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t tissue simulant performance
against economic and environmental impact

James Read, a Ken McNaught,b Rachael Hazaela and Richard Critchley *a

Soft tissue simulants are traditionally used to provide a post impact medium suitable for replicating human

anatomy. Performance of materials is therefore paramount, and the analysis of such experimentation relies

on responses that mimic the various tissue, bone and muscle groups contained within the human body.

However, with an increasing global push to reduce carbon emissions and increase sustainability, current

materials require examination to ensure research establishments remain at the forefront of environmentally

friendly practices. To date, the literature contains little in relation to how environmentally friendly the use

and supply of soft tissue simulants is. The aim of the research is to provide researchers with primary data to

support decisions on material selection for ballistic simulation research. The need arises due to the high cost

and environmental impact of existing materials. To explore this research gap, a series of 5.5 mm ball

bearings were fired from a gas gun at velocity ranges between 122 and 526 m s−1 to examine the

performance characteristics of six commercially available soft tissue simulants and a foodstuffs grade

gelatine that represented a more cost effective environmentally friendly alternative. A structured multi-

criteria decision analysis approach was employed to compare the overall effectiveness of the alternative

materials. It was found that whilst PermaGel, 20 and 10% ballistic gelatine performed the most

advantageously respectively during experimental testing, qualitative environmental assessment showed

ballistic soap, PermaGel and foodstuffs gelatine to be most advantageous. The information provided within

this study will enable researchers to make more informed decisions on both economic and environmental

implications when sourcing materials for use within survivability assessment, whilst further work would

increase awareness and viability of alternative materials.
Environmental signicance

Currently, research programmes exploring wound ballistics phenomena or behind armour blunt trauma events are mandated to use single source materials to
comply with industrial standards. These materials are oen supplied from outside of the country conducting the research which currently drives both economic
and environmental implications into research programmes. This research has shown that MCDA results for both performance and environmental assessment
are conicting, meaning researchers may have to choose not to reduce the impact to the environment in the absence of an alternative material. This research has
explored the use of a more sustainable material to better align to emergent legislation and the net zero 2050 target.
1 Introduction

To successfully analyse the performance of protective materials
and accurately test the lethality of a projectile, it is vital that the
way in which the human body reacts to impact is understood.
This can be achieved using a variety of differing techniques such
asmodelling/simulation and physical tests using animal cadavers
and so tissue simulants.1–3 Modelling alone relies on signicant
physical tests to generate the equations of state required to
populate the model with accurate response data,1 making it
extremely time consuming whilst noting its accuracy and
iversity, Defence Academy of the United
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cs, Craneld University, Defence Academy

A, UK

the Royal Society of Chemistry
repeatability benets during larger, more complex trials
campaigns. The traditional test is therefore favoured for experi-
mental series that do not require signicant repeatability.
Historically, this has been conducted using animal cadavers,2

however due to ethical and monetary concerns, so tissue simu-
lants have been the material of choice for researchers globally. It
is therefore essential that the correct ballistic simulant is chosen
to replicate the area of the body being assessed to maximise the
accuracy of the data generated through physical test regimes.

Review of the literature suggests that materials that focus on
the replication of the human body can be categorised into three
distinct areas:

(1) Bulk –materials used primarily focus on the examination
of the human torso or areas where greater muscle mass or fat is
present. These materials are primarily used in survivability and
lethality assessment4–10
Environ. Sci.: Adv., 2024, 3, 585–602 | 585
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(2) Skin – when used, creates an additional parameter to
measure what bearing skin has on projectile trajectory or
material performance.11–18

(3) Bone – mainly used in lethality or forensic assessment,
bone simulants can highlight how the temporary and perma-
nent cavities are affected upon impact with hard objects inside
a representative medium.19–27

As this study is focussed on the viability of materials used
within survivability assessment and therefore the threat from
ballistics, the bulk category of simulants has been chosen for
analysis. The skin and bone areas have been included above to
provide an overview of alternative materials used in the eld of
wound ballistics.

Bulk simulants should provide cost effectiveness both in
monetary value but also environmental factors such as the
ability to undertake multiple tests on the same material.
Currently, ballistic testing programmes can include material
samples that exceed £100's of pounds which when considering
the number of shots undertaken within this study is evidence of
economic impact researchers face. In addition, the materials
themselves are oen the most expensive element of experi-
mental testing outside of hiring of ranges and people. The
ability to reuse materials is advantageous not only to reduce the
economic impact of research programmes but signicantly
decreases the reliance on the supply chain which is the highest
perceived driver of CO2 pollution28,29 within this study.

The materials should be readily available to purchase either
pre-made or be available to manufacture in house using both
instructions and technical data sheets. But possibly most impor-
tantly, they must provide responses sufficiently close enough to
mimic the human body. The main performance characteristics of
interest to this thesis are elasticity, transparency, and ability to re-
perform at a consistent level when re-used.

The benets of materials with similar elastic modulus have
been discussed in Section 2.1, but it is also important to note
the ability to analyse both primary and secondary shockwave
effects inside the material as a result of back face trauma30

As mentioned in the previous works2 although signicant
experimental work has been undertaken with traditional
ballistic gelatine and ballistic soap, sources can become
confusing and hard to nd, with examples of contradiction.2,31,32

Contradiction within the wider literature has led to uncon-
trolled material manufacture and useability including the
ability for re-use. Further, the literature lacks depth on mate-
rials such as perma-gel, styrene–ethylene/butylene–styrene
(SEBS), and the applicability for alternative materials used in
other sectors to be considered for survivability assessment.

A series of experiments were derived to provide researchers
with primary data to enhance the decision-making process for
materials within ballistic simulant research. This was con-
ducted using both 10% and 20% ballistic gelatine, Perma-Gel,
ballistic soap, food stuffs gelatine, Roma plastilina no. 1 and
Plastiline 40.† These materials whilst well known for providing
researchers with information on ammunition performance and
† SEBS was considered as part of this research, however due to issues with
suppliers, this material was not available for analysis.

586 | Environ. Sci.: Adv., 2024, 3, 585–602
armour performance2 have been selected due to the literature
exhibiting signs of weakness in areas such as individual
comparison and environmental implications of using tissue
simulants, whilst more populated material literature shows
conicting results.2 Foodstuffs gelatine is not traditionally used
in research environments, however with mounting costs of
traditional materials it is paramount that novel materials are
examined to provide both increased value for money and less
onus on sourcing from other countries thereby reducing the
environmental impact.

Additionally, to examine the overall performance of each
material, a weighted Multiple Criteria Decision Analysis
(MCDA) technique was used. This helped to justify down-
selection of three materials which will be subjected to further
analysis during a period of further works. This technique has
been proven in elds such as Healthcare/Medical, Construction
and Engineering33–36 to provide a transparent framework in
which to assess multiple conicting criteria for a range of
differing materials and as such was deemed a viable method to
populate the literature with the ndings of this study.
2 Materials and methods
2.1 Materials

Stainless steel material moulds were manufactured to dimen-
sions 150 mm × 150 mm × 100 mm. The mould comprised of
ve 1.5 mm thick plates that were welded together to contain
a watertight seal (Fig. 1 – 150 × 150 × 100 mm stainless steel
mould). The form sizes were conrmed to t inside the target
area of the 30 mm gas gun, in which the materials were placed
under test.

A singular form of 400 mm × 400 mm × 100 mm was
created to calibrate Roma plastilina in accordance with the
current UK Home Office guidelines37 and two 150 mm ×

150 mm × 100 mm riveted aluminium moulds produced to
house the plastilina. Aluminium moulds were selected as
a viable alternative to steel due to lack of material in stock and
conned range availability resulting in an assumption that the
density of Roma plastilina no. 1 would be sufficient to stop the
projectile before perforation occurred (Fig. 2).

2.1.1 10% ballistic gelatine. Ordnance gelatine was
supplied from German manufacturer Gelita. 1.75 kg of ‘Gelita
Ballistic 3’38 powder was incrementally mixed with 15.75 L of
fresh water and stirred until the mixture was homogenous.
Once completed, four drops of cinnamon oil were added to
prevent any bacteria growth and minimise any odour produced
from the mixture.39 The steel moulds were then sprayed with
liquid wax release agent to prevent the mixture from sticking to
the sides, thereby damaging the faces required to provide
transparency. The mixture was then poured into the moulds
and rested at 21 °C for 24 hours. This was then placed inside
a fridge set to 3–5 °C for a period of 48 hours.

2.1.2 20% ballistic gelatine. Following the same process as
the 10% formulation listed above, the 20% was created by
adding 3.5 kg of gelita ordnance gelatine 3 (ref. 38) to 15.75 L of
water.
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 1 150 × 150 × 100 mm stainless steel mould.

Paper Environmental Science: Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 7
:2

7:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
2.1.3 Perma-gel. A total of four 228.6 mm × 101.6 mm ×

101.6 mm (900 × 400 × 400) Perma-gel ballistic blocks were supplied
by Ballistic Dummy Lab US.40 As these came supplied to size, no
manufacturing or additional processing was required. A total of
three were used to represent the three differing velocities with
each block accumulating a total of four shots.

2.1.4 Roma plastilina no. 1. Test samples of the Roma
plastilina no. 1 were manufactured using the methodology
stated within the 2017 HOSDB Standard41 but with aluminium
moulds of 150 mm × 150 mm × 100 mm.
Fig. 2 (Top left) 10% ballistic gelatine. (Top middle) 20% ballistic gelatin
Roma plastilina no. 1. (Bottom right) Hartley's jelly.

© 2024 The Author(s). Published by the Royal Society of Chemistry
The moulds were lled with the material and pressed by
hand ensuring that no air gaps existed. Once constructed, the
top face was scraped at to ensure no defects were present, and
the material front face was parallel with the front face of the
mould. Upon completion, the moulds were placed inside a car-
bonlite oven and cured at a temperature of 35 °C for 72 hours. It
should be noted that this time is in excess of that required to
successfully calibrate the material, however, due to limitations
on range availability the material was le curing over a two-day
weekend period for testing on Monday. On completion, this
material was tested within its mould.

To ensure a successful calibration, a 400 mm × 400 mm ×

100 mmmould was lled with plastilina no. 1 and cured within
the same cycle as the smaller moulds. This size was selected to
meet the calibration requirements which state a minimum
distance of 75 mm from any edge of the mould shall exist
during drop testing. Once cured, the large 400 mm × 400 mm
× 100 mmmould was extracted from the oven and calibrated in
accordance with HOSDB 2007 (Table 1).42

2.1.5 Plastiline 40. Plastiline 40 was introduced within the
Home Office Body Armour Standard 2017 (ref. 41) for speci-
cally testing formed armours. Its malleability is greater than
that of Roma plastilina no. 1 and as such is a more appropriate
material to press into complex geometries where a requirement
for zero or minimal voids is present.

Plastiline 40 was inherited for this study but was kept in
appropriate storage by Craneld University. Plastiline 40 has
been found to be readily accessible internationally on the
internet from a broad range of suppliers.43–46

Preparation of this material included removing from pack-
aging, dissecting the required quantity from the bulk material
before heating the material at 40 °C to become liquied and
e. (Top right) Perma-Gel. (Bottom left) ballistic soap. (Bottom middle)

Environ. Sci.: Adv., 2024, 3, 585–602 | 587
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Table 1 Roma plastilina no. 1 calibration results

Drop number Drop height (m) Cavity depth requirement (mm) Recorded cavity depth (mm) Calibrated successfully?

1 15 (�0.02) 15 (�1.5) 14.0 Yes
2 15 (�0.02) 15 (�1.5) 13.6 Yes
3 15 (�0.02) 15 (�1.5) 14.0 Yes
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pouring into steel moulds that were le to cure at room temper-
ature (21 °C).

2.1.6 Ballistic soap. CLARANOL soap base was procured to
produce the ballistic soap moulds. This was purchased from
‘Just a Soap’ in a single quantity of 20 kg. The transparent
variant was selected to ensure the high-speed camera footage
would capture material performance.

Before manufacture, liquid wax release agent was applied to
all faces of the mould, ensuring no damage to either material or
mould would occur during the removal of the material.

To create the ballistic soap, CLARANOL was placed within
a hot plate container that was pre heated to 127.3 °C. The
material took 40 seconds to melt with the recorded temperature
of 59.8 °C pre pour. Once liquied, the material was poured into
the moulds and placed within a “Blizzard” chest freezer for 48
hours to cure at 5.6 °C. When required, the material was
removed from the mould and placed on top of a protective
material to stop any contamination.

2.1.7 Food stuffs gelatine. 15 packets of Hartley's straw-
berry jelly were sourced from a major UK supermarket47 Each
mould was produced using 2.5 packets (337.5 g), which were
dissected into individual cubes before being added to 1.25 L of
boiling water. This was stirred until the cubes had broken down
into liquid form. 1.25 L of cold water was added, stirred, and
poured directly into the steel mould. This process was repeated
Fig. 3 Sabot ‘post stress’ (left) and Sabot ‘pre stress’ (right).

588 | Environ. Sci.: Adv., 2024, 3, 585–602
to produce a total of four moulds before being placed inside
a fridge to set for 24 hours. This product was explored due to its
transparent nature and potential for elastic response. Addi-
tional cost and water savings also enhanced its appeal as
a sustainable economic contender.

2.1.8 Projectile. 5.5 mm diameter stainless steel ball bear-
ings that had been hardened to grade 100 were purchased in
quantities of 500 from Simply Bearings Ltd.48 To enable the
projectile to be successfully red from the gas gun, a plastic sabot
was used to ensure no gas passed around the ball bearing which
was 2.4 mm smaller than the gun barrel diameter. The sabot was
stressed to weaken its resistance on the ball bearing hence
allowing it to separate more successfully as shown in Fig. 3 –

Sabot ‘post stress’ (le) and Sabot ‘pre stress’ (right). This method
has proven itself to be successful in other experimental
campaigns within the eld of survivability assessment.31,32,49
2.2 Set up and method

A 22 mm gas gun located at the Craneld University Shriven-
ham campus was used to undertake the work herein. A total
number of 69 shots were undertaken.

The target material was placed inside the target chamber on
an elevated table that was positioned to align the centre of the
material with the barrel (Fig. 4 – target material test set up). Test
methodologies from both Fackler50 and CAST standards37 have
been used to ensure a fair and representative measure of
success was considered. A minimum number of n = 3 per
Fig. 4 Target material test set up.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 2 Phantom high-speed camera configuration

Phantom V12-12

Resolution = 768 × 480
Frames per second = 30 000 fps
Exposure = 5.06 ms

Table 3 Gas gun pressure settings and velocities achieved using light
gates

Pressure (bar) and gas used Velocities achieved (m s−1)

5 bar – air 122–152
25 bar – air 281–317
50 – helium 476–526
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material were undertaken at 150, 300 and 500 m s−1 for statis-
tical analysis. This experimental campaign contained a series of
controls to ensure a fair experimental series was undertaken.
Firstly, the projectile size and geometry remained constant,
secondly the impact location on each material was consistent
using a xed height of the material table in relation to the gas
gun barrel. In addition, the temperature of the test facility was
set at 18 °C to remove any risk of material degradation due to
temperature dependence.

A Phantom V12-12 High Speed Video camera was positioned
externally to the chamber and focussed through a viewing port.
This was used to capture projectile trajectory inside the mate-
rials and to analyse any material failure modes pre and post
impact. The settings of HSV camera can be found in Table 2 –

phantom high-speed camera conguration. To enable the
successful recording and subsequent analysis, the camera was
linked to a laptop that was installed with PCC soware version
3.7.802.0.
Fig. 5 Gas gun set up.

© 2024 The Author(s). Published by the Royal Society of Chemistry
To enable the measurement of both input and output hole
diameters, a steel rule and vernier calliper were used. Results
were recorded with an error value of ±0.5 mm.

For each test, a sabotted ball bearing was placed into the gas
gun chamber. The breach was then tightened, and the required
gas was fed into the system to the allocated pressure required to
achieve the required velocities of 150, 300 and 500 m s−1. These
velocities were selected to provide a broad selection of velocities
presented within the literature and reect those seen from
small arms ammunition. The data was captured using a series
of light gates and can be seen in Table 3 – gas gun pressure
settings and velocities achieved using light gates. The differ-
ences in velocities at the three pressures shown below can be
attributed to minor variations in the combined weight of sabot
and projectile, reaction times within the light gates, and nally
margins for error in reaching the designated pressure applied to
the breech.

Once at the desired pressure, the gas gun was red from
a remote location, before the high-speed video footage was
stopped, target material rotated 90° and the process repeated.
Where applicable, post-processing was conducted by cutting
into the materials to examine the wound track (Fig. 5).
2.3 Weighting method

To provide an overall comparison of the alternative materials,
the relevant material attributes were identied and split into
two categories: performance and environmental. Differentia-
tion between the two is considered advantageous due to the
impact environmental metrics may have on the ability for the
material to perform at the required level, and vice versa.

To provide a transparent and logical framework for this
assessment, Multiple Criteria Decision Analysis (MCDA) – with
swing weighting33,34 was used to identify and account for
multiple conicting criteria for numerous alternative materials.
This method is both mathematically and logically consistent
Environ. Sci.: Adv., 2024, 3, 585–602 | 589
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Fig. 6 Attribute hierarchy.
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and has been applied in a range of industries including
healthcare/medical, engineering and construction34–36

MCDA is useful in highlighting and accounting for the
important objectives and attributes needed for a material,
gathering them in an attribute hierarchy. Once identied, an
assessment of the performance of each alternative material
against each attribute is produced, using the metrics measured
as part of the raw data set. Weights are then elicited for each
attribute which enables the user to assess its importance in the
context of this decision, accounting for how much the attribute
varies between the alternatives as well as user preferences. Once
the weights have been allocated to each attribute, they are
combined with the values or scores reecting how well each
alternative performed on each attribute, resulting in an overall
weighted value for each material. This additive value function is
compensatory in that poor performance on one attribute can be
compensated for by good performance on another. Any alter-
native which fails to meet a required performance threshold on
any attribute should already have been eliminated from
consideration. This approach allows for easy identication of
the top three overall highest performing and the top three
overall most environmentally friendly materials. Additionally,
this supports subsequent examination of both the robustness
and sensitivity of the recommendations and results.

Before proceeding with the analysis, some questions require
answering:

Are all the important attributes represented?
Are all the lowest level attributes measurable?
Can all the attributes be assessed independently of each

other?
Are any of the attributes redundant because they measure

the same thing?
Upon review of the raw data, the measurement of the

temporary cavity metric was excluded from the analysis due to
all materials having the same ability to capture temporary cavity
wound tracks and therefore this attribute did not discriminate
590 | Environ. Sci.: Adv., 2024, 3, 585–602
between the alternative materials. In addition, the use of
Hartley's jelly was removed from this assessment as insufficient
data was able to be captured within this study at the higher
velocity ranges due to material consistency. Lastly, elastic
response was merged with permanent cavity as these two
attributes could not be assessed independently of each other.
For permanent cavity to be present in any material, some degree
of elastic response is required, therefore scoring them inde-
pendently would mean doubling up and overscoring this char-
acteristic. The attribute hierarchy can be found at Fig. 6 –

attribute hierarchy.
3 Results and discussion
3.1 Performance

Depth of penetration is the attribute of most interest when
examining both lethality of projectiles and survivability of
protection mechanisms.51 Fig. 7 – so tissue simulant depth of
penetration shows the penetration resistance vs. impact velocity
for each of the tested materials within this study. In all
instances it was found that as velocity increased so did the
depth of penetration. It was observed that perforation was
apparent for 10% gelatine at all velocities, whilst the 20%
construct only exhibited perforation during velocities over
290 m s−1. Where perforation was apparent, the residual exit
velocities were in the region of 102.8 m s−1 (±2.59) for the 10%
construct at 5 bar, 226.42 m s−1 (±7.7) and 394.92 m s−1 (±8.61)
for 10 and 20% gelatine at 25 and 50 bar respectively. This is
predicted to be due to the differences in concentration and
therefore density.14,15,17 By comparison, perforation was only
apparent when using PermaGel during velocities within the
region of 526 m s−1 with exit velocities of 268.21–257.3 m s−1.

Foodstuffs gelatine was inspected pre-test with observations
made on the materials viscosity. Inspection showed that
although the material was elastic in nature, it was clearly not
viscous enough withstand higher velocities and as such this test
© 2024 The Author(s). Published by the Royal Society of Chemistry
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Fig. 7 Soft tissue simulant depth of penetration.

Fig. 8 Cavitation in materials: Perma-Gel (top left), ballistic soap (top right), 10% gelatine (bottom left), 20% gelatine (bottom middle) and
Hartley's jelly (bottom right).
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regime was limited to 5 bar (135–151 m s−1) (n = 3). In all
instances, perforation occurred with mean residual exit veloci-
ties of 67.68–101.43 m s−1. The materials mechanical properties
could be improved by increasing viscosity with additional jelly
mixture during the manufacturing process, this is not assumed
to have any signicant effect on its transparency, nor biode-
gradable status.

By contrast, ballistic soap exhibited average depths of
penetration of 33.16 mm (n = 3) whilst RP1 and plastiline
produced depths of 69 mm and 59.33 mm respectively (n= 3) at
© 2024 The Author(s). Published by the Royal Society of Chemistry
between 122–152 m s−1. However, when velocity was increased
above 281 m s−1 perforation of all materials was witnessed as
evidenced with ballistic soap in Fig. 10 – ballistic soap frag-
mentation at 5 (le), 25 (middle), 50 (right) bar. It was noted
that when testing RP1 and plastiline the projectile impacted
with the rear faces of the moulds resulting in witness marks.
Observations at velocities between 463–526 m s−1 showed
material overmatch of the RP1 aluminium mould which resul-
ted in plugging failure. The failure of the aluminium mould
resulted in decreased output velocities as a result of the energy
Environ. Sci.: Adv., 2024, 3, 585–602 | 591

http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3va00403a


Fig. 9 Entry and exit failure modes and wound tracking of the ball bearing inside of 10% gelatine, 20% gelatine, Perma-Gel and Hartley's jelly.
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required to overmatch the material strength with an average of
74.99% reduction in velocity at 50 bar when calculating from
the raw data generated. It should be noted however that
a 93.35% velocity reduction on repeat 2 is assumed to be due to
the projectile interaction with another projectile in a similar
location. The average reduction in velocity when not consid-
ering the second repeat is calculated to be 65.82%. As residual
exit velocity is not considered an important metric when
assessing survivability of materials, this was scored at 10% of
the overall swing during the direct rating procedure.

Although depth of penetration is a key attribute in under-
standing material performance and lethality of projectiles, it is
the response of the simulant and ability to assess temporary
and permanent cavitation that is most important.52–55 The depth
to which the projectile can travel is therefore not signicantly
important so long as the material has been constructed to
depths calculated from kinetic energy density and therefore is
sufficient to capture a wound ballistics prole. For this reason,
the depth penetration measurement within this study was
scored at 30% of the swing during the direct weighting
procedure.
Fig. 10 Ballistic soap fragmentation at 5 (left), 25 (middle), 50 (right) bar

592 | Environ. Sci.: Adv., 2024, 3, 585–602
Elastic response and therefore ability to generate both
temporary and permanent cavitation was scored at 100% of the
swing. This is due to its importance in assessing both surviv-
ability assessment and lethality of projectiles.2,52 Fig. 8 – cavi-
tation in materials: Perma-Gel (top le), ballistic soap (top
right), 10% gelatine (bottom le), 20% gelatine (bottommiddle)
and Hartley's jelly (bottom right) shows that from the materials
tested only 10 and 20% gelatines, Perma-Gel and foodstuffs
gelatine demonstrated this ability.

Although not considered within the performance weighting
assessment, understanding failure modes of materials, and
therefore the materials ability to be reused due to elastic
recovery was considered during physical test and results used
during the environmental weighting at latter stages of this
study. As evidenced in Fig. 9 – entry and exit failure modes and
wound tracking of the ball bearing inside of 10% gelatine, 20%
gelatine, Perma-Gel and Hartley's jelly elastic deformation was
witnessed which varied in size as the projectile travelled
through the depth of the material. Where perforation was
apparent, petaling of the back face of the material varied in
magnitude before the elastic recovery phase began and the
.

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 4 Performance attributes against best and worst values from
the raw data set

Performance

Residual exit
velocity
(m s−1) DoP (mm) Transparency

Perm cavity/
elastic
response

Best 100.7 19 Yes Yes
Worst 407.88 Perforation No No
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failure withdrawn. Post impact analysis of the high-speed video
footage shows no shockwaves induced to thematerial as a result
of the high-speed impacts. The above results and observations
should be caveated by the assumption that no material perfor-
mance degradation had occurred because of multiple rings
being conducted on the same block of material.

When considering material failure, results from both 25 and
50 bar rings show very similar results in terms of displacement
of material on the front face for both RP1 and plastiline. Dis-
placing material is advantageous for back face signature/BABT
measurement,51,56–59 but not for the examination of wound
ballistics metrics. The results shown for RP1 and plastiline were
similar to those seen with ballistic soap which produced minor
fragmentation from the front face upon impact at the lower
velocities which increased proportionally as the velocity was
increased. Examination HSV footage shows that fragmentation
was also present during perforation which occurred during the
25 and 50 bar rings. This can be seen in Fig. 10 – ballistic soap
fragmentation at 5 (le), 25 (middle), 50 (right) bar.

The above results show that materials that are elastic in
nature are more advantageous to survivability assessment due
to ability to capture both permanent and temporary cavitation
Table 5 Swing weighting – performance metrics

© 2024 The Author(s). Published by the Royal Society of Chemistry
during the same test. The elastic materials in this study were
also more transparent than materials that exhibited plastic
responses which enables users to capture and examine results
in higher quality resolution and aid in post experiment analysis
thereby strengthening the integrity of the results. In addition,
the materials ability to recover post impact allows for a multi-hit
capability which has been used within this study. When
considering the data, PermaGel performed most advanta-
geously, followed by 20 and 10% gelatines respectively.

To facilitate use of the swing weight method, the authors
were required to imagine a ctitious alternative material with
every attribute at its worst level, as shown in the nal row of
Table 4 – performance attributes against best and worst values
from the raw data set and acted as the ‘baseline material’.

Next, the authors had to judge which attribute swing from
the worst to the best levels shown in Table 4 offered the most
potential improvement. Permanent cavitation/elastic response
offers the greatest improvement to the baseline ctitious
material due to the ability for the user to analyse both tempo-
rary and permanent cavitation, which is supported by ref. 2, 4
and 60–63. This improvement swing, judged the most valuable,
was given a notional value of 100.

The authors were required to subsequently assess the rela-
tive levels of overall value improvement which would be asso-
ciated with the swings from worst to best on each of the other
attributes.

Transparency was awarded 60% of the swing on the same
notional scale as permanent cavitation and was deemed the
second most important attribute to ensure understanding of
shock transfer from projectile impact, wound track assessment
and lethality of projectiles as evidenced in ref. 64–69. This was
scored lower than elastic response, due to the varying degrees of
Environ. Sci.: Adv., 2024, 3, 585–602 | 593
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Table 6 Normalised weights – performance

Attribute Original weights Normalised weights

Residual exit velocity 10 0.05
DoP 30 0.15
Transparency 60 0.3
Perm cavity/elastic response 100 0.5
Total 200 1
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transparency that can be used dependant on requirement as
shown in Fig. 9 – entry and exit failure modes and wound
tracking of the ball bearing inside of 10% gelatine, 20% gela-
tine, Perma-Gel and Hartley's jelly.

The process of ranking attributes continued until all attri-
butes were ranked as per Table 5 – swing weighting – perfor-
mance metrics.

A series of normalised weights were subsequently produced
by dividing the notional values attached to each attribute by the
sum of all the direct weights (200) as per Table 6 – normalised
weights – performance to produce a normalised sum of 1.
Finally, Table 7 – weighting the benets of materials tested –

performance shows the direct rating scoring procedure in
which a subjective assessment of each material's performance
based on the raw data set was assessed on the scale of 0–100
with 0 given for the worst performing and 100 for the best
performing on that attribute. Where performance fell between
0–100, this was scored based on the results from the raw data
with higher numbers representing better levels of performance.

Assessment of the results provided conrmation that the
results shown from the raw data were also consistent with the
swing weighting procedure. PermaGel scored maximum values
across most metrics except for residual exit velocity. When
assessing the performance of the material, this is of limited
interest and the direct weights for this study were placed to
reect this. The residual exit velocity can be directly attributed
to material density, where the projectile has not been subjected
to a medium that has the ability to counteract input velocity,
thereby allowing the projectile to exit at faster rates. This swing
was weighted lowest, as increased depths of material could be
used to counteract for lower density materials. Fig. 9 – entry and
exit failure modes and wound tracking of the ball bearing inside
of 10% gelatine, 20% gelatine, Perma-Gel and Hartley's jelly and
Fig. 10 – ballistic soap fragmentation at 5 (le), 25 (middle), 50
Table 7 Weighting the benefits of materials tested – performance

Material
Residual exit velocity
(0.05)

DoP
(0.15)

T
(0

10% gelatine 0 0
20% gelatine 30 70
PermaGel 60 100 1
Jelly Not scored due to insufficient data across all 3 ve
RP1 80 60
Plastiline 100 85
Ballistic soap 50 75

594 | Environ. Sci.: Adv., 2024, 3, 585–602
(right) bar clearly show that Perma-Gel is also most transparent
and therefore allowed for easy examination of wound ballistic
proles using both high speed video camera and visual analysis
post ring. By comparison 10% was observed to be slightly less
transparent and 20% exhibiting signs of clouding. Although
results could still be distinguished using both gelatines under
test, this does have the ability to cause issues in test settings
that have low lighting or high-speed video equipment of
insufficient quality. 20% gelatine has historically been used in
countries where full metal jacket rounds are in service, and
therefore requires the material to be denser thereby increasing
its elastic strength.8,70 The additional material used during
manufacture of 20% attributes to this characteristic and
therefore inuences the residual exit velocity similar in the
same way described for PermaGel.

It is of note that the Hartley's jelly tested within the same
assessment did show some promising signs of suitability as
a material to be used within survivability/lethality assessment.
As shown in Fig. 8 – cavitation in materials: Perma-Gel (top le),
ballistic soap (top right), 10% gelatine (bottom le), 20% gela-
tine (bottom middle) and Hartley's jelly (bottom right) and
Fig. 9 – entry and exit failure modes and wound tracking of the
ball bearing inside of 10% gelatine, 20% gelatine, Perma-Gel
and Hartley's jelly, the materials elasticity is sufficient to allow
measurement of both temporary and permanent cavitation.
Both DoP and exit velocities scored negatively during this
assessment and it is proposed that this is due to consistency of
manufacture. As previously stated, this wasmanufactured to the
guidelines provided by the supplier and is therefore considered
to be more viable for consumption as a foodstuff's material in
its current state. Further work examining the consistency and
therefore the density of the material should be explored to
ensure materials with the highest economic viability are
considered fairly.

Materials that did not exhibit elastic response scored lowest
when examining both raw data results and conrmed by the
performance weighting assessment, scoring of which was
differentiated by exit velocity and depth of penetration.
Although not suitable for the measurement of as many metrics
as materials that exhibited elastic response, these clearly have
use where blunt trauma assessment or backing material where
armour performance assessment is required.42,58 This is
however contrary to previous studies in which it was reported
that although plastilina shows plastic deformation, up to 40%
ransparency
.3)

Perm cavity/elastic response
(0.5)

Weighted
TOT

80 80 64
70 90 78
00 100 98
locities measured
0 0 13
0 0 17.75

10 0 16.75

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 8 Material cost

Material Cost per mould

10% gelatine £13.13
20% gelatine £26.25
Perma-gel £61.04
Hartley's jelly £2.00
Ballistic soap £9.62
Roma plastilina no. 1 £120.53
Plastiline £64.80
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elastic recovery was witnessed making post impact analysis
difficult especially when not using high speed video footage.70

Roma plastilina no. 1 was initially recommended due to it being
“cheap, readily available, and was a conservative analogue to the
goat as a backing material”. It was reported that this technique
was provisional since not enough data was available to validate
it accuracy. However, plastilina has remained in service due to
its practical success and relatively low cost.70 As cost and ready
availability have been mentioned to be critical factors in selec-
tion of a suitable material for survivability, it is therefore
important that this study considers the environmental impli-
cations of supply, manufacture, and use of these materials too.

As this study forms a crucial part to wider works focussing on
the impact sustainability can have on so tissue simulant
selection, a desktop qualitative assessment using material data
sheets, manufacturers websites and the open literature was
used to analyse the environmental impact for each material
under test.
3.2 Sustainability

Cost, availability, manufacturing, ability for re-use and source
location were chosen as the attributes to analyse a so tissue
simulant's ability to perform both economically and environ-
mentally. These metrics were based on the NATO ARSP-03
guidelines for witness capture material which has been
successfully utilised for similar assessments in previous
works.71 NATO ARSP-03 considers cost, availability and re-use
but does not explicitly cover a requirement for researchers to
consider environmental impact therefore making this work
more prevalent. This standard was chosen as a suitable measure
to base the attribute selection due to its approach to enhancing
material development and datasets.

Analysis of the costings in Table 8 –material cost‡ show that
although plastic materials performed least advantageously
during performance assessment, they are also the most expen-
sive when purchased from the suppliers within this study. The
same trend was apparent for availability, in which materials
with more elastic responses were easier to obtain on the open
market with more suppliers stocking products, whilst materials
such as Roma plastilina and plastiline were more difficult to
obtain, coming from the US and France respectively. The swing
on cost per mould was deemed least valuable during the direct
rating procedure, subsequently being valued at 20% of the
‡ Costs per mould were correct at the time of writing – 02/04/2023.

© 2024 The Author(s). Published by the Royal Society of Chemistry
swing on the highest ranked attribute. Reusability, due to
swings on environmental factors being rated more highly and
the recent drives to produce materials that align to the
government's ambition to cut carbon emissions and improve
environmental impact.2,72,73 Swing on availability however was
valued at 80% of the swing on reusability due to the need to
have materials to conduct research in the rst place.

Although noted that Roma plastilina and plastiline was
sourced from the US and France respectively, of the eight
materials tested only Hartley's jelly and ballistic soap were
sourced within the UK. The remainder of the materials were
sourced and delivered from the United States, Germany, France,
and The Netherlands. This equates to 75% of the materials
being sourced from abroad and being delivered in air, sea, and
road transport methods. As the UK government is driving
toward net zero 2050 and incentivising UK industry to make
improvements to its carbon emissions,2 this swing on UK
sourcing was valued at 50% of the swing on reusability.

Another key metric was to analyse if manufacturing was
required, this was of interest due to possibility of excessive
water consumption and where uncontrolled, excessive waste
produced. Excessive water consumption has been dened as
any additional water required above and beyond the trial
requirement to manufacture or reproduce materials due to
manufacturing variations or damage caused during prepara-
tion. The term excessive also considers the cleaning of instru-
ments used during manufacture and preparation. The expected
environmental impact is mainly focussed on the productivity of
ora and fauna but will also require additional demand on the
water recycling/treatment centres. By contrast, excessive waste
has been dened as additional material requiring disposal due
manufacturing, preparation, or single use items. The expected
impact of excessive waste is the contamination of the soil and
therefore a deterioration in the productivity of ora and fauna.
In extreme cases excessive waste has the possibility of also
increasing a pollutant risk to waterways and wildlife. Excessive
water consumption and waste produced were chosen as the two
metrics used to dene sustainability due to the materials under
test relying heavily on water 90 : 10 or 80 : 20 water/weight to
generate the correct mechanical properties for ballistic testing
and the ‘1 use’ nature of the materials' ability to generate waste
more rapidly and in greater quantities during ballistic trials.

Within this study 10 and 20% gelatine materials, foodstuffs
gelatine was delivered in powder form and as such required
manufacture as per the suppliers' instructions. This was
completed by using precisely measured quantities of water and
leaving to cure overnight in a freezer. It should be noted that
although this was done precisely by an experienced team of
technicians, excessive water usage could easily become an issue
if being manufactured by someone with little to no experience.
By contrast, ballistic soap was delivered as a soap base, and
required remelting before being poured into a mould and set
using the same freezer. In all instances, excessive waste can
become a major issue due to manufacturing errors and the
potential for differences in batch manufacture.

Perma-Gel, RP1 and plastilina did not require any manu-
facture. Perma-Gel was ready to use once decanted from its
Environ. Sci.: Adv., 2024, 3, 585–602 | 595
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Table 9 Soft tissue simulant – energy/water/waste/CO2e mapping
per mould

Material Energy (kW) Water (L) Waste (kg) CO2e (kg)

10% gelatine 15 024 3.24 3.6 12.16
20% gelatine 15 024 3.24 3.89 12.16
Perma-Gel 0 0 2.053 98.94
Hartley's jelly 7512.339 3 3.338 0.016
Ballistic soap 15 024 0 2.49 0.84
Roma plastilina no. 1 216 0 3.44 70.14
Plastiline 40 72 0 3.6 0.18
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packaging, whilst RP1 and plastiline required tamping/pouring
into moulds before being placed within an oven to condition.

As many of the materials can be supplied pre-made at
a higher cost, this was deemed to be of relatively low importance
and was scored at 30% of the reusability swing during direct
weighting.

To further explore manufacturing inuence, a multi-metric
comparison was generated to identify how much of an impact
each material under test has when considering sustainability
factors.

Energy was rstly considered due to the requirement for
material conditioning and powering of appliances to cure the
material post mould pour. Perma-Gel did not require any pre-
conditioning and was supplied ready to use. 10%, 20% gelatines
and ballistic soap used the most energy due to the need to the 48
hour cure time applied within this study. This was calculated
using an assumed 313 kW h−1 energy consumption for a large
chest freezer.74 This was followed by Hartley's jelly for the same
reason albeit with a lower cure time thereby reducing the total
energy usage. Roma plastilina used the least amount of energy,
with 72 hour preconditioning time in an industrial oven esti-
mated to consume 3 kW h−1. Although low in comparison to
bulkmanufacturing, these gures clearly present that traditional
materials are least energy efficient, increasing power draw from
the national grid and generating head whilst running.

Water use is vital when manufacturing using raw ingredi-
ents. Again, 10 and 20% gelatines required the most water at
3.24 l per mould, followed closely by Hartley's jelly at 3 l per
mould. This gures validity is questioned by the products ability
to perform advantageously. The gures presented here assume
no water loss through error, however, clearly show that the
water consumption per mould is low thereby limiting economic
impact and reliance on water treatment plants.

Waste was next to be considered, limiting the amount of
waste placed into landll is a key driver in today's economy.75,76

To ensure this analysis was un-biased, it was assumed that the
Table 10 Environmental attributes assessed against best and worst valu

Environmental Cost per mould Availability

Best £2 Easy
Worst £120.53 Limited

596 | Environ. Sci.: Adv., 2024, 3, 585–602
materials identied as reusable were at the end of their life and
required permanent disposal. Table 9 – so tissue simulant –
energy/water/waste/CO2e mapping per mould shows that the
differences in waste produced are negligible, however Perma-
Gel performed most advantageously during this assessment
generating 2.053 kg of waste per block which is interesting as it
was bigger than the moulds produced for the rest of the mate-
rials. This is predicted to be due to manufacturing techniques
using synthetic materials.40 Although providing the least waste,
the inuence on the wider environment from synthetic chem-
icals used to enhance transparency and limit material degra-
dation are unknown.32,77,78

Lastly is the measurement of carbon dioxide generated from
the transportation between supplier and the research estab-
lishment used within this work. It is important to note that
carbon dioxide is not the only greenhouse gas associated with
climate change. Methane, nitrous oxide, and others also
contribute to global warming and as such are combined with
carbon dioxide to produce carbon dioxide equivalent – CO2e.28,29

For the purposes of this study, outputs of most commonly used
methods of transport were calculated using gures listed within
EN16258,79 weights of products gathered from invoices and
assumptions made on most likely economic routes from
supplier to receipt of goods. Predictably materials sourced from
the US (Perma-Gel and RP1) scored highest, this is mainly due
to air freight emissions produced from crossing the Atlantic
Ocean, with the remainder generated to and from airports. This
is followed by 10 and 20% gelatines whose raw material is
sourced from Germany. The freight route used as part of this
study was assumed again to be air cargo. The remainder of the
materials were sourced within the UK and the gures provided
below reect the distance from the research establishment with
Hartley's jelly being readily available less than 10 miles from the
experimental site.

When considering cost, availability, supply chain impact and
manufacturing, it was important to recognise the importance of
re-useability. Re-useability would cut cost, reduce the reliance
on availability by purchasing smaller quantities, which will also
reduce carbon impact by reducing burden on the supply chain.
As reported within previous works,2 10 and 20% gelatines have
been reported to be ‘1 shot’ items, however, data was gathered
from a maximum number of 4 shots per mould as part of this
study, showing promise in repeatability as opposed to reus-
ability. Additionally, Perma-Gel has been reported to be reus-
able, however concern has been raised around the number of
times Perma-Gel can be melted and recured without degrading
the materials performance.31 By contrast of elastic materials
Hartley's jelly was shown not to be reusable in its current
consistency.
es from the raw data set

Manufacture required? UK sourced? Re-useable?

No Yes Yes
Yes No No

© 2024 The Author(s). Published by the Royal Society of Chemistry
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Table 11 Direct rating – environmental

Table 12 Normalised weights – environmental

Attribute Original weights Normalised weights

Cost per mould 20 0.071
Manufacture required 30 0.107
UK sourced 50 0.179
Availability 80 0.286
Re-useable 100 0.357
Total 280 1
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In all instances where materials exhibited a plastic response,
they were able to be reused once the projectile and sabot frag-
mentation was extracted from the material, so long as material
conditioning requirements were adhered too.

Similar to performance, an environmental worst case mate-
rial was produced using the qualitative desktop assessment
data – Table 10 – environmental attributes assessed against best
and worst values from the raw data set. Following the same
procedure as completed for performance attributes, Table 11 –

direct rating – environmental was produced and the subsequent
direct rating and weighting of benets found in Table 12 –
Table 13 Weighting the benefits of materials tested – environmental

Material
Cost per mould
(0.071)

Availability
(0.286)

Manufactu
(0.107)

10% gelatine 70 100 0
20% gelatine 50 100 0
PermaGel 35 100 100
Jelly 100 100 0
RP1 0 0 100
Plastiline 30 0 100
Ballistic soap 50 100 0

© 2024 The Author(s). Published by the Royal Society of Chemistry
normalised weights – environmental and Table 13 – weighting
the benets of materials tested – environmental respectively.

As discussed previously, performance related metrics should
not be considered in isolation and the ever-stringent environ-
mental requirements placed on both Civilian and Defence
industries2 require materials to be continually assessed for
economic viability. In this instance, ballistic soap, PermaGel
and jelly ranked highest (respectively) within this assessment.

This result is interesting as ballistic soap scored 5th within
the performance assessment yet benets from being economi-
cally priced, readily available within UK and can be melted and
remoulded therefore enabling it to be reusable and limiting the
amount of waste produced. PermaGel by comparison was the
top scorer within the performance assessment and was calcu-
lated to be the 2nd highest scoring material within this
assessment. The ease of availability, consideration of reusability
and the lack of manufacturing required on customer sites
thereby reducing the risk of excessive water consumption and
increased waste produced by uncontrolled techniques and
discrepancies made during construction between researchers.
Although the material is not UK sourced and scored low in
comparison to the other materials when considering cost,
re required UK sourced
(0.179)

Re-useable
(0.357) Weighted TOT

0 0 33.57
0 0 32.15
0 100 77.485

100 0 53.6
0 100 46.4
0 100 48.53

100 100 85.75
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Table 14 Comparison of economic viability of Hartley's jelly and 10%
gelatine for a singular mould

Jelly packs used Jelly price 10% gelatine price Difference (%)

2.5 £2.00 £13.13 85
5 £4.00 £13.13 70
7.5 £6.00 £13.13 54
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environmentally friendly measures such as bulk ordering
within the same or paired universities can minimise the CO2

emissions produced by the supply chain.
Again, of interest is jelly, although negated from the

performance assessment, it has been considered here to assess
its economic viability and therefore assess whether material
development is worth pursuing. Scoring 3rd, jelly provides the
best value for money which when using the moulds within this
study provided an 85% saving when compared to 10% gelatine
for a single mould. 10% gelatine was chosen as the comparison
to jelly due to its less dense nature (when compared to 20%
gelatine) and the similar observations when examining cavita-
tion. Noting the issues surrounding consistency of the jelly,
when enhancing the material density by using additional jelly
mixture to the mould size used within this study, the following
savings (Table 14 – comparison of economic viability of Hart-
ley's jelly and 10% gelatine) were calculated using eqn (1) – Price
difference.

Price difference ¼ ðA� BÞ
A

(1)

where: A = 10% gelatine price (per mould); B = Hartley's jelly
price (per mould).

Although purchased from an off the shelf supermarket
retailer, no issues are predicted to be encountered if ordered in
bulk directly from the supplier within the UK. Although
manufacture is required on site, water consumption would be
minimised due to its ability to elastically recover in short time
durations allowing for numerous shots to be conducted on the
same mould.

From both the performance and environmental weighting
analysis that was conducted using the results gathered from the
raw data, we can see that Perma-Gel is the most advantageous
so tissue simulant when considering both performance and
environmental factors. The rankings for second and third place
spots become harder to analyse, however it is hypothesised that
foodstuffs gelatine would come second upon successful char-
acterisation of the material. Its clear economic benets make it
hard to disregard and post impact analysis show transparency
and cavitation more closely linked to 10% gelatine. Thirdly,
20% gelatine has excelled within the performance assessment
and whilst scoring lowest in the environmental weighting, is
similar to the 10% construct when price is concerned. The
marginal difference in economic value does not match the
difference in performance seen during this experiment and for
that reason is considered acceptable. Additionally, the 20%
gelatine has been demonstrated to be more suited to testing
598 | Environ. Sci.: Adv., 2024, 3, 585–602
NATO ammunition due to their unique construct70 which is of
more interest to the studies presented here due to the country of
research origin.

Although the weightings show materials with plastic
response perform less advantageous than those with higher
elasticity, this is subjective and based on the metrics chosen for
this study. There are clear environmental benets to these
materials and as evidenced in the discussion above, the differ-
ence in environmental benets for survivability assessment are
substantial compared to materials concerned with measuring
both temporary and permanent cavitation.

Both sets of material responses are still required for use
within survivability assessment and the variable under consid-
eration within this study is velocity. It is therefore proposed that
this study be repeated where velocity is a constant and the effect
on projectile diameter is explored. The results should be
compared with the discussion made within this chapter and
a full down selection criterion be made to further examine three
materials for the remainder of these works.
4 Conclusions

A literature review has revealed a paucity of information on the
economic and environmental impact when choosing materials
for use within survivability assessment. Specically, lack of
research into the sustainability of current materials, supply
chain impact and the wider economic trade-offs have le the
research community with gaps in the literature. Although many
refer to performance characteristics, lack of environmental
consideration during increasing worldwide awareness of both
environmental and sustainable measures leaves this eld of
research at risk of not complying to wider government
ambitions.

During this experimental series, seven commercially avail-
able materials have undergone both performance testing at
velocities ranging from 122 to 526 m s−1 and qualitative envi-
ronmental analysis. The results of which show that the raw data
output aligns to the performance-based swing weighting
method enacted for this study resulting in PermaGel, 20 and
10% gelatines respectively scoring higher than the other 5
materials placed under test. This was contradicted when an
environmental weighting was applied, resulting in ballistic
soap, PermaGel and foodstuffs gelatine ranking highest
respectively.

This work has shown that when environmental consider-
ations are included within the material viability assessment
made at the start of any research programme, careful consid-
eration should be given to the environmental impact produced
by the supply chain and a cost benet analysis undertaken to
provide economic value for money. Further work should be
conducted to further assess Perma-Gel and its applicability in
scenarios requiring high volumes of repeatable testing and the
viability of maturing the performance characteristics of food-
stuffs gelatine as an emerging contender to reduce the envi-
ronmental impact. These two materials should be developed by
using ballistic gelatine as a comparative baseline material
© 2024 The Author(s). Published by the Royal Society of Chemistry
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noting its proven applicability within the eld of survivability
assessment.
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Ballistic skin simulant, Forensic Sci. Int., 2005, 150(1), 63–
71, DOI: 10.1016/J.FORSCIINT.2004.06.039, accessed: 19
April 2023.

17 A. Papy, C. Robbe, N. Nsiampa, A. Oukara and J. Goffin,
Denition of a Standardized Skin Penetration Surrogate for
Blunt Impacts, 2012.

18 R. A. G. Hes, J. D. Painter and G. J. Appleby-Thomas, Optimal
skin simulant for ballistic testing, Forensic Sci. Int., 2023,
346, 111653, DOI: 10.1016/J.FORSCIINT.2023.111653,
accessed: 16 May 2023.

19 C. Bir, C. Andrecovich, M. DeMaio and P. J. Dougherty,
Evaluation of bone surrogates for indirect and direct
ballistic fractures, Forensic Sci. Int., 2016, 261, 1–7, DOI:
10.1016/J.FORSCIINT.2016.01.023, accessed: 19 April 2023.

20 B. J. Henwood and G. Appleby-Thomas, The suitability of
Synbone® as a tissue analogue in ballistic impacts, J.
Environ. Sci.: Adv., 2024, 3, 585–602 | 599

https://doi.org/10.1016/J.JMBBM.2017.10.012
https://doi.org/10.3390/APP12104954
https://doi.org/10.1016/J.IJIMPENG.2013.07.002
https://doi.org/10.1016/J.IJIMPENG.2013.07.002
https://www.vlebooks.com/Product/Index/592174?page=0
https://www.vlebooks.com/Product/Index/592174?page=0
https://doi.org/10.1016/J.JFLM.2015.05.019
https://digital.library.adelaide.edu.au/dspace/bitstream/2440/99527/2/02whole.pdf
https://digital.library.adelaide.edu.au/dspace/bitstream/2440/99527/2/02whole.pdf
https://web.archive.org/web/20071012202123/http://perma-gel.com/
https://web.archive.org/web/20071012202123/http://perma-gel.com/
https://doi.org/10.1007/s00414-015-1309-9
https://www.dpi-proceedings.com/index.php/ballistics/article/view/2267
https://www.dpi-proceedings.com/index.php/ballistics/article/view/2267
https://www.dpi-proceedings.com/index.php/ballistics/article/view/2267
https://doi.org/10.1016/J.FORSCIINT.2018.08.024
https://doi.org/10.1016/J.FORSCIINT.2018.08.024
https://doi.org/10.1016/J.FORSCIINT.2012.02.008
https://doi.org/10.1520/JFS12207J
https://doi.org/10.1080/00450618.2018.1450896
https://doi.org/10.1080/00450618.2018.1450896
https://doi.org/10.1136/JRAMC-2013-000070
https://doi.org/10.23907/2013.021/FORMAT/EPUB
https://doi.org/10.23907/2013.021/FORMAT/EPUB
https://doi.org/10.1016/J.FORSCIINT.2004.06.039
https://doi.org/10.1016/J.FORSCIINT.2023.111653
https://doi.org/10.1016/J.FORSCIINT.2016.01.023
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d3va00403a


Environmental Science: Advances Paper

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 2

2 
Fe

br
ua

ry
 2

02
4.

 D
ow

nl
oa

de
d 

on
 7

/3
1/

20
25

 7
:2

7:
27

 P
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n 

3.
0 

U
np

or
te

d 
L

ic
en

ce
.

View Article Online
Mater. Sci., 2020, 55(7), 3022–3033, DOI: 10.1007/S10853-
019-04231-Y/FIGURES/12, accessed: 19 April 2023.
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