shown in Fig. 3.b. This is
easier for triangulation, which will be applied in future.

2. Results and discussion
2.1. General observations

In the case of the plate with power-law edge and rubber dam-
per, the highest excitation level occurs 10-20 ps after impact. A

similar decay pattern was observed in both experimental scenar-
ios. This in spite of the fact that the impact energy in the second
experiment was approx. 900 times higher and the plate was 30
times heavier than in the first test scenario. The results of the
experiments conducted for the first and second test scenarios differ
greatly in their repeatability of the impact position. In the case of
the first test scenario, the radial standard deviation was less than
1 mm. The second test scenario, performed with 9 mm projectiles,
showed a radial standard deviation of impacts of 40 mm. The rea-
son for this impact distribution is the performance of the projectile
acceleration system.

Interestingly, the distribution of impact positions does not
affect the standard deviation between the measurements of the
reverberation time shown in Tables 1 and 2. The reason for this
stable reverberation time might be that, in all cases, there are some
flexural waves reflected by the boundaries which keep the plate in
oscillation during a few milliseconds.

One of the most important tasks of the damped plate is to
reduce the vibrations occurring after an impact event. By damping
the plate, one ensures that the detected vibrations originate
directly from the impact itself and not from the boundary
reflections.

Fig. 6 shows the acceleration signal acquired for the reference
plate (shape like Fig. 1a) and the star-shaped plate with power-
law edges (shape like Fig. 1f). In this figure, the reference plate
shows a package of small flexural waves which are detected by
the accelerometer 30 ps before the main wave packages arrive.
These packages disturb the positioning and the momentum mea-
surement process, since it is not possible to distinguish between

Table 1

Averages and dard deviations of 9 in the first test scenario.
Shape Average reverberation  STD

time (ms) (ms)

Reference 135 7
Oval 158 1.2
Oval with damping layer 134 24
Star shape 174 0.8
Star shape with damping layer 63 0.6
Star-shaped plate with power-law edges 147 11
Star-shaped plate with power-law edges 37 0.1

with damping layer

Table 2

Averages and dard deviations of 9 in the second test scenario.

Shape Average reverberation  STD
time ( ms) (ms)

Reference 214 29

Star-shaped plate with power-law edges 9 0.9

with rubber damper
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the small reflected flexural waves and the wave package which is
emitted directly from the impact. This is especially true if the
two wave packages are overlapping more than the ones repre-
sented in Fig. 6a. With the proposed design, a very pure impact sig-
nal can be produced, as seen in Fig. 6b. In this signal, no
disturbances are visible before the main wave package arrives. This
enhances the accuracy of the impact measurement significantly.
The magnitude of the peaks is rising steadily and no significant
disturbance in the signal can be detected before the first small
excitation occurs. In the case of the star-shaped plate with

431

power-law edges with rubber damper, the acquired signal is signif-
icantly different. The package of small waves does not occur. In
both cases the magnitude of the acceleration peak is about
20,000 m/s?.

The best plate shape for damping single impacts is the star-
shaped plate with the power-law edges with the damping layer.
This shape is a combination of the shape of acoustic black holes
and the star-shaped flyer plate. The damping effect of general
acoustic black holes, as in the case of the power-law shapes, is
strongly reduced, since acoustic black holes react sensitively to
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Fig. 4a-g. Typical vibration signals of the first test.
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Fig. 5. Typical vibration signals of the second test (impact of 9 mm projectile). (a) The reference (rectangular) plate which shows still some oscillations after 25 ms. (b) Shows

a significant signal decay after the initial excitation, after 4 ms one cannot see any

truncation imperfections, material failures, surface roughness and
reduced length of the last part of the spike |16]. However, with
the use of rubber dampers, the damping effect is still significantly
better than compared with the star-shape 60° edge with the damp-
ing layer. This can only be explained by the fact that the acoustic
black hole is an additional help for the star-shape geometry.

In all measurements, there is a fast-oscillating signal body fol-
lowed by sharp peaks. These peaks are occurring stochastically
because the plate is excited in a turbulent regime. This makes
the quantification of the damping system challenging, since the
peaks of the signal decay faster than the noise.

The reverberation time was chosen as the most stable value to
quantify the system. It does not depend on a specific frequency,
which is very important for such turbulent systems. The results
reported here are promising and a method can be developed to
analyse more sophisticated impact detection systems.
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remaining oscillations rising beyond the threshold.

2.1.1. First test scenario

The data presented in Fig. 4 are the raw data representing typ-
ical plate vibrational signals for all plates tested in the first test sce-
nario. One can see that the plate shape influences the signal decay
pattern.

The damped and undamped power-law edged plate exhibits a
steady signal decay, whereas the oval plate shows a more oscillat-
ing behaviour after the initial excitation. It is also recognisable that
the peak amplitude occurs shortly after impact in the case of the
power-law shaped structures. In the case of other structural
shapes, especially the star-shaped plate with 60° edge, however,
slow rising amplitudes of the acceleration signal may occur due
to internal compressive waves reflecting at the boundaries.

Compression waves travel through the plate at almost twice the
velocity of flexural waves. The accelerometers detect in one direc-
tion only, and therefore do not detect these initial in-plane com-

(b) Star-shaped plate with power law edges
with rubber damper

2 210°
15
1
na visible cisturbance
05 /
E
5
‘_@' 0
L
§ -0.5
- 4
original flexural wave
-1.6 b
2 " s s s L s L
0 23 40 60 ao 100 120 140 160
Time [us]

Fig. 6. Acceleration signal acquired on (a) reference plate (b) star-shaped plate with power-law edges with rubber damper. This picture shows the benefit of the power-law
edge design, the steady increase without disturbances of the wave amplitude after impact. Disturbances that can be recognised in the case of the reference plate lead to an

inaccurate AT detection.
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pressive waves. At the boundary, the compressive waves are
reflected and partly converted to flexural waves. These reflected
flexural waves are unwanted for the triangulation process, since
they conflict with the arrival time of the unreflected flexural wave
caused directly by the impact. Such a behaviour can be seen in
Fig. 6a.

The damping layer has a significant influence, reducing or elim-
inating the low magnitude vibrations after 20 ms, evidence of
which is observed in Fig. 4g. This is in keeping with the experimen-
tal investigations of Kyrlov and Winward |15]. The small damping
layer can absorb the energy of small magnitude vibrations. How-
ever, this effect is not recognisable in the oval damped case.

2.1.2. Second test scenario

Fig. 5 presents the typical data of the vibrational signal for the
plates tested in the second test scenario. The decay effect of damp-
ing is easily recognisable in the case of high-velocity impacts as
shown in Fig. 5b (star-shaped plate with power-law edges with
rubber damper). For the reference plate, the highest excitation
level is delayed to 1 ms after the first oscillation is detected. The
oscillations are still recognisable after 25 ms. Comparing the refer-
ence plate with the star-shaped plate with power-law edges and
rubber damper, one can see a significant reverberation time reduc-
tion from over 200 to under 10. Fig. 6

However, the primary aim is to improve the information/loss
ratio so that the signal contains a larger portion of impact informa-
tion compared with the overall information. Since the signal is
strongly reduced after the first few reflections, this aim is met by
using the plate with power-law shaped edge.

3. Conclusions

Single-impact tests on differently shaped steel plates have been
shown. The major test criteria were the reverberation time
between the first excitation and the point of time when the plate
does not vibrate any more. This property is of interest because it
enhances the measurement of impact properties. Filtered shock
accelerometers were used to acquire the signals. The tests were
performed in two scenarios. First, on a small scale with four differ-
ent plate shapes and a low-energy impact. The second test scenario
was performed with 30 times heavier plates with a high-energy
supersonic bullet impact.

The results show that the plate shape has a significant influence
on both vibration pattern and signal decay. The reverberation time
is affected by vibration damping layers in combination with
toothed edges. The effect of the damped 60° spike is less significant
than the effect of the damped power-law shaped spike. Compared
with the reference plates, it is possible to reduce the reverberation
time by a factor of roughly 24, which is a huge advantage if one
uses the witness plate as measurement system.

Despite the fact that the kinetic energy from the impulse tests
with a drop weight falling under gravity and a projectile flying at
supersonic speed differs strongly, the oscillations resulting from
vibration-time properties are comparable. The star-shaped plate
with power-law edges which performed best with respect to the
reverberation time, can be used to design new devices which are
suitable for ballistic impact investigations. For example, a ricochet
measurement device capable of measuring the point of deflection
on a first plate and the point of impact on a second. Furthermore,
such measurement plates are also suitable for the location of mul-
tiple impacts in the same period.

It is known from the acoustic black-hole effect and from star-
shaped flyer plates that they influence the wave propagation. This

is particularly true with a combination of the two shapes and
strong excitation bursts like ballistic impacts.

Another interesting fact is that the sound appears to be less
intensive, since the acoustic reverberation time is shorter, so that
it is also possible to use this system for future sound and noise
reduction applications. Directly applied examples are silent bed
plates for punch presses, surface metal treatments in musical situ-
ations, quieter reciprocating engines and cyclical systems.
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ABSTRACT

A small calibre weapon system consists of the weapon and the ammunition. In the case of bolt action rifles during the process of firing, the
breech is a rigid bearing which prevents the casing from being pushed out. However, not the whole pushout force is taken by the bolt. Due
to friction forces at the casing boundary, the chamber of the weapon can absorb a significant part of the pushout force. The duration of the
pushout force is in the order of milliseconds. Piezoelectric strain gauges are capable of recording such short time events qualitatively. To
increase the measurability of force obtained from raw signal, is filtered using a bandpass filter and applying a signal envelope. The results from
the strain gauges are verified by a piezoelectric force washer. In this paper, two different lubrication states and two different casing materials
are analysed to evaluate their influences on the force absorbed by the bolt. The analysis indicated that lubricated casings lead to bolt forces
which are more than three times higher when compared unlubricated casings. The unlubricated steel casing also showed a significant lower
bolt force when compared with the regular brass casing. However, this effect is reversed, if the casing is lubricated. This work demonstrates
how to measure highly dynamic events. The acquired results can be directly applied to 5.56x45 bolt action rifles. These measurements may
also have a significant influence on self-loading rifles, since the process of reloading is also dependent on the pushout force. The general
application area is target competitive shooting and military purposes.

@ 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license

(http://creativecommons.org/licenses/by/4.0/). hitps://dotorg/

10.1063/1.5092167

INTRODUCTION

The process of firing a weapon system is a vivid example of
the application of the Newton’s third law. The gas generated by the
burning propellant accelerates the projectile in the weapon until it
leaves the muzzle. This acceleration process leads to recoil. During
the acceleration, the casing of the cartridge experiences high pres-
sure. This leads to high pushout forces, but for an extremely limited
time. However, the chamber and the bolt of the weapon holds the
cartridge in place during this time. See Figurc 1.

The overall pushout force is not purely taken by the bolt of the
weapon. The cartridge casing can be assumed as a pressure vessel
which is plastically and elastically deformed during the time while
the propellant burns in the chamber. Through this behaviour the
casing is pushed against the walls of the chamber. Due to the friction

between the chamber walls and the casing, the chamber of the barrel
itself is capable of taking some of the overall pushout force.

The bolt force depends mainly on four factors: The surface area
of the case head, where the pressure applies; the pressure in the cas-
ing; the friction between the chamber wall and the casebody; and
the material properties of the chamber and the casing. The pressure
curve in the chamber should be highly repeatable. Woodley et al.
measured the projectile and the propellant mass which resulted in
comparable pressure maximas.' Since the cartridges are produced
in tight tolerances, the area of the casing head can also be assumed
as constant. In these experiments, the pushout force is mostly depen-
dant on the material properties of the casing and the chamber and
the friction coefficient between these materials.

The behaviour of the dynamics of small arm weapons are often
investigated using high speed cameras. However, these cameras are

AIP Advances 9, 065020 (2019); doi: 10.1063/1.5002167
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FIG. 1. Schematic view of the cross section of the barel.

suitable only for visible events, so are not appropriate for bolt action
rifle measurements. A breech bolt of a weapon holds the ammuni-
tion in place during firing. Often such short duration rigid or invis-
ible processes have been modelled using finite element analysis.”
The advantage of finite element methods is that numerous param-
eters can be investigated within in a single model by undertaking
sensitivity studies. It is also possible to analyse geometric parame-
ters with minor changes in the model. South et al. investigated an
interesting interior ballistic model which can be used to estimate
the behaviour of a projectile while being pushed through the barrel.
Some aspects of the model correlated almost exactly with the reality,
but the wear mechanism of the groove formation during the firing
was not represented realistically.” It is still very difficult to simulate
wear and tribological mechanisms such as friction and lubrication in
thin film environments.

It is also possible to measure these highly dynamic forces in
a real environment. Ritter et al. presented a system to measure the
in-chamber primer pushout force.” They used a force gauge to mea-
sure simultaneous the force on the breech and pressure inside the
cartridge. This gave the confidence to predict what occurs in the
chamber of the barrel. However, with this system it was only pos-
sible to measure the primer force which is produced during a fire.
It is not possible to measure the whole force at the bottom of the
cartridge.

Another possibility to measure highly dynamic events, such as
vibrations, are piezoelectric strain gauges. Michaelides et al. used
such strain gauges to analyse the movements of a vibrating bridge.
In their investigations they used the strain gauges for frequencies
between 1 and 100 Hz. Such strain gauges are capable to quantify
much faster events. The raw signal quality is good with such encap-
sulated strain gauges, so that it is possible to determine noisy but
dynamical events with an adequate signal processing.

Bin Tan et al. used standard flexible strain gauges to investigate
the effect of steel balls, impacting at 200 m/s on military protection
helmets. These strain gauges where used as a reference for validating
the FE model. Nevertheless, due to the rigid shape of the mili-
tary helmets, piezoelectric strain gauges are not suitable for such an
application.

One main problem of internal ballistics measurements systems
is the noisy signals. The reason for this is that the acceleration pro-
cess of a bullet is a short time event approximately 1 ms for the
investigated calibre, which is comparable with a burst where a lot

of mechanical oscillations are generated. In such a noisy environ-
ment one has to determine the main physical event of interest. A
de-noising approach with discrete wavelet decomposition in com-
bination with a Hilbert Huang transformation for the detection of
faults in roller bearings was suggested by Phuong et al. They were
more focused on reporting the time of occurrence of the fault.'
To measure the amplitude of an event, wavelet decomposition is
less suitable. For internal ballistic pressure measurements 20 kHz
second order Butterworth lowpass filters are generally used.  In
the case of pressure measurements it is simpler to determine the
underlying physical event, such as oscillating pressure waves which
may affect the whole measurement. However, in the case of the
pushout measurement, more sophisticated filtering approaches are
necessary.

Measuring force signals with piezoelectric force washers is
widely used from the field of biomedical engineering'* and the rock
drilling technology."” Groche et al."' used a force washer to indi-
rectly measure the applied force on a punch in a high speed press for
a thick steel plate. The indirectly acquired signals where highly com-
parable to the signals of the measured directly. However, the system
had to be calibrated for which they used a stroke rate of 300 strokes
per minute. This meant that the duration of the event of interest was
of the order of 100 ms.

More dynamical investigations conducted by Jun et al. and
Zhang et al. " Jun et al. investigated the behaviour of spindle in
a machining setup using an assembly of force washers. Due to the
rotation speed of the spindle and the cutting tool, the cycle of the
cutting process was between 50 and 5 ms, which is more comparable
with the internal ballistic process which is in the range of 1ps to Ims.
Jun et al. conducted the in-depth investigation of the force washers
properties under harsh circumstances. They obtained a very positive
outcome for this dynamic application. Zhang et al. showed that even
ultrasonic forces can be measured with piezoelectric force washers.
Repetitive loads which are applied only for 40 ps applied can be
accurately detected. Such timescales are comparable with ballistic
tests.

MATERIAL AND METHODS

Two different casing materials were chosen to investigate the
influence of the lubrication on the pushout force. In both cases
the ammunition type M193 was used, it is a well-defined NATO
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standard ammunition stock number."” This ammunition type has
a projectile diameter of 5.56 mm and the length of the casing is
45 mm. The M193 has been extensively investigated by a number of
researchers covering terminal ballistic studies.” '’ Like some ammu-
nition types, the M193 was produced with two types of casings, a
regular brass casing and a steel casing.

To lubricate the casings a fluid called Kliibersynt MZ 4-17 was
used. This lubricant is recommended for small calibre weapons such
as hunting and sporting rifles.”” For the test, a thin layer of lubri-
cant was applied onto the casing with a brush. The average weight of
lubricant applied was 10 mg. The lubricant was equally distributed
over the whole casing surface. The unlubricated ammunition was
cleaned beforehand using acetone to remove any fat residuals, which
might remain from the production process.

The ammunition was tested with a system similar to the
Electronic Pressure Velocity and Action Time (EPVAT) measure-
ment setup’’ which is known for NATO testings, see Figure 2.
With this system, it was possible to measure the pushout force
of the ammunition. Three piezoelectric strain gauges where pasted
equidistance to around the load cell with an adhesive, see Figure 3a
and 3b. The load cell consisted of stainless steel X5CrNil8-10,
which is typically used in such experimental tests.”"*" This mate-
rial is also resistant to residue from the burned propellant which

is highly oxidising in nature. In addition this load cell also acted
as breech bolt, providing a rigid bearing for the ammunition, see
Figure 3c.

Multiple sensors were used to analyse the effect of inhomoge-
neous loading during the acceleration phase of the bullet firing. To
assist with vibration damping, the measurement system housing was
manufactured from the cast iron. The gun barrels were similar to
those used in an EPVAT system and were interchangeable and could
be used for multiple calibres. The Kistler 6215 pressure gauge with a
Butterworth 20 kHz filter was used as a reference system. The veloc-
ity was measured with a light gate. The pressure and velocity were
measured in separate test setups.

The National Instraments USB-6366 data acquisition device
was used for the tests. It has the ability to simultaneously acquire
and record data every 0.5 ps. The piezoelectric strain gauges were of
type 740b02 (PCB, USA). They are capable of measuring frequencies
up to 100 kHz. In addition, a low pass filter to reduce the mechani-
cal oscillations while measuring the pressure was used. The raw data
with a signal amplification rate of 1, was acquired without filter using
PCB-482C05 (PCB, USA) signal conditioner.

To verify the results of the piezoelectric strain gauges a pre-
calibrated force washer was additionally used. This force washer
gives a signal in volt, which can be directly converted into a force

FIG.3. Qx

bly of the load cell (a) Load cell with strain gauge (b) Assembied load cell (c) Fully assembled breech measurement piate.
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signal in Newtons. However, with this system it is not possible to
detect asymmetrical loads produced by the casing.

The used force washer was a Kistler 9041a (Kistler, Switzer-
land), this sensor type is capable of recording forces up to 90 kN.
The signal conditioner was a Kistler 5073A (Kistler, Switzerland).
Figure 4 shows the assembly of the force washer. In Figure 42 one
can see the sensor. However this sensor needed to be protected by
a steel protection plate (Figure 4b). The second reason for the steel
plate was to provide a rigid bearing for the ammunition. A large dif-
ference to the load cell which is equipped with piezoelectric strain
gauges is that the measurement device and the rigid bearing is split
into two parts.

The data acquisition time was set to 20 ms. As the signal of
interest was ca. 4 ms, this acquisition time was sufficient. The pre-
trigger was set to 0.1 ms. The reason for this extended acquisition
time was to ensure that the trigger started the data acquisition before
releasing the spring loaded igniter rather than later when the igniter
hit the primer. In this experimental set up, it was just possible to
trigger the release time. Each test was repeated five times.

To investigate the signal linearity of the load cell with the piezo-
electric strain gauges and the force washer, a servo press was used,
which applied a defined load for a short time on the system. The
servo press was controlled by a calibrated force detector and an addi-
tional sensor that controlled the servo press system. This double
controlled system ensured the calibration accuracy.

bly (a) Force washer (b) Protection Plate (c) Fully assembled quantitative breech measurement plate.

After the shooting, the empty cartridge casings where optically
investigated for any scratches or shape deformations. In addition,
a longitudinal sectional cut of the empty casings was performed to
investigate the case head area and the maximum internal diameter,
see Figure 5.

The tests were performed in a closed shooting range behind
safety glass. The cartridge was ignited by a remote trigger.

RAW DATA PROCESSING OF PIEZOELECTRIC
STRAIN CAUGE SICNAL

The Hilbert transformation which produces a signal envelope
is a widely used function in signal processing, see Refs. 10, 24, and
25.Ttis especially used in the analysis of a signal that exhibits rapid
increase and decay similar to internal ballistics.

A general property of the signal envelope is that a signal wave
which carries a lot of high frequency noise can be demodulated into
a low frequency signal which represents the main physical property,
even if the signal is not cyclic. After transforming the signal into an
envelope as shown in Figure 6, it can be used as a stand-alone sig-
nal. The signal envelop approach is most suitable for our application
because it filters out high frequency peaks that are artefacts, deriving
from reflections.

Tests showed that a reliable approach is to measure the force
during firing with a combination of a bandpass filter and a signal

FIG. 5. Analysed casing types and their
maximal internal diameter, the upper is
the brass casing and the lower is the
steel casing.
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FIG. 6. Signal processing of the raw data.

envelope. Because of the signal characteristics, it is possible to work
with the maximum value of the signal envelope to determine the
maximum force.

Asalready mentioned, a servo-press was used to investigate the
linearity of the system. However, such a press, only offers limited
comparability with the real test situation. In the described system,
the signal processing was undertaken exactly as in the real internal
ballistic measurements. Therefore, the investigation was performed
at its peak. This paper only investigates the linearity of the load cell,
it is not aimed to calibrate the load cell to give fully quantitative
results.

RESULTS

Figure 7 presents the raw data (in blue) of a typical force signal
for all tested casing scenarios. The red dashed line represents the
signal envelope: To compare the results, only the signal envelope was
used. The duration of the signal is ca. 1 ms. One can note that the raw
signal consisted of high frequency components, especially during the
ignition phase. These parts are strongly reduced by processing the
signal through a 20 kHz filter and generating the signal envelope.
The signal envelope exhibits a strong smoothening. However, the
time of the first excitation of the envelope is strongly consistent with
the impact point of the raw signal. In the unlubricated brass case
scenario, measured with strain gauges, the duration of the force is
shorter compared to all other scenarios.

The force curves represented in Figure § show the post-
processed raw signals of the lubricated and unlubricated brass

Normailsed Amplitude

o
o
T

casings measured with strain gauges. The amplitude is normalised
relative to the regular case which is considered to be the unlubri-
cated brass casing. One can observe that the starting time of the force
generation on the breech is at the same time for both the lubricated
and unlubricated casing. However, the peak force of the unlubri-
cated casing falls at 0.4 ms, which is earlier when compared to the
lubricated casing falling at 0.55 ms. This observation is for both
measurement scenarios valid, for the measuring system with strain
gauges and for the one with the force washer.

The unlubricated casing curves shows a lower peak force and
in case of the strain gauge measurement a smaller deviation between
the max and min peak force compared to the lubricated casings. The
semi-quantitative difference is of the ratio of about 1:2 in both peak
force and the deviation in the case of brass casings.

The difference between the lubrication scenarios can also be
observed in Figure 9 and Figure 10. The variance in the case of steel
casings is even stronger. The peak force both in the lubricated steel
and the brass casing is exhibited at almost the same time.

However, the time when the force applies to the breech
bolt is just marginally different for steel between the unlubri-
cated and lubricated curves. This is contrary to both brass cas-
ing measurements, where the force from the cartridge applied on
the breech for the unlubricated state acted for a markedly shorter
time.

The comparison of some neuralgic data is represented in
l'able 1. Tt shows a large difference in both the average and the maxi-
mum force between the baseline (unlubricated brass casing) and the
lubricated casings, which is in both cases ca. factor 3. Even more

——Raw Signal
Signal E_nyelope

FIG. 7. The raw signal of the strain
gauges and its calculated envelope.
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TABLE |. Relative comparison of the peek values of strain gauge measurements.

Average  Min Max Average
Description Force Force Force  Pressure [Bar]
Brass Unlubricated 100%" 81%  114% 3510
Brass Lubricated 268% 212%  293% 3560
Steel Unlubricated 68% 59% 86% 3590
Steel Lubricated 264% 247%  296% 3509

“Normalised to the average of the unlubricated brass casing.

dramatic is the difference between the minimal and the maximum
force of the steel casing which is approximately exhibiting a ratio of
L:5. In general, unlubricated steel casings produce less force on the
breech compared to brass casings. The average reference pressure
was acquired with a different measurement system. Each pressure
test scenario was also repeated 5 times. The range of average pres-
sures were highly comparable between the scenarios and overall,
differences were negligible.

The results of the strain gauge equipped load cell were com-

scitation.org/journal/adv

a comparatively slightly faster decay to zero was observed in the
lubricated brass casing. The comparative difference in the peak force
decay is also noticeable in the lubricated casings. The relative aver-
age force, tabulated in Table 11, indicates that the difference between
the lubricated and unlubricated casing is around ca. 2.2 times. Simi-
lar magnitudes of relative peak measurements were captured by the
strain gauges.

DISCUSSION

The results are consistent with the published models that used
finite element analysis.” The measurements are conducted with two
different approaches and are highly comparable which strength-
ens the outcome of key results. A change in lubrication leads to a
significant difference in the pushout force. The signal processing
approach described here is suitable for these force measurements.
It was proven that the initial times of excitation remain the same
while the main signal is strongly smoothened using signal envelop
approach. This leads to a good comparability and comparison.

The engineered piezoelectric load cell as well as the force
washer are suitable means of data acquisition devices to proof and

pared and verified by the force washer. To ensure c

the pushout force during the firing process. The main

the same apparatus such as the proof barrel, housing of the load
cell and the trigger mechanism were used for all the experiments.
Figure 11 shows the acquired data of the brass casings comparing
the results from the force washer with the strain gauge measure-
ments. The force washer signal was filtered with a 20 kHz filter. No
signal envelope was applied during the experiments. In general, the
results between the force washer measurements and the strain gauge
basedload cell are highly comparable. In the case of the force washer,

Force Dlagram Brass Casings

advantage of the force washer is that it is easy to get absolute values.
If one wants to investigate the load distribution the measurement
system with 3 strain gauges is more applicable.

The time during which the force is measured is comparable
with the duration during which a projectile is pushed through the
barrel. Despite the fact that forces are still expected in the chamber
well after the projectile exits the barrel due to residual gas pressure
in the chamber.
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TABLE II. Peek force of the force washer 1t
Description Relative average Force Average Force [kN] Min Force [kN] Max Force [kN]
Brass Unlubricated 100% 9.77 923 10.42
Brass Lubricated 217% 212 20.5 21.72
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One significant observation from the analysis of these tests is
that the lubrication in the chamber or on the ammunition leads to
higher pushout forces. For reference, we have taken the unlubricated
brass case as a baseline.

The mechanical material properties of the two casing types dif-
fer strongly. However, the fact that the lubricated brass casing pro-
duces the same pushout force as the lubricated steel casing leads to
the conclusion that the pushout force is mainly depending on the
friction between the boundary.

The comparison between the unlubricated steel and brass cas-
ing indicates that the steel casing produces significantly lower force
on the breech. However, the duration of the load cycle in the case
of the steel casing is comparatively longer, and in some cases, is
more than 1 ms. The pushout energy remained comparable between
the unlubricated steel casing and the unlubricated brass casing. It is
important to note that the steel surface is treated with a lacquer. Due
to this it is not possible to make statements about the steel casing-
chamber interaction which has not been studied in this investiga-
tion, For a lacquered casing, the interaction is between the polymer
and the steel chamber.

CONCLUSION AND FUTURE WORK

This paper demonstrates two approaches to measure the
pushout force of the casing on the breech. The benefit of this sys-
tem is that it can be used for calibres, such as 8.6x70 mm, which
is frequently used by long range shootings with breech bolt rifles.
An enhancement to this investigation are further tests with different
small arm calibres, to investigate if casing geometries affect the push
out force significantly.

These results might be also applicable for repeating rifles, since
their mechanism is strongly dependant on the pushout energy,
which strongly changes if casing is lubricated. It is also worth inves-
tigating the effect of water or ice in the chamber which may exhibit
similar results. This technique would also be applicable for investi-
gating the forces involved in breeches in larger gun systems such as
autocannons and tank guns.
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ABSTRACT

This study analyzes the influence of lubrication treatments on the force absorbed by the breech bolt called push-out force. The results are of
high interest for weapon-safety and durability studies, especially when it comes to weapon maintenance. A barrel-ammunition combination
represents an expanding vessel under high pressure. The pressure rises from ambient up to 420 MPa in less than a millisecond. During such a
highly dynamic process, purely static equations, describing the problem of the casing push-out force, may not be applied. Besides the dynamic
behavior, the surface properties and geometry also play an important role. To investigate the push-out force, a measurement system based on
a force washer was built. This system was validated using a crusher method and finite element analysis. The impulse was calculated using the
data of the measured force to obtain additional information about the force-time properties of the push-out behavior. Untreated ammunition
and two lubrication systems: “ice layer” and “oil lubricated,” as well as seven different ammunition sizes ranging from 5.56 to 12.7 mm were
considered. The response was the force absorbed by the bolt while the cartridge provides rear obturation to the combustion gases. It was
found that both the casing geometry and its treatments have a significant influence on the push-out force.

© 2019 Author(s). All article content, except where otherwise noted, is licensed under a Creative Commons Attribution (CC BY) license
(http://creativecommons.org/licenses/by/4.0/). https://doi.org/10.1063/1.5128440

INTRODUCTION

The aim of this contribution is to measure the influence of
differently treated cartridge surfaces on the breech-bolt force in a
range of small-arms ammunition. Treatment types analyzed were
untreated, ice layer, and oil lubricated. Ammunition types investi-
gated were 50 Browning, 375 SWISS P, 338 Lapua Mag, 7.5 x 55
Suisse, 308 Win., 223 Rem,, and 9 mm Luger.

Due to safety and functionality reasons, the chamber of the
weapon needs to be sealed by the casing during the process of firing.
This sealing process also decreases the breech-bolt force. During the
acceleration phase of the projectile, the casing experiences a highly

dynamic environment. Under such circumstances, the cartridge cas-
ing can be considered as a pressure vessel, which undergoes a plastic
deformation while the propellant burns in the chamber. The plas-
tic deformation of the cartridge, which prevents the rearward escape
of firing gases between the weapon chamber and cartridge, is called
obturation and is closely related to the push-out force. For safety
reasons, the obturation of the casing needs to produce a seal. Oth-
erwise, unpredictable gap flows may occur, known as the dangerous
burn-through or gas-wash phenomenon.

A thermodynamic gap flow investigation was made by Squire
and Donnard." They described the efflux of luminous gases at the
weapon breech, which is highly abrasive and can lead to serious
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damage of the weapon. At worst, it can harm the rifle person. Squire
and Donnard described the problem in detail, referring to classi-
cal melting theory. They investigated this experimentally by drilling
a small hole in the head of the casing. They observed that even a
minor scratch might result in a burn-through. This investigation
was made with aluminum casings, which have a significantly lower
melting point as compared to regular brass casings. However, the
possible risks reveal the importance of a controlled obturation pro-
cess guaranteeing the sealing of the pressure vessel system. Hence,
in recent years, several patent applications, describing possible tech-
nical approaches to solve the sealing problem of the ammunition
barrel system for small-caliber ammunition™ but also large-caliber
applications, " have been filed. The obturation of the casing not only
affects the sealing process but also has an influence on the force
taken/supported by the breech bolt. In the case when the push-out
force exceeds a certain level, the breech bolt can break, which leads
to severe damage or even can harm the operator.

Due to the internal pressure and the obturation process, the
casing is pushed against the wall of the chamber. In other words,
it means that the overall push-out force is not entirely taken by the
breech bolt. The friction between the chamber wall and casing bears
some of the overall push-out force. The friction between the inter-
face boundaries is an important factor for bolt force assessments,
which is described in the literature, in particular for steel and brass
systems. According to Aida,” the static and dry Coefficient of Fric-
tion (COF) of brass and steel is in the order of 0.19." In the case
of the oil lubricated and kinetic brass-steel combination, the COF is
around 0.09, which is consistent with recent publications. In terms
of lubrication, it is found that thin water layers may also act as a
performant lubricant.” However, lubrication is only one of the six
main factors the bolt force depends on; the other five factors are as
follows:

(1) The surface area of the case head where the pressure acts,
(2) The pressure in the casing,

(3) The friction between the chamber wall and the case body,
(4) The material properties of the chamber and casing,

(5) The chamber geometry, i.e,, fluted or smooth.

By controlling these five factors and measuring the push-out force, it
is possible to get information about the effect of the lubricant on the
obturation process during firing. Processes such as obturation are
difficult to measure and are nowadays simulated using Finite Ele-
ment Analysis (FEA).""" The advantage of FEA is that numerous
parameters can be investigated within one single model by sensitiv-
ity studies. With only minor changes in the model, one can analyze
geometric parameters.

Besides numerical approaches, it is also possible to investigate
the push-out force analytically at the breech, as suggested by Allsop
et al.'' The extraction-force equation can be used to estimate the
push-out force. Such an approach is unsuitable for solving the
dynamical problem of the obturation and cartridge sealing since
only part of the analytical model can be applied. The main reason is
that in the equation of Allsop et al., the friction is assumed to havea
constant value. Specific properties of the propellant, such as pressure
oscillations, described by Elkarous et al.,, " are neglected.

Several types of small-caliber ammunition are available for both
military and law enforcement purposes. The most often-used car-
tridge type is the 9 mm Luger. This type of ammunition is highly

scitation.org/journal/adv

standardized and utilized in pistols all over the world."" The most
powerful caliber belonging to the family of small-caliber ammuni-
tion, exploited by many armies, is the 12.7 x 99 mm, also known
as 50 Browning or 50 BMG. This caliber is mostly for the heavy
machine gun Browning M2, which has its origins in 1918."" The
50 BMG is especially interesting in this investigation since this
ammunition type caused problems concerning the reloading cycle
and bolt/push-out force and was therefore deeply investigated using
FEA methods.” Besides FEA investigations, it is also possible to
measure forces at the case head using force washers. Ritter et al.”
measured the force on the igniter and pressure inside the car-
tridge with a piezoelectric force sensor. This provided confidence
in predicting the behavior occurring in the barrel chamber. They
mentioned that the impulse has a significant influence on the system.

Sensors relying on the piezoelectric effect are often selected
for standardized pressure measurements' ' and so are very suit-
able for ballistic investigations. However, ballistic pressure investi-
gations rank among the most challenging types of measurement to
be conducted.

Decades ago, due to the lack of suitable electronic measuring
equipment, these measurements were conducted usinga simple cop-
per crusher method. The copper crusher method consists ofa copper
cylinder which is deformed depending on the pressure produced
in the chamber of the weapon during the firing process. ' Even
today, the copper has its legitimation for cross-reference purposes.
Elkarous ef al.” investigated the sensing behavior of two piezo-
electric pressure sensors and compared the results with a copper
crusher. They investigated the amount of deformation of the cop-
per cylinders after the shooting tests, using FEA to obtain quan-
titative results about the pressure applied. An approach to apply
the crusher method directly on the casing is to turn notches into
the head of the casing. Similar to copper, the brass of the casing is
also a highly defined material and can be investigated as the crusher
method.

However, ballistic pressure measurements in the chamber of a
weapon are regularly conducted and important for security assess-
ments. In contrast, breech-bolt force measurements are rarely made
even though the breech bolt is a very important part of the weapon.
The force on the breech bolt has a significant influence on the
firing process, weapon functionality, and safety. This paper con-
firms that the breech-bolt force depends significantly on the sur-
face treatment, which is one of the relevant issues. Consequently,
this study is a supplement to and enrichment of existing stud-
ies on diagnosis associated with the firing process for small-arms
ammunition.

EXPERIMENTAL PROCEDURES

To investigate the influence of the ammunition on the push-out
force, seven types of casings and three surface states were selected.
The types of casings are 50 Browning, 375 SWISS P, 338 Lapua
Mag., 7.5 x 55 Suisse, 308 Win.,, 223 Rem., and 9 mm Luger which
are presented in Fig. 1(a). The push-out force relevant properties of
the ammunition type are given in Tablc 1. This table contains prop-
erties having a direct influence on the push-out force such as the
muzzle energy, casing surface, and the diameter of the mouth of
the casing. The bullet weight and the projectile type influence the
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FIG. 1. (a) Picture of casings tested and

(b) picture of the different surface states.
ot tabricated
TABLE I. Specifi of the investig types.
Muzzle Bullet Muzzle Projectile Casing

Name diameter (mm) weight (g) Vi, (m/s) energy (joule) type surface (mm?)
50 Browning 12.70 485 825 16 505 Solid 5219

375 SWISS P 9.50 227 850 8200 FM] 3005

338 Lapua Mag. 8.60 163 860 6028 FM] 2802

7.5 x 55 Suisse 7.50 113 780 3437 FM] 1878

308 Win. 7.62 114 770 3380 EM] 1654

223 Rem. 5.56 36 980 1729 FM] 1152

9 mm Luger 9.00 8.0 365 533 EM] 497

push-through force of the projectile in the barrel during accelera-
tion, which also affects the push-out force. In general, Full Metal
Jacket (FM]) projectiles need a lower push-through force as com-
pared to monolithic (solid) projectiles. All types of ammunition
were certified according to the most recent Commission Interna-
tionale Pern te (CIP) regulations. The 9 mm Luger is the
only casing without bottleneck design investigated. By comparing
the bottleneck-type casings, the differences are in the angle and
diameter-length ratio. For the ammunition, three surface states were
selected: untreated, oil lubricated, and ice layer, which are seen in
Fig. 1(b). The surface lubrications oil lubricated and ice layer are
highly defined and may occur in real-world usage. The oil lubricated
case simulates the case where the ammunition might have some
lubricant at the boundaries of the inner chamber of the weapon.
This is the case when the weapon is cleaned and oiled before use. To
oil lubricate the casings, a fluid referred to as Kliibersynth MZ 4-17
was applied. This lubricant is recommended for the maintenance of
small arms such as hunting and sporting rifles.”’ The casing surface
was treated with 0.4 mg/cm” lubrication oil.

In contrast, the ice layer state reproduces the situation where
the ammunition is significantly colder than the weapon so that it
is possible that the ammunition condensates quickly. In this study,
to investigate the ice layer treatments, the ammunition was cooled
to =30 °C for 1 h and then exposed 2 min to ambient temperature.
This approach permitted to build a highly defined thin ice layer with
amass of 0.5 mg/cm’, as shown in Fig. 1(b). The condensation pro-
cess was controlled with an analytical balance (Mettler, Switzerland)
and a stopwatch. The resulting water film is very thin and does not

increase the gap between the chamber and the casing. Furthermore,
it is melted immediately after putting it into the barrel.

The ammunition was first tested using an Electronic Pressure
Velocity and Action Time (EPVAT) (HPI, Austria) measurement
setup,  recognized by NATO and CIP testings. The amount of pro-
pellantis known from production certificates, and the casing surface
can be calculated from the specific dimensions published in the CIP
documents.’

Piezoelectric measurements

The piezoelectric force measurement was conducted ten times
for each ammunition type so that the reproducibility and associated
errors are statistically relevant. The push-out force measurement
device is similar to the EPVAT system, asshown in Fig. 2. It includes
an interchangeable proof barrel, rigid housing that is made of cast
iron to reduce the effect of vibrations during shooting. In addition, it
has a trigger device attached to the force measurement plate, which is
shownin Fig, 3. The trigger device and the force measurement plate,
which also serve as a breech bolt, need to be disassembled after every
shot is performed. The key difference to a regular EPVAT system
was that the breech bolt was equipped with a force washer Kistler
9041a (Kistler, Switzerland), shown in Fig. 3. This sensor has an
eigen frequency of 65 kHz and is capable of measuring short time
events. A National Instruments USB-6366 (NI, USA) data acquisi-
tion device was used for all tests. Accurate time and the amplitude
raw signal were necessary for the impulse measurements. Hence,
the data acquisition rate was 2 MHz (0.5 us step size) with a 16-bit

AIP Advances 9, 115016 (2019); doi: 10.1063/1.5128440
© Author(s) 2019

9, 1150163

234



AIP Advances ARTICLE

Housin
" AR —— Proof barrel
- T

£ vz

Ky

Force measurement
plate

A

scitation.org/journal/adv

FIG. 2. Measurement setup with a measurement plate.
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resolution. The impulse was calculated using the time integral of the
force signal. The filtering of the acquired raw data was identical in all
cases. The filtering was a combination of 20 kHz Butterworth low-
pass filter which is known from NATO standards concerning small-
caliber ammunition'” and an RMS signal envelope ™ with a step size
of 170 samples. The filtering approach and the overall measurement
system with a force washer are the same as the one described in the
work of Muster et al.” The effect of this filtering as compared to the
raw signal can be seen in Fig. 4. The signal is not loaded with high-
frequency parts over 20 kHz. However, the time property of the first
rise remains persistent.

35 —— Filtersd signal
—— Unfiltered signal

Furce [N

0.00 025 050 075 100 125 150 175
T [mz]

FIG. 4. Typical force vs time curve of oif lubricated 308 Win. ammunition. Fil-
tered and not fiitered. For the filtering process, a bandpass, RMS signal envelope
approach was applied.

FIG. 3. Force measurement plate.

Case head crusher assessment

The 338 Lapua Mag. was chosen to conduct the cross-
verification of the piezoelectric measurements for two reasons. First,
it is a caliber mainly used in sniper rifles. Second, it has a rigid
breech bolt. Bolt-action rifles are with rigid bearings of main inter-
est for push-out force and safety investigations. In addition, the 338
Lapua Mag. was assessed since it provides enough material at the
casing head to contain notches, which is necessary for later crusher
investigations. These notches have resulted in defined spikes, which
deform under the high forces occurring during the firing process.
This deformation was measured using an analog microscope with a
measurement X-Y table (Wild Heerbrugg, Germany).

The unloaded notch pattern of the case head (see Fig. 5) was
replicated using a CAD package of a FEA software. The FEA soft-
ware applied for this investigation was FORGE® Version 4.6.2.1
(T lor, USA), opti d for metal forming processes.” The
casing hardness was assumed to be homogeneous with the constant
hardness value of 180 Hardness Vickers (HV3y). This drawn cas-
ing head was placed between two bearings, which were assumed
to be fully rigid. A quarter symmetry model was constructed, to
save computation time. The load was built up stepwise on a gra-
dient, to obtain a force-step curve. No oscillations were assumed.
The element and mesh size were set to “automatic.” The force was
applied “static,” and the mesh for the analysis was generated auto-
matically and dynamically. Each surface state type was assessed three
times. With this approach, we were able to replicate the deformation
under an applied force to obtain a semiquantitative result. The rea-
son for this verification system is the same as presented by Elkarous
et al,” which is to obtain a result from a different measurement
approach.
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FIG. 5. Modified “crusher' casing head using notches which
are turned in the casing head.

I Firing 2in

Breech Bolt

Analytic calculations

Besides the crusher gauge and FEA, the calculated maximum
force (Fnax) is another straightforward method that can be used for
an analytic calculation of the push-out forces of the ammunition
types investigated. This method assumes that the maximum possible
force is delivered on the breech bolt. The calculation of the theoret-
ical F e can be simplified since it depends only on two factors: the
peak pressure (Ppeq), a measured value, and the casing head diam-
eter (DCH) (see Fig. 6) which is taken from the CIP regulations.
Then, Fax = Ppeak * DHC and the results are givenin Table I11. This
maximal force scenario applies only if no obturation and no friction
exist between the boundaries of the casing and the chamber. Under
such circumstances, it is obvious that the theoretical F,, cannot
be exceeded in real-world measurements and so must be taken as
amaximum reference.

More complex equations for push-out measurements rely on
several parameters such as the friction coefficient, materials, geo-
metrical properties, and the peak pressure.'' These parameters are
hard to measure during the experiment and so must be simplified.
Another drawback of this approach is that the dynamic properties
of the projectile acceleration process are neglected.

RESULTS AND DISCUSSION

This section is divided into two sections: the piezoelectric mea-
surements and the case head crusher assessment. The piezoelec-
tric measurements are divided into four parts. Single force curves
according to the different ammunition types are presented. They

FIG. 6. Schematic view of the bar
rel cross section. The maximum pos-
sible is calculated according to Frac
= Ppsax *-DCH.

Barral (rifled]

give an impression about the force-time behavior. Then, a table sum-
marizes the results, in particular an important factor between the
measurement and the worst-case scenario. Third, boxplots summa-
rized the statistics of the acquired results. Finally, the measurements
are then cross verified using a crusher method with FEA.

Piezoelectric measurements

Figures 7-9 show typical push-out force vs time curves acquired
with the force measurement instrument for the seven casing types.
As expected, just after firing, the forces increase drastically before
decreasing gradually. Most of the sharp rise takes place within
1 ms, whereas the force decreases take place between 0.8 and 3 ms

Untreated
40 —— 50 Browning
——— 275 EWISS P
—— 338 Lapua Mag
30 —— 7.5x%35 Suisse
_ —— 308 Win.
z —
220 223 Rem.
g —— & mm Luger
5
10|
a
1 2z 3 a
Time [ms]

FIG. 7. Typical force signals acquired from the untreated ammunition.
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FIG. 8. Typical force signals acquired from the ice-layer-treated ammunition.

depending on the casing. The 9 mm Luger is the only casing without
a bottleneck and has a unique push-out curve as compared to the
other curves. After a short rising time, the maximum force (Fpu)
measured is lower than the other casing type followed by a decrease
to zero force within only 1 ms, and evidence of this is given in
Figs, 7-9. The reason is that the 9 mm Luger proof barrel (100 mm)
is much shorter as compared to the other barrels. In contrast, the
50 Browning has a much longer barrel (1200 mm), and this leads
to longer acceleration time. The difference in acceleration time is
independent of the surface state.

Figures 7-9 are closely related to Table I1, which summarizes
the measured but also the calculated forces for the three surface
states. m was acquired according to the CIP regulations. It repre-
sents the average value from the pressure maxima of ten single shots.
For each ammunition and surface state, m was averaged over a set
of ten shots and F,,.. was the maximum push-out force value in the
system. This table also contains an important value which is defined
a5 Fpeak/ Fnax. This value shows the measured force in relation to
the absolute maximal possible force (F ). Also, one main relation
between the figures and the table is the average force (Fpux ), which
is an average value of peak values of the force curve shown in Fig. 7.
This is a very artificial value since there is always some obturation
and friction in the system which lower the push-out force.

In Table 11, no significant difference is observed in the aver-
age maximum pressure (P,,mk) and F for the untreated and oil

Oil Lubricated
80 —— 50 Browning
—— 375 SWISS P
—— 338 Lapuz Mag.
59 —— 7.5x85 Sulsse
5 —— 308 Win.
§ a0/ —— 223 Rem.

9 mm Luger

2
Time [rs]

FIG. 9. Typical force signals acquired from oif lubricated ammunition.

scitation.org/journal/adv

lubricated ammunition. In contrast, a slight difference (but signifi-
cant) is visible in P between the untreated and ice layer ammu-
nition. This is due to the burning properties of the propellant and
igniter thatare affected during cold conditions.

The results of the untreated surface state are shown in Fig. 7 and
lable 11, In Fig. 7, force oscillations, which are caused by the stick-
slip effect, can be observed and were detected in all untreated surface
states. Some oscillations are high in amplitude and reach up to 1/10
of the maximum push-out force; this affects the reproducibility of
the measurements. For the untreated surface state, it is possible to
identify three different casing groups. The first group is made by the
9 mm Luger only, which shows a sharp peak and reaches up to 72%
Of Fua; see Table 11, The second group is made of 375 SWISS P, 338
Lapua Mag., 308 Win,, and 7.5 x 55 Suisse. These casings showed a
similar relation for F,,“_,k/Fm,u values ranging from 42% to 61%. The
third group is very interesting as it comprises the largest and small-
est projectile diameter investigated (223 Rem. and 50 Browning, see
lable 1). These two ammunition types showed only 25%-26% of the
maximum possible push-out force (see Table 11), which is a strong
indication of a good obturation process. The reason for this behav-
ior might be the similar geometrical constraints of the casings; see
the geometry of these two casing types [F'ig. 1(a)]. For the untreated
surface state, it is also interesting to note that although the 50 Brown-
ing has twice of the muzzle energy of the 375 SWISS P (see Tablc 1),
the 50 Browning has lower push-out force as compared to the 375
SWISS P. Actually, the peak-force of the 50 Browning is reached
more than 1.5 ms after the first signal rises. All other casing types
reached the peak-force between 0.3 and 0.5 ms after. One reason is
that the propellant used for this largest investigated caliber is less
vigilant; this leads to delayed peak pressure. Another possible rea-
son for the delayed peak-force is the stick-slip phenomenon of the
ammunition, an effect that can be observed between 0.2 and 0.7 ms
in the case of the 50 Browning. In contrast, the 375 SWISS P pro-
duces the most significant force at the bottom of the casing (up to
49 kN) (see Fig. 7), a behavior true for all force curves investigated
in this work. This caliber reaches on average 53% of the maximum
push-out force (see Table 11).

The surface state ice layer influences not only the coefficient of
friction of the casing but also the burning properties of the propel-
lant. However, no significant difference concerning the pressure and
velocity of the projectile was observed.

The ice layer surface state rises the push-out force significantly
for every ammunition type and affects the obturation process. All
ammunition types show between 73% and 97% of the maximal force,
which is remarkably high when considering the safety of the system.
The ice layer state revealed a significant influence on the force oscil-
lations of all bottlenecked casings. All force signals are steadily rising
and falling. Compared to the untreated surface state, fewer oscilla-
tions occur. The force signal from this surface state is comparable
with the signal from the regular pressure measurements. The peak-
force is correlated with the muzzle energy, which is an indication
that the thin water layer affects the obturation process significantly.
This is ¢ with the st of Paliy et al.,” who reported
that, under certain circumstances, water acts as a high-performance
lubricant.

For the oil lubricated case, a thin film of Klibersynth MZ
4-17 was applied. The resulting push-out forces are comparable with
those from the ice layer. However, for example, the 338 Lapua Mag.
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TABLE |l Tabular representation of the measured properties. The ‘F 4 /Fmar" represents a very important value. A high
value indicates that almost no obturation takes place and may affect weapon safety.

Cartridge Surfacestate  Ppo (MPa)  Fiuae (KN)  Fpgg (RN)  Fpuge/Fonax (%)
Untreated 310 1020 2500 25
50 Browning Ice layer 305 100.0 8538 85
Oil lubricated 310 1020 8538 84
Untreated 390 76.0 4010 53
375 SWISS P Ice layer 385 750 6480 86
Oil lubricated 390 76.0 6480 85
Untreated 380 66.0 4040 61
338 Lapua Mag.  Ice layer 382 66.0 5640 85
Oil lubricated 380 66.0 5640 85
Untreated 320 400 2110 53
7.5 x 55 Suisse Ice layer 310 390 3475 89
Oil lubricated 320 400 3475 87
Untreated 330 370 1570 42
308 Win. Ice layer 315 36.0 3500 97
Oil lubricated 330 370 3570 96
Untreated 400 290 750 26
223 Rem. Ice layer 390 280 2160 77
Oil lubricated 400 29.0 2160 74
Untreated 200 17.0 1230 72
9 mm Luger Ice layer 205 175 1280 73
Oil lubricated 200 17.0 1280 75

casings are subjected to fewer stick-slip effects (compare the green
lines in Figs. 8and 9).

To compare the statistical results of the experiments, one
decided to separate the ammunition into two groups: smaller
and larger ammunition types based on their muzzle energy deliv-
ered. The smaller ammunition types were defined for ammunition
delivering muzzle energy of less than 3500 J, and the statistical
results are given in Figs. 10(a) and 11(a). The smaller ammuni-
tion types are normally used in self-loading firearms. In contrast,
the larger ammunition types are delivering muzzle energy higher
than 6000 ], and their statistical results are shown in Figs. 10(b)
and 11(b). These calibers are used by snipers and are often used
in weapons with bolt-action. Bolt-action rifles with a rigid bear-
ing are strongly affected by insufficient obturation processes and
large push-out forces. A comparison of the different smaller and
larger ammunition types is presented in the boxplots in Fig. 10 con-
taining the information about all force measurements performed
in this study. They represent median, quartiles, as well as extreme
values.

We can see that the force delivered on the breech bolt increases
in the treated surface states with increasing muzzle energy (compare
Fig. 10 with Table 1). For all bottleneck casings, it is seen that the
untreated surface state has a relatively low push-out force, whereas
the push-out forces for the treated surface states are significantly

higher. The ice layer causes a less significant rise in the push-out
force than the oil lubricated.

It is worth comparing the 7.5 x 55 Suisse with the 308 Win. cas-
ings as both have almost the same muzzle energy values, and they are
the only caliber investigated with interchangeable projectiles. How-
ever, the casing geometry differs slightly, which leads to different
push-out force patterns. By comparing both casings, we can con-
clude that the overall geometry influences the push-out force. This
observation of a geometrical dependency is supported by the differ-
ent sized calibers 50 Browning and 223 Rem,; see Fig. 1(2). They
react with a similar force pattern on the surface state. The abso-
lute force value and its spread are low in the case of the untreated
surface, and both rise significantly after changing the surface state
with lubricant. Some of the measured 9 mm Luger peak-forces are so
high that they reach almost the calculated maximum possible force.
In this case, the sealing of the casing in the chamber might break
and thereby release some of the hot and highly compressed gas into
the weapon. The scatter in the results of the nonbottlenecked 9 mm
Luger is the largest as compared to all other types of ammunition
investigated. For the bottleneck casings investigated, the 338 Lapua
Mag, shows a large scatter.

Figure 11 presents the results of the impulse transmitted to the
breech bolt. The impulse gives information about the duration of the
force applied on the breech bolt. This factor is important because
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FIG. 10. Force boxplots of the investigated caliber range: (a) represents the smaller cartridge types and (b) represents the larger cartridge types.

some breech bolt systems are more sensitive when a load is applied
for a certain time. The impulse transmitted at the base is repre-
sented by the integral of the force-time curve, and it also depends
on the length of the barrel. Based on Fig. 11, no evident difference in
the impulses was observed between the treated and untreated 9 mm
Luger ammunition. The average impulses transmitted to the breech
bolt vary between 7 and 59 N s in the untreated surface states. This
range is larger for the lubricated surfaces, which varies between 6
and 120 N s. The lack of stick-slip effect in the treated surfaces pre-
vents the chamber from taking big amounts of impulse leading to an
enlargement of the range between the min and max value. In con-
trast, all treated bottleneck casing types show a decrease in impulse
variation. The theory that the barrel chamber cannot take significant
amounts of impulse if the casings are treated is supported by this
decrease in impulse variation.

Case head crusher assessment

The case head crusher assessment for the 338 Lapua Mag. was
used to cross verify the electronic measurements. In such highly
dynamic environments, there is a distinct possibility that parts or
tolerances of the measurement system influence the quality of mea-
surements themselves. The verification was conducted ina two-stage
approach, via optical investigation and FEA. Figurc |12 presents pic-
tures of the case heads before firing [Fig. 12(2)] and after for the
three surface states. This optical investigation showed already obvi-
ous differences concerning the casing-head deformation. For exam-
ple, the less flattened ring contour in Fig. 12(d) is due to the different
hardness of the casing and is prominent in the outer ring.

Furthermore, the outer ring is less supported due to the extrac-
tion groove. In a second step, the FEA was performed and its results
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TABLE Ill. Comparison between the semi itative FEA and the
force washer experiments.

Crusher FEA Fpeax from
Surface state Fpeax (kN) force washer (kN)
Untreated 35 40
Ice layer 58 56
Oil lubricated 51 56

were compared with the force-washer measurements. The oil lubri-
cated casing showed a less significant flattening of the casing head.
However, this might be due to the intrinsic force spread of this cal-
iber (338 Lapua Mag.). This is interesting since the flattening of
the casing head might also lead to different internal ballistics or, in
the worst-case scenario, affect the obturation process even further.
Such an effect was not observed in the present study.
shows the setup of the FEA, a rigid structure (black bearing) presses
asimplified ductile case head against a rigid plate which is not repre-
sented. The results of the FEA are presented in Fig. | 3 for the three
surface states, and the comparison is given in Table [11. The crusher
FEA average peak-force (Fpuy) analysis is remarkably close to the
measured Fpea by the force washer, and evidence of this is given in
Table I11.

CONCLUSION

This contribution investigated the effect of casings and surface
states on the push-out force and transmitted impulse. Seven cas-
ings (50 Browning, 375 SWISS P, 338 Lapua Mag,, 7.5 x 55 Suisse,
308 Win., 223 Rem,, and 9 mm Luger) and three surface states
(untreated, ice layer, and oil lubricated) were selected. We estab-
lished the push-out force, and transmitted impulse often depends on
the surface state. Using lubricants such as water or oil increases the
average peak-force (m) up to a factor of 3.5 and affects the obtu-
ration process. These are safety-relevant features since a good obtu-
ration process is necessary to ensure the functionality of a weapon.
However, large, oscillating, and unpredictable loads on a breech bolt
may lead to its breakage and harm the operator severely.

We demonstrated that our proposed measurement system is
suitable for analyzing a wide range of forces and impulses in small-
arms weapon systems. It has been validated using a case-head
crusher method, aided by FEA. The three different surface states:
untreated, ice layer, and oil lubricated, showed that already small

changes in the ammunition surface have a significant influence on
the push-out force and so on the obturation process. The geometry
of the casing, also, influences the push-out force to a major extent,
which is true for all sizes of bottleneck casings. The investigated non-
bottlenecked casing (9 mm Luger) behaves differently concerning
the overall spread of the momentum or push-out force. The acquired
results can be used to estimate the maximum force at the breech bolt,
which is a very important and safety-critical factor in the design and
operation of a weapon.

The dispersion of the impulse is reduced in all surface-treated
bottleneck casings. This is a strong sign that for the lubricated sur-
face state, no stick-slip phenomenon occurs and that the obturation
process has a minor influence on the push-out force.

The recommendation to users is to apply lubricant during
barrel maintenance but to remove the lubricant before firing. To
weapon manufacturers, the relevant recommendation is that a
weapon should be capable of withstanding at least the maximal pos-
sible force which depends on the maximal possible peak pressure
and the diameter of the case head. A gap between the breech bolt
and casing head leads to strong collisions between the two during
weapon firing.
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This study investigates the ricochet behaviour of three different small-arms projectile types using a novel
ricochet measuring device. The results can be used to estimate the danger potential of ricochets on
shooting ranges.A ricochet is the change of direction and velocity of a projectile after impacting an
oblique surface. This impact produces strong vibrations on a rigid plate.

During this impact, flexural waves travel radially outwards from the point of impact. These waves are
used to determine the properties of the impactor with accelerometers situated on the target surface.
With the use of two measurement plates, one can produce a ricochet and detect the velocity at the same
time,

Accelerometers are suitable for accurate momentum measurements of single impacts. However,
depending upon strike velocity and the impact angle, a ricochet can separate in multiple fragments after
being deflected. From the operational safety perspective, these fragments need to be detected, as well.
The approach of a coupled sensor concept was chosen to solve this problem.

Thermographic sensors were additionally used to visualise the heat which is produced after pene-
trating a rubber layer pasted in front of the steel target plate. With this approach one was able to detect
the position of impact. The investigations sh d that the mea system performance is better
with a multiple sensor design, which includes accelerometers for the velocity, impact strength and partly
the position measurement, while the thermographic sensor was used for the position measurement and
partly the momentum measurement.

The investigated ammunition showed plausible fragmentation behaviour, and the results can already
be used to estimate the danger potential of different ammunition types. Frangible projectiles fragment to
small particles already after being deflected under a small angle. However, Full Metal Jacket projectiles
with or without a steel core do not fragment under angles which are less than 5°,

The objective of the paper is to demonstrate the possibility of measuring the complex ricochet me-
chanics of small projectiles using standard accelerometers with the adequate signal processing approach.

Keywords:

Ricochet analysis
Small-calibre ammunition
Velocity measurement
Thermography

This measuring system is supported by an off the shelf thermographic camera.
© 2020 China Ordnance Society. Production and hosting by Elsevier B.V. on behalf of KeAi
Communications Co. This is an open access artide under the CC BY-NC-ND license (http://

creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

The aim of this work is to investigate the performance of a novel
measurement device capable of measuring ricochets of small-
calibre ammunition. Small arms are extensively used during
manoeuvre-based operations.
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Any high-speed fragment ricocheting from fragmenting pro-
jectiles is a safety hazard for personnel operating in the vicinity. It is
essential, therefore, to evaluate the potential danger zone of rico-
cheting particles generated by projectiles.

Small-calibre projectiles are objects that weigh from 2 to 10 g,
which travel at supersonic speed and produce strong acceleration
signals on impacting an object such as witness plate which are used
for ballistic investigations. Due to their high speed and rotation
rates, projectiles are generally challenging to characterise during
flight and impact, even with high-frequency sensors.

Sensors mounted on small arms projectiles, for ballistic tests,
would be too bulky and affect the flight path. Ricochet characteri-
sation is necessary for important applications like the estimation of

2214-9147/@ 2020 China Ordnance Society. Production and hosting by Elsevier B.V. on behalf of KeAi Communications Co. This is an open access article under the CC BY-NC-
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range danger areas of shooting ranges. For the desired applications,
one needs to know the position of impact and the momentum
transmitted into the plate. To be known are also the time and dis-
tance between the first and second impact, where the ricochets are
finally stopped. Using this information, one can measure the re-
sidual energy, fragment weight and deflection angle of the pro-
jectile after impact, as well as the velocity.

The velocity can be derived easily by using a Time of Flight (TOF)
approach with two trigger devices. In the proposed system, the two
sensor plates are considered as trigger devices. However, the pro-
cedure is similar to the well-known trigger-foil system, which is
often used to trigger ballistic events such as e.g. ballistic events in
high-speed imaging [1] or general investigations like multiple im-
pacts [2]. The idea behind foil triggers is that two electrically
conductive foils (preferably of aluminium) are set up directly
behind each other. During the penetration process, a short circuit is
generated which can be used as a trigger. Using two of these trigger
devices and with the known distance between them, one can
calculate the velocity by applying the TOF. This approach is shown
by Yan et al. [3].

The triggering system in the case proposed here relies on wave
propagation in the plate material. The idea is similar to the
acoustical approach described in the notes of Michael Courtney [4].
He investigated the time of flight with a high-resolution micro-
phone and placed this microphone equidistant between the target
and the barrel muzzle. With the known distance between target
and barrel muzzle, plus the time difference of the two acoustic
signals, one could recalculate the mean velocity of the projectile.
The acoustic signals come from the muzzle burst and the impact
sound burst when the projectile hits the target (in this case a steel
plate). The main challenge for in detail impact quantification on
steel plates has to do with enormous decelerations and big de-
formations in a short time. This is why sensors mounted on witness
plates, in the proposed case of steel, are widely used for impact
detection.

Impact detection units with plates rely on e.g. Impact Soft-
Recovery Experiments [5]. In this case, the target under investiga-
tion is a brittle plate, monitored by an interferometer. The pro-
jectile's impact generates strong vibrations, which can be used to
characterise the nature of the impact. Espinosa et al. [6] revealed
that it is possible to get a cleaner raw signal from the target plate by
using a star-shaped geometry. Their tests showed that one can
significantly minimise the effect of the outer layer of the plate on
the impact zone itself. Like interferometers, accelerometers are
frequently used to determine properties of the impact such as the
impact position or the momentum [7  9]. One of the major sources
of measurement inaccuracies are random and reflected vibrations
[10]. Hammetter et al. used an array of accelerometers fixed on the
plate to determine the momentum transferred. He showed that
geometrical properties of the detecting plate itself might lead to
inaccurate measurements.

Another source of measurement inaccuracy is electronic
filtering of the acceleration data. As a best practice for shock in-
vestigations, accelerometers are mechanically insulated [11]. Se-
vere mechanical shocks such as bullet impact typically lead to six
degrees of freedom accelerations represented in broadband fre-
quencies. These frequencies make it difficult to determine the
overall momentum [6] or the position. Mechanical insulators
combined with electrical filters were found to be an appropriate
way to overcome this problem.

The impacting body excites the witness plate within a very short
time in anon-linear and randomvibration regime, where scattering
and reflections of vibrations at boundaries will occur [12,13]. Right
after the impact is the moment where the point of interest occurs,
this moment is called the Arrival Time (AT). The AT is defined as the

time when the sensor detects the first set of waves, which origi-
nates from the impact position.

Consequently, knowing the accurate AT is necessary to recal-
culate the exact impact position with the Time Difference of Arrival
(TDOA) algorithms [ 14). TDOA algorithms are nowadays often used
and optimised for passive tracking of wireless communication
systems [15). However, the underlying computations for wireless
devices tracking and the impact location are the same. The main
issue for an accurate triangulation of impact remains accurate AT
detection. For flexural group waves travelling in steel at a speed of
over 2500 m/s, even minor time errors lead to significant posi-
tioning errors. Knowing the speed of sound in the target material
and the AT difference are necessary for positioning. Furthermore,
by knowing the sensor positions, one can calculate the location of
the impact/of the origin of the waves by numerical approaches [16].

Mingzhou et al. showed the possibility of precisely detecting the
AT of flexural waves using accelerometers after the impact of a
dropped test weight on a large steel plate. This investigation was
done in noisy environments like power plants [17]. They used a
sophisticated decomposition algorithm combined with the Hilbert
Huang Transformation. They found that the proposed algorithm
was capable of detecting the AT with a precision of several milli-
seconds. The main reason for the inaccuracies was still the noise in
the signal. In an idealised case, to lower the noise, flexural and
compression waves emitted from the origin of impact would not be
reflected.

The minimization of the reflections can be realised by two ap-
proaches: using a plate significantly larger compared with the
investigated area (this approach is presented in Ref. [13]), or usinga
special damping plate. Unique damping plates are needed for both
measurement types, momentum measurement and positioning.

An interesting approach is a plate of unique shape with
decreasing thickness at the edge (called a wedge shape) in a power-
law profile [18]. The different waveforms are eliminated due to
internal refraction. However, the power-law shape is challenging to
manufacture, which is why it is not used in practical vibration
dampers [19].

Possible approaches to manufacture this wedge shape are 3D
milling or casting [20], which are cost-intensive. Where hardened
steel and supersonic impacts are concerned, such delicate and large
structures are unsuitable for ballistic applications. For impact
analysis, shapes for more robust structures are desirable.

For hardened steel wear plates suitable to resist supersonic
impacts, 2D shapes should be used. Waterjet cutting or plasma
cutting could produce such plate designs. Possible shapes that can
be manufactured easily are any polygons or any round but two-
dimensional shapes.

Star-shaped (polygonal) flyer plates are also able to trap
compression waves, as used for standard impact soft-recovery ex-
periments [6). In the star-shaped plate, much lower-level reflection
is observed during impact, which enhances the quality of the raw
data in ballistic tests. The edge morphology is capable of serving as
a trap for waves and was investigated computationally in Ref. [21].

A combination of star-shaped damping plate, enhanced by using
an acoustic black-hole shape for ballistic investigations, is proposed
by Muster et al. [22]. A witness and ricochet plate like this are
capable of measuring the momentum of an impact accurately.

For more accurate projectile impact position investigations,
especially for multiple impacts, it makes sense to search for a
different solution. Manrad and Doty [23] describe in their patent an
application which captures an impact on an elastic screen which
heats up during the penetration process of the projectile. The idea
of the patent is to calculate the exact impact coordinates of a single
impact. Using this information, it is possible to get a real-time
signal out of the computations, which the operator may apply
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Fig. 1. System layout: under an incident trajectory, the projectile (1) impacts the ricochet plate (2) and gets fragmented and deflected under a certain angle. The deflected fragments
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(3) fly in the direction of the rubber layer (4) and it After
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four accelerometers (6). The raw signal of the acc
during the penetration process, is under th
in the processing unit (10).

during the most realistic possible training. The information about
heating up is used to calculate the virtual trajectory of the projec-
tile, not to make any statement about the impact. The process of
heating up and the amount of energy transmitted into the screen
are not of interest. However, it shows the basic idea and the per-
formance of such thermographic systems.

Thermography in ballistics is also often used to investigate
failure mechanisms in composite structures [24 - 26]. The reason
for using high-speed thermography is that different materials of
the composite structure are heated for a short time during the
penetration process, and this can affect the matrix material, which
is often thermoplastic or epoxy resin. These thermal differences are
only of short duration and need to be investigated by high-speed
thermography.

However, thermography has also its benefits for the investiga-
tion of materials like ballistic composite structures, without need
for frame rates over 30 per second. Gopalakrishnan et al. [27]
showed that it is possible to investigate the damage point of impact
on a ballistic sheet impacted by a medium-velocity body using a
50 Hz camera. The studied material with fibres acts more like a
monolithic material, as can be seen in the picture taken after
several milliseconds.

Another interesting approach to investigate materials using low
frame-rate thermography is shown by Duan et al. [28]. They
described a system, which assesses the material after damage. They
took a general heat source and heated the specimen. This heating-
up process was filmed with a low-framerate thermal camera. The
outcome was that, with this low-cost approach, it was possible to
investigate the failure in the specimen itself accurately. The accu-
racy was better compared to the state-of-the-art ultrasonic trans-
mission assessment. Soonkyu et al. [29] described a way to inspect
wind turbine blades with the use of a laser and thermography.
Fractures on large blades are assessed by laser preheating. In case,
the damage is allocated to the surface, the specific heat capacity
changes. The blade with the damaged zone heats up faster. With
such a system, the defect can be precisely detected and

get stopped on the witness plate (5) which is, like the ricochet plate, equipped with

d (7) so that it can be digitalised by the Data Acquisition Device (8). The rubber layer, heated up
the point ofimpact with the help of the raw signal of the accelerometers. All signals are processed

investigated.

The sought sensor system is a combination of Gopalakrishnan
with the low-framerate thermography of impacts, and the reversed
approach of Soonkyu et al. During the penetration of a rubber layer,
an impacting projectile dissipates its kinetic energy in lower form
by producing heat. This heat is stored so that it can be seen for
several seconds after impact.

To increase the positioning accuracy of multiple impacts, a
thermographic sensor is used additionally. With this combination,
a measurement device can be realised which is capable of working
with all kinds of projectiles and quantifying their ricochets. To get a
broader picture of the accelerometer measurements, a second
sensor type is used a so-called piezoelectric strain gauge. Thanks to
their broadband signal acquisition capabilities, these sensor types
can identify the condition of large structures [30].

This paper describes a sensor method for ballistic analysis using
two plates equipped with four acceleration sensors and a ther-
mographic sensor in combination with a witness rubber layer. The
momentum measurement of the projectile or its ricochets is made
with specially shaped plates equipped with accelerometers capable
of measuring uniaxial accelerations. They are placed in the normal
position relative to the plate, which means that only flexural waves
will be measured.

2. Material and methods

The ricochet measurement device consists of two main parts.
The schematic idea of the system is described in Fig. 1.

First, a heavy ricochet table, see Fig. 2a and b, attached to a
pushcart with reliable brakes to ensure that it does not move
during impact. The table can be adjusted in height and angle. The
ricochet plate is equipped with accelerometers to localise the point
where the projectile touches the plate for the first time, and de-
flects the projectile depending on the angle of the plate.

Second, a heavy metal frame, see Fig. 2c and d, equipped with a
second sensor plate at the back, called witness plate. The witness

10.1016/j.dt.2020.02.017
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Fig. 2. a—d: Picture (a) shows the ricochet plate, the spikes of the plate are damping structures which allow a better AT detection, which is important for the precise triangulation.
The measurement area is 340 mm x 200 mm. Fig 1b is the ricochet plate assembled on the pushcart. The structure of (c) represents the heavy metal frame to which the large
witness plate is screwed (d). The witness plate has the same type of spikes at the boundaries for damping purposes. The size of the measurement area is 600 mm » 345 mm.

Accelerometer Type 350201

Fig. 3. Ac

strain gauge on the witness plate.

plate is significantly larger than the ricochet plate because the
spread of the second impact (from the deflected projectile or its
fragments) is significantly larger compared with the first impact.
The weight of the metal frame is 950 kg. This is necessary due to the
strong impulse transmitted into the system during impact.

Each of the two plate types (ricochet and witness plate) is
equipped with four accelerometers. The acceleration sensors are
designed for severe-shock investigations up to 100,000 g 350801
(PCB, USA) [31]. These sensors are mechanically filtered to prevent
overshooting oscillations [11] and augment the capabilities to
detect the incident first flexural wave. A piezoelectric strain gauge
type 740B02 (PCB, USA) is also mounted on the witness plate to
crosscheck the sensor signal of the accelerometer, see Fig. 3.
Furthermore, the sensor plates are equipped with damping struc-
tures, which can be seen in Fig. 2a and c.

The ricochet plate has three major tasks, namely the deflection
of the projectile, the position measurement, and the exact time

Fig. 4. Thermal picture of 4 impacts with 22LR, the rise in temperature is ca. 10 °C
which can easily be detected.

measurement when the projectile impacts the first time. The mo-
mentum transmitted into the ricochet plate is also measured dur-
ing impact, but this is not this plate’s main task. The momentum
measurement in the witness plate is more in focus.

The witness plate's tasks are to measure the momentum and the
exact point-in-time. The measurement capabilities of the witness
plate need to be augmented by a thermography camera. This,
because it is complex to locate different impact positions at the
same time using just four accelerometers. This capability is needed
because a ricochet can consist of several simultaneously impacting
fragments. The thermography camera shows on the rubber screen
the heat produced when a piece penetrated the thin rubber layer.
The material used for the layer was a special silicone of Shore
hardness 60. The layer was 0.6 mm thick. A typical picture of several
impacts, which penetrated the thin rubber layer, can be seen in
Fig. 4. These impacts were by subsonic projectiles weighing less
than 3 g each. This penetration process showed already significant
heating of the layer.

Three different ammunition types of the same calibre are
investigated, as shown in Fig. 5. They have a projectile diameter of
5.56 mm, and the length of the casing is 45 mm. This calibre type
was chosen to investigate the influence of the tilt angle of the
ricochet plate and the different ricochet behaviour of the particular
designs.

The first projectile tested is different projectile in that; it is a
5.56 mm training ammunition weighing 2.9 g. This projectile is
optimised for fragmentation, see Fig. 5a. It consists of copper par-
ticles and a polymer matrix, called frangible compound. These
projectile types are described less often in the scientific field. The
brittle material can cause severe wounds if a person is hit by this
projectile type [32,33]. For the ricochet investigation, it is an un-
orthodox and interesting projectile.

The second projectile type tested is the SS109, which is common
and investigated extensively by tests [34] or simulation [35]. The
primary reason for the development of the SS109 was to enhance
the penetration capabilities of the 5.56 mm projectiles [36]. It also
has a Full Metal Jacket (FM]), but additionally features small steel
core in the front of the projectile, shown in Fig. 5b. Such double-
core projectiles can act differently when it comes to ricochet
behaviour. The steel core can fly longer distances compared with
the other projectiles. The weight of the SS109 of 4 g is the heaviest
investigated.

The third ammunition type (M193) is used is a well-defined
NATO standard ammunition stock number [37]. The M193 has
been extensively investigated by several researchers studying ter-
minal ballistics[38,39). The M193 is a standard FM]J, see Fig. 5c,
which makes it also a reference for ricochet measurements. The
weight of the projectile is 3.6 g.

10.1016/j.dt.2020.02.017
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(b) (c)

Fig. 5. Picture of the tree types i i Fig. 4c the regular FM| projectile (M193), (b) represents the SS109 projectile with a hardened steel core.
However, the basic design is still a lead core and a Metal Jacket. Adifferent approach is described in (a) Frangible projectiles are just copper particles with a matrix, which should be
transferred again to copper particles after hitting a hard target.

According to the presentation of Rottenberger [40], typical 1.0

deflection angles for ricochets are 57, 10°, 15° and 25°. Chosen for ~ Unfiltered Strain Gauge Signal
this investigation were the angles 5°, 10°, 15°, 20° and 25°. The test — Unfilterad Accelerometer Signal
scope was the same as presented by the ricochet analysis of Rot-
tenberger [40] and according to the ricochet investigations of
Mattijssen and Kerkhoff [41). Each ammunition and tilt-angle test
scenario was performed five times, which means that 45 tests had
to be made. The distance between the ricochet plate and the wit-
ness plate was on average 180 cm. The length was measured after
every shot and noted.

The ammunition was tested with a system similar to the Elec- -1.05 5 - & 4 5 = T
tronic Pressure Velocity and Action Time (EPVAT) measurement Time [ms]
setup [42] known for NATO tests. The National Instruments (NI,
USA) USB-6366 data acquisition device was used for the tests. It can Fig. 7. Unfiltered accelerometer/strain gauge signal.

simultaneously acquire and record one set of data points every
0.5 ps The piezoelectric accelerometers are capable of measuring
frequencies up to 35 kHz. The raw data with a signal amplification
rate of 1 was acquired without filter, using the PCB-482C05 (PCB,

7 L b 5 —— Filtered Strain Gauge Signral
USA) signal conditioner. The data acquisition time was set to 20 ms. —— Filtered Accelersmeler Signal
As the signal of interest was approx. 4 ms, this acquisition time was .8
sufficient. The pre-trigger was set to 0.1 ms. To increase the accu- ,

-
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racy and redundancy of the measurement. The velocity was first f'ﬂ V\Asan, "
measured ten times using a projectile light gate B471 (HPI, Austria). M""V\W
During the ricochet measurements, the velocity was also measured

before the projectile impacts, this using a small LS260 Light Gate
(Kurzzeit, Germany).

The ricochet and witness plates were calibrated with 9 mm
calibration shots. A standard 9 mm projectile was accelerated to
different velocities, from 290 to 350 m/s. The upper limit of the T"'"e Lms]
transmitted momentum was investigated using an SS109 projectile
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Fig. 8. Filtered accelerometer strain gauge signal.
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Fig. 6. Signal processing of the raw accelerometer data.
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Fig. 9. Different Arrival Times of the accelerometers. This picture shows that the po-
sition of the impact was equidistant from Accelerometers 1 + 2 and 3 + 4. It also
indicates that the impact is closer to accelerometers 1and 2.

for both plate types. Both plate types were made of Hardox 500
tempered steel plate exhibiting a yield strength of 1300 MPa as a
target [43). They are regularly used for devices which are resistant
to impacting supersonic projectiles [44].

This measurement was also verified by a fast-flying frangible
projectile which transmitted the same momentum as the M193. All
projectile types impacted orthogonal on the plates to ensure that
the impact is fully inelastic. The systems can only be calibrated
accurately on the assumption that the impact is inelastic. The
thermal image was taken by a SeeK Compact PRO (SeeK, USA)
camera. The focus of this investigation was more on the fragmen-
tation behaviour than on the accurate triangulation. However, it
was also an objective to prove that such a system can be used to
enhance the positioning of impacts. The signal processing approach
of this ballistic impact was the same as presented by Muster et al.
[45]). An RMS envelope with low-pass filtering was applied for both
detection systems, the positioning and the momentum trans-
mitted, see Fig. 6.

3. Results

The raw data acquired from a typical accelerometer and strain
gauge signal is presented in Fig. 7. The strain gauge signal rises to
approximately ten ps before the accelerometer signal. This earlier
rise is due to the strain gauge being slightly more sensitive than the
accelerometer. However, the strain gauge shows a negative offset
after being excited for 1 ms. This behaviour is even more present in
the filtered case, as Fig. 8 shows. The time of the rise of the strain
gauge signal is still similar to the accelerometer signal, which is
important for cross-proofing purposes.

However, the strain gauge has a significantly longer recovery

3000
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)
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\

Acceleratian [
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-} o

-
o
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S
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Time [ms]

Fig. 10. Typical raw signal. The first peaks represent the acceleration signal produced
on the ricochet plate. The second set of signals represents the signals of the witness
plate where the ricochet impacts finally.
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Fig. 11. Graph of the velocity the direct Impact velocity is measured using a light gate,
whereas the ricochet velocities are measured using the time difference and the dis-
tance between the impact on the ricochet plate and the witness plate.

time compared to the accelerometers. This dynamic offset makes
the sensor unusable for momentum detection. However, the first
excitation, which is vital for the AT detection, is prominent. The AT
of all four accelerometers on one plate is represented in Fig. 9. The
signal rises with some small sinusoidal variations. These variations
are not present in the case of the strain gauge. However, the
accelerometer shows a better overall performance for the per-
formed ballistic test scenarios.

Fig. 10 shows a typical accelerometer signal pattern of the tests.
This pattern was generated by an M193 projectile under an impact
angle of 15°. The first four accelerometer signals are from the
ricochet plate, and they rise significantly higher compared with the
second set of peaks, which come from the witness plate. This dif-
ference in maximum acceleration comes notonly from the different
impact strength, but also from the different stiffness's of the plates.
The ricochet plate is 12 mm thick, the witness plate 30 mm. The
distance between the two impacts divided by the time difference
between the two sets of waves determines the ricochet velocity.

This triangulation process of the ricochet plate is more
straightforward because the pre-processed acceleration signal rises
strongly. The arrival time is detected by a simple threshold trigger.
The acceleration pattern of the witness plate is loaded with
different peaks and, just on proper AT, not visible, see Fig. 10. This
pattern gives already an indication that a separation of the pro-
jectile took place, or that the projectile flies under a stronger pre-
cession and impacts diagonally. Positioning on the witness plate
can be measured more accurately using a thermographic camera.

Fig. 11 shows the velocity of the impact on the witness plate. The

Projectile and Ricochet Momentum
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Fig. 12. Graph of the different impact momentums on the witness plate, the direct
impact represents the momentum of the impact of a directly impacting projectile.

10.1016/j.dt.2020.02.017

Please cite this article as: Muster M et al., Ricochet quantification using a multiple sensor approach, Defence Technology, https://doi.org/

248



M. Muster et al. / Defence Technology xxx (xxxx ) xxx 7

Table 1
Comparison of projectile designs.

Projectile Projectile Impact Impact Velocity Ricochet Velocity Drop Momentum before Momentum Witness Momentum Loss before vs. after
Type Weight [g] Angle []  [m/s] Velocity [m/s] [m/s] Impact [Ns] Plate [Ns] Deflection (%]
Frangible 29 5 920 853 67 2,67 0,75 72

Frangible 29 10 923 759 164 2,67 0,19 93

Frangible 29 15 916 729 187 2,66 0,14 95

Frangible 29 20 921 701 220 2,67 0,13 95

Frangible 29 25 917 700 217 2,66 0.10 9%

M193 36 5 900 864 36 3,24 285 12

M193 36 10 901 841 60 324 0.87 73

M193 36 15 900 813 87 324 0.67 79

M193 36 20 900 773 127 3,24 041 87

M193 36 25 899 752 147 323 037 89

SS109 4 5 908 894 14 3,63 3,26 10

SS109 4 10 905 864 M1 363 235 35

55109 4 15 900 845 55 3,60 103 7

Ss109 4 20 904 838 66 3,62 050 86

55109 4 25 901 809 92 3,60 045 88

direct impact was a scenario where the projectile was shot directly
at the witness plate, undeflected. It represents the normal velocity
occurring 25 m after leaving the muzzle. The error bars show the
standard deviation of the measured velocity. With an increasing
impact angle, the velocity decreases. The velocity drop has two
reasons:

Firstly, the impact wear on the steel ricochet plate. This first hit
slows the projectile down, the amount of impact wear depends on
the projectile material.

Secondly, the change of projectile shape. The projectile is less
aerodynamic and tumbles after hitting the oblique ricochet plate.

Looking at the heavier projectiles (M193 and SS109), one can
recognise a steady velocity drop. However, the slightly heavier
SS109 shows a less steep linear decay than the M193. In the case of
the M193, the spread of the velocity increases with an increasing
ricochet plate angle. The increasing spread might be because the
M193 starts to fragment and the lead fragments are of different
sizes, which results in a different drag coefficient and thereby
different velocities.

However, the most significant change in velocity is experienced
by the frangible projectile fragments after hitting the ricochet plate.
The velocity of the frangible fragments seems to plateau between
20 and 25°. This plateau effect might be because the copper powder
behaves similar to a fluid after total fragmentation.

Fig. 12 shows the results of the same test scenario as in Fig. 11.
This time, however, the momentum is analysed. The momentum
decreases also in this case with increasing impact angle. However,
with all ammunition types tested, the transmitted momentum is
very low after impact on a 25° plate. Fig. 12 shows, like a fingerprint
of a specific projectile design, a distinct specific momentum dis-
tribution. In the case of frangible projectiles, the momentum decays

before 10° to a certain threshold below 0.1 N. In the case of the
S$S109, the signal decays also to a threshold. However, this
threshold is reached at 20° impact. The M193 is in between in both
scenarios.

The M193 shows an S-curve decay, which has its main mo-
mentum decay between 5° and 10° impact angle. Both the velocity
and especially the projectile weightof the SS109 are high compared
with the other ammunition types investigated, see Table 1. The
momentum of the SS109 is more persistent and decays not as fast
as the other projectiles. This might be due to the steel core, which
behaves rigid and bounces away from the ricochet plate without
substantial momentum loss.

The logarithmic decay pattern of the frangible projectile is even
more present in the case of the momentum than in case of the
velocity. Interestingly, the dispersion and the velocity of the 15° and
25¢ impacts are almost in the same range and decreased signifi-
cantly compared with the initial momentum. Under these angles,
the frangible projectile already fragmented into fine copper parti-
cles. These good disintegration properties are also the general
purpose of frangible ammunition [46], namely the diminution of
the range danger area after hitting any surface. This diminution can
be quantified using the ricochet measurement device.

In Fig. 13 17, one can see the fragmentation process on a ther-
mal picture of the investigated projectiles. The thermal image is
plausible after reading the momentum graph in Fig, 12, Many im-
pacts and a wide spread of the residuals lead to a lower overall
momentum. A low total momentum is crucial for a shorter-range
danger area.

Interestingly, Fig. 13 (M193) shows just one single impact, which
can occurif the ricochet plate deflects the projectile more smoothly.
However, this is not the case all the time; the thermal pictures

Frangible

Fig. 13. Thermal impact pattern of projectiles investigated under the impact angle of 5°. The M193 does not fragmentise; the SS109 is separated into two pieces, which is a general
behaviour of two cored projectiles. In the case of the frangible ammunition, one can detect already many small fragments.
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Frangible

Fig.14. Thermal impact pattern of projectiles investigated under the impact angle of 10°. The M193 fragmentise under this angle. The blurred picture of the M193 and the frangible
projectile is due to temperature drifts of the thermal camera. The increase in fragmentation is recognisable primarily in the case of the frangible.

Franaible

Fig. 15. Under the impact angle of 15°, all projectiles start to fragmentise. In the case of the frangible projectile, a continuous thermal pattern can be recognised. This is the impact

angle, where all projectile types show a significant momentum drop.

Frangible
| 5 iy

Frangible

Fig. 17. Under the angle of 25°, all projectiles are entirely disintegrated and show a horizontal line pattern. This is because the projectiles are reflected under a similar angle,

independent of the material and design of the projectile.

represent just a possible pattern. A problem was the temperature
shift and the blurring out of the camera one can recognise this shift
in the background of Figs. 13-17. Due to this fact, only the
maximum temperature was indicated in the thermal images.

4. Discussion

In this ballistic experiment, positioning was performed manu-
ally by visual investigation. The results of the frangible projectile
ricochets, small particles, showed that the rubber layer does not
influence the test results. Even these small particles penetrate the
layer easily, and the velocity is not affected by the rubber layer. In
future, exact positioning with thermal imaging should be done
using an algorithm-based approach.

It was not possible to conclude from the thermal signature

direct to the impact strength or the shape of the ricochet. However,
with a more in-depth investigation and using a camera capable of
several hundred frames per second, which is more suitable for
general ballistic analysis, this would be possible as partof the future
work plans. Concerning the camera, there is an additional draw-
back that involves the temperature shift over time and the blurring
of the temperature pattern, especially the background. This was the
reason why only the maximal temperature was indicated. This
drawback can be resolved by using a camera featuring an accurate
temperature shift filter.

The momentum measurement was performed with acceler-
ometers and a calibration step using different ammunition types. It
is possible to augment the precision of the momentum measure-
ment with precisely defined metal balls shot on the measurement
plates using accurately defined acceleration machines like gas guns.

10.1016/j.dt.2020.02.017

Please cite this article as: Muster M et al., Ricochet quantification using a multiple sensor approach, Defence Technology, https://doi.org/

250



M. Muster et al. / Defence Technology xxx (xxxx) xxx 9

The ricochet measurement device was in this publication used
to investigate 5.56 mm projectiles and 9 mm projectiles. It is also
possible to use this device to investigate all small-calibre types and
all different projectile types like armour-piercing projectiles with a
tungsten core or solid projectiles made of brass or copper.

5. Conclusion

The goal of this work was to assess the performance and
trustworthiness of a novel ricochet measurement device with
ammunition types of interest. The ballistic study showed that it is
possible to quantify complicated and fast-flying structures like
projectiles or its ricochets with regular signal processing
approaches.

A Measurement system is proposed for ballistic impact in-
vestigations, which is suitable to measure ricochet velocities and
impact momentums in the typical small-calibre range.

For ballistic momentum measurements, strain gauges are less
suitable than accelerometers because the signal drifts strongly in
the investigated time domain. However, AT detection is possible
using both strain gauges and accelerometers. For multiple impact
positioning of projectile fragments, the used thermovision device is
appropriate to investigate the impact pattern. However, a more
precise camera with an image-processing unit would enhance the
performance of this sensor approach. The momentum measured
using accelerometers is a valuable property for ballistic in-
vestigations like the estimation of danger potentials of specific
projectile types and their fragments.

The transmitted momentum is further connected to the range
safety. Alarge momentum loss after adeflection on an oblique plate
indicates a projectile, which has good properties for a reduced
ricochet danger.

Three different ammunition types showed that the basic design
of the projectiles has a significant influence on the deflection pro-
cess and with this on the range danger area. The results presented
here are plausible. The acquired results can be used to estimate the
danger potential of the different investigated ammunition types.
The investigations also confirmed that a slight deflection of regular
projectile types could lead to ricochets, which are still dangerous.

The main message is that quantifying of ricochets is possible
using cost-effective and straightforward devices. The concept itself
can also be applied to larger or smaller calibres to support the
projectile design and development process.
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Appendix Il — Sensor Data Sheets

Revision: G

Modmmbef ICP® FORCE SENSOR ECN # 48681

Performance ENGLISH El
Sensitivity(+ 15 %) 0.12 mVAb 27.0 mVAN
Measurement Range(Compression) 40,000 Ib 177.92 kN
Maximum Static Force(Compression) 50,000 Ib 222.4KkN
Broadband Resolution(1 to 10,000 Hz) 0.80 Ib-rms 36N-rms
Low Frequency Response(-5 %) 0.0003 Hz 0.0003 Hz
Upper Frequency Limit 55 kHz 55 kHz
Non-Linearity S15%FS S15%FS
Environmental
Temperature Range -65to +250 °F -54to0 +121 °C
Temperature Coefficient of Sensitivity <0.08 %IF <0.14%/°C
Electrical
Discharge Time Constant(at room temp) 22000 sec 22000 sec
Excitation Voltage 20to 30VDC 20to30VDC
Constant Current Excitation 2to 20 mA 2to 20 mA
Output Impedance 5100 Ohm <100 Ohm
Output Bias Voltage 8to 14VDC 8to14VDC
Spectral Noise(1 Hz) 0.088 Ib/Hz 0.39 NivHz
Spectral Noise(10 Hz) 0.025 IbiHz 0.11 NvHz
Spectral Noise(100 Hz) 0.0060 Ib/NHz 0.0266 NIWHz
Spectral Noise(1 kHz) 0.0016 b/NHz 0.00719 NINHz
Output Polarity(Compression) Positive Positive.
Physical
Preload 8000 Ib 35.585 kN
Stiffness 29 Iblyin 5 kN/um
Size (Diameter x Height x Bolt Diameter x Sensing Surface) 1.34inx 0.47inx0.625 34mmx12mm x 16
inx1.10in mm x 28 mm
Size (ID)(Hole Diameter) 0.660 in 16.76 mm
Size (OD)(Sensor) 1.340 in 34mm
Weight 2002z 57 gm
Housing Material Stainless Steel Stainless Steel
Sealing Hermetic Hermetic
Electrical Connector 10-32 Coaxial Jack 10-32 Coaxial Jack
Electrical Connection Position Side Side

R

All specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without notice.

ICP? is a registered trademark of PCB Group, Inc.

1
2]

4

9}
0}

0}

OPTIONAL VERSIONS
Optional versions have identical specfications and accessories as listed for the standard model
except where noted below. More than one option may be used

M - Metric Mount
Supplied Accessory : Model MO81A 14 Mounting Stud, M14 x 1.25 x 1.400, BeCu (1)
Supplied Accessory : Model M083804 Pilot Bushing (1)

N - Negative Output Polarity
Output Polarity(Compression) Negative Negative

W - Water Resistant Cable
Electrical Connector Sealed Cable Sealed Cable
Electrical Connection Position Side Side

NOTES:
[1] Typical.
[2] Calculated from discharge time constant
[3] Estimated using rigid body dynamics calculations.
[4] Zero-based, least-squares, straight line method
(5] See PCB Declaration of Conformance PS023 for details.

SUPPLIED ACCESSORIES:

Model 080A82 Assembly Lubricant (1)

Model 081A14 Mounting Stud,1/2-20 x 1.400, BeCu (1)

Model 082804 Anti-friction washer (for Models 204C and 214B) (1)
Model 083804 Pilot bushing (for Models 204C and 2148) (1)

|Entered: LK [Engineer. RPF [Sales: KK |Approved: RPF Spec Number:

Date: 9/19/2018  [Date: 9/19/2018  Date: 9/19/2018  |Date: 9/19/2018 5874

CPCB PEZOTRONICS ™ Bistsr

den Avenue, Depew, NY nfo@pcb.com
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APPLICATION
NEXT ASS'Y | USED ON | VAR

.660(216.76)

REVISIONS

REV |

DESCRIPTION [ ECN ] DATE | APPD

ELECTRICAL CONNECTOR

proprietary rights in
Y

the information disclosed herean. Neither it nor an
reproduction thereof will be disclosed to others

without written consent of PCB Piezotronics Inc.

PCB Piezotronics Inc. claims

A
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A%

THRU HOLE CO-AXIAL 10-32 UNF-2A

; i
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MODEL 082B04
ANTI-FRICTION .150¢3.81)
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(827.94)

2\ #
A

] M |

1
|
: .245(6.22)

!

A
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SEE SHEET TWO FOR MOUNTING INSTRUCTIONS.
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9001A_000-105e-08.07

Load Washers - for Forces of 7,5 ... 400 kN, Type 9001A ... 9071A K I STI E R

measure. analyze. innovate.

Technical Data

Type’ 9001A 9011A 9021A 9031A 9041A 9051A 9061A 9071A
Measuring range kN 0..75 | 0..1% | 0..35 | 0..60 | 0..90 |0...120 | 0...200 | O... 400
Calibrated ranges
100 % kN 07,5 | 0415 0':.2:35 0..60 | 0..90 [0...120 | 0...200 | O... 400
10 % kN 0:...075 | 0:...15 | 0:...3,5 0..6 09 (o FR 0..20 | 0...40
Overload kN 9 18 42 72 108 144 240 480
Max. bending moment My,""™" N-m <+5 <+15 <+60 <+130 <+240 <+370 <+830 | <+2500
Rigidity kN/pm ~1 ~1,8 =35 ~6 =75 =9 =14 ~26
Capacity pF ~8 =23 =37 ~54 ~65 ~64 ~148 ~203
Dimensions
Internal diameter d mm 4. 6,5 10,5 13 17 21 265 40,5
External diameter D mm 10,3 14,5 22,5 285 34,5 40,5 525 75,5
Height H mm 6,5 8 10 11 12 13 15 17
Weight g 3 7 20 36 70 80 157 370
General Data
Sensitivity”” pC/N ~4,3
Threshold N <0,01
Operating temperature range °C -196 ... 200
Linearity typ., preloaded”"” %FSO +0,4
Hysteresis typ., preloaded™"” %FSO 0,2
Insulation resistance Q 21-10™
Temperature coefficient %/°C -0,02
Natural frequency depends on additional mass
" further Types see data sheet quartz load washers (9081A_000-106)
" applies only to sensor without preloading nut (see page 3, mounting)
""" Preload F, = 0,5 - measuring range F; = 0
B
‘Fz S
=
dH7 Q
b4
.
I
o5 Lo I~
= E ¢
\ 8
D' 7,35
Fig. 1: Dimensions load washers
Page 2/5
This information corresponds to the current state of knowledge. Kistler reserves ©2007, Kistler Instrumente AG, Eulachstrasse 22, 8408 Winterthur, Switzerland

the right to make technical changes. Liability for consequential damage resulting Tel. +415222411 11, Fax +41 52224 14 14, info@kistlercom, www.kistler.com
from the use of Kistler products is excluded.
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SPECIFICATIONS 1071 (3 METER) 1032 COAXIAL

o 600 [15.24] —= 030 COAXIAL CABLE CONNECTOR
Model Number 740802 | 740M04 T
Performance ” ﬁ m
Héensitivity (71270‘;/” 50 mV/uS 5 ni\i/ué .
Sensitivity (£20%) 50 mV/pe SmV/ue OONMOWE.
M Range 100 pk p& 900 pk pe
Frequency Range 0.5-100000 Hz 0.5-100000 Hz E—
Broadband Resolution 06n€ 5.0ne 0711.8)
Non-Linearity <1% <15%
Transverse Sensitivity <5% <5%
+10000 g pk +10000 g pk

Overload Limit (Shock)

+98000 m/s? pk +98000 m/s? pk
65 to +250 °F -65 to +250 °F
-53t0 +121 °C -5310 +121°C

Temperature Range

|"Acceleration Sensitivity 0.001 pe/g 0.001 p€lg
Electrical
Excitation Voltage 20-30 VDC 20-30 VDC
Constant Current Excitation 2-20 mA 2-20mA
Output Impedance <100 Ohm <100 Ohm

| Output Bias Voltage 8-14VDC 8-14VDC
Discharge Time Constant 1-3sec 1-3 sec
Spectral Noise (1 Hz) 210 pEHz 1900 p&/yHz
Spectral Noise (10 Hz) 70 pE/YHz 600 pEHHz

"Spectral Noise (100 Hz) 20 pe/yHz 200 pEiHz Model 039A07
Spectral Noise (1 kHz) 5 pENHz 60 pEAHz Removable Tool
Spectral Noise (10 kHz) 1 pENHz 15 pEiHzZ
Physical
Sensing Element Quartz Quartz
Housing Material Titanium Titanium
Sealing Epoxy Epoxy

'Size - Wx LxH 02x0.6x0.07in | 0.2x0.6x0.07in
Weight 0.5gm 0.5 gm
Electrical Connector 10-32 Plug 10-32 Plug
Electrical Connection Position Side Side
Mounting Adhesive Adhesive
Cable Length 10 108

3m 3m

Cable Type 030 Coaxial 030 Coaxial
Removal Tool 039A07 (Supplied) 039A07
Quick Bonding Gel 080A90 (Supplied) 080A90
Piezoelectric Strain Sensor Calibration ACS-15 (Supplied) ACS-15

Certificate

®PCB PIFZ0TRONICS e D

MTS SYSTEMS CORPORATION reial, OEM
orLine®™, and a

3425 Walden Avenue, Depew, NY 14043-2495 USA f : tic : o8 : 2 ch
Toll-Free in the USA: 800 828 8840
Phone: 1716 684 0001 | Email: info@pch.com

can be found atw

4%, and IMI® with associ
ics, Inc. Sensort

MTS Sensors, a division of MTS Systems Corporation (NASDAQ: MTSC), vastly expanded its range of products and solutions after MTS acquired
PCB Piezotronics, Inc. in July, 2016. PCB Piezotronics, Inc. is a wholly owned subsidiary of MTS Systems Corp.; IMI Sensors and Larson Davis are
divisions of PCB Piezotronics, Inc.; Accumetrics, Inc. and The Modal Shop, Inc. are subsidiaries of PCB Piezotronics, Inc
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Revision: F

Mode! Number
g SHEAR ICP® SHOCK ACCELEROMETER o s
—_— —
Performance ENGLISH st OPTIONAL VERSIONS
Sensitivity(+ 30 %) 0.05mvig 0.005 mV/(m/s*) Optional versions have identical specfications and accessories as listed for the standard model
Measurement Range 100,000 g pk 981,000 mis? pk except where noted below. More than one option may be used.
Frequency Range(t 1 dB) 410 10,000 Hz 410 10,000 Hz
Frequency Range(-3 dB) 210 25,000 Hz 210 25,000 Hz &) M - Metric Mount
Electrical Fiter Corner Frequency(-3 dB) 21 kHz 21kHz [1)4] | Mounting Thread M6 x 0.75 Male M6 x 0.75 Male
Mechanical Filter Resonant Frequency 35kHz 35kHz s
Resonant Frequency 2100 kHz 2100 kHz
Broadband Resolution(1 to 10,000 Hz) 05gms 49 mis’ rms [0}
Non-Linearity(per 10,000 g (98,100 m/s*)) <25% $25%
Transverse Sensttivity <7T% ST%
Environmental
Overioad Limit(Shock) +150,000 g pk 1,471,500 m/s’ pk
Temperature Range(Operating) -10to +150 °F 2310 +66 °C
Temperature Range(Storage) -40 to +200 °F -40t0 +493°C NOTES:
Temperature Response See Graph See Graph [12) | (1] Typical.
Electrical [2] Test conducted on shaker at 100Hz.
Exciation Voltage 20t030VDC 2010 30VDC (3] Typical comer frequency for coupled elecirical and mechanical filters.
(4] Electrical filter is a second order filter
Constant Current Excitation 2t020mA 2t020mA (5] Amplitude at resonance is +9 dB.
Output Impedance <200 Ohm <200 Ohm [6] See PCB Declaration of Conformance PS135 for details
Output Bias Vottage 8t0o14VDC 8to14VDC
Discharge Time Constant 0.10 sec 0.10 sec U]
Settling Time(within 10% of bias) <1sec <1sec
Blectrical Isolation(Case) 1,000,000 Ohm >1,000,000 Ohm
Physical
Sensing Element Ceramic Ceramic
Sensing Geometry Shear Shear
Housing Material Titanium Titanium
Sealing Hermetic Hermetic
Size (Hex x Height) 0.375inx 1.04in 9.5mm x 26.5mm
Weight(without cable) 0200z 55gm M
Electrical Connector Integral Cable Integral Cable
Cable Length 101 3.05m
Cable Type 031 Twisted Pair 031 Twisted Pair
Mounting Thread 1/4-28 Male 1/4-28 Male
Typical Sensitivity Daviation vs Temperature

-3 10 SUPPLIED ACCESSORIES:

Y 5 Model ACS-14 High G shock accelerometer calibration using Hopkinson bar. (1)
c € s 0 — Model ACS-22 NIST Traceable frequency response (100Hz to 1 dB point) (1)

@ > -5

a

61 3 -0 . ———
0 2 75 100 125 150 [Entered: LK Engineer: RB [Sales: RWM lApproved: BAM Spec Number
Temperature (°F) Date: 4/3/2018  [Date: 4/372018  [Date: 4/372018  [Date: 4/3/2018 52263

All specifications are at room temperature unless otherwise specified.
In the interest of constant product improvement, we reserve the right to change specifications without notice.

ICP® is a registered trademark of PCB Group, Inc.

CPCB PIEZOTRONICS

Iden Avenue, Depew, NY

Phone: 716-684-0001
Fax: 716-684-0987
E-Mail: info@pcb.com
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