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The use of finite element models for backface deformation and body 
armour design: a systematic review

Abd Alhamid R. Sarhana, Melanie Franklynb and Peter V. S. Leea 

aDepartment of Biomedical Engineering, University of Melbourne, Melbourne, VIC, Australia; bDefence Science and Technology Group 
(DSTG), Melbourne, VIC, Australia 

ABSTRACT 
While injuries sustained from body armour backface deformation (BFD) have not been well-docu
mented in military injury trauma registries, data from US law enforcement officers, animal tests 
and currently available data pertaining to military combatants has shown that BFD can not only 
cause minor injuries, but also result in serious trauma. However, the nature and severity of inju
ries sustained depends on a multitude of factors including the projectile type, the impact location 
and velocity, and the specific type of body armour worn. The difficulties involved in current 
measurement techniques for ballistic testing has led researchers to seek alternative techniques to 
evaluate the level of protection from body armour, such as the finite element (FE) method. In the 
current study, a systematic review of the open literature was undertaken using the Preferred 
Reporting Items for Systematic Reviews and Meta-Analyses methodology. The aim was to sum
marise the literature pertaining to the development and application of FE models to investigate 
body armour BFD and behind armour blunt trauma (BABT), and included FE models representing 
the projectile, clay-based mediums, ballistic gelatine and the human torso. Using the keywords 
‘behind armour�’, ‘ballistic blunt trauma’, ‘BABT’, ‘backface signature’, ‘backface deformation’, 
‘BFS’, ‘BFD’, ‘wound ballistic’, ‘ballistic impact testing’, ‘body armour’, ‘bullet proof vest’, ‘ballistic 
vest’, ‘Finite Element�’ and ‘FE’, an electronic database search of EBSCOhost, Google Scholar, 
ProQuest, Scopus, Standards, Web of Science and PubMed was conducted, and included peer- 
reviewed journal articles, review papers, research reports, conference papers, and MSc or PhD 
theses. While this research demonstrates the potential of FE analysis for recreating realistic blunt 
impact scenarios and enhancing the current understanding of BABT mechanisms, a common limi
tation in most studies is the lack of validation. Thus, in order to address this issue, it is proposed 
that injury predictions from FE models be correlated with trauma data from soldiers who have 
sustained BABT. Consequently, pressure and energy distributions within the organs can be used 
to interpret the effects of non-penetrating ballistic impacts on the human torso. Bridging the gap 
between simulation and real-world data is essential in order to validate FE models and enhance 
their utility in optimising body armour design and employing injury mitigation strategies.

ARTICLE HISTORY 
Received 28 July 2023 
Accepted 3 November 2023 

KEYWORDS 
Systematic review; finite 
element modelling; ballistic 
blunt impact; backface 
deformation; behind-armour 
blunt trauma   

1. Introduction

Body armour is employed in both civilian and mili
tary scenarios to prevent penetrating injuries from 
high-velocity projectiles. A critical aspect of body 
armour performance is its ability to withstand non- 
penetrating ballistic impacts, which can result in rapid 
displacement and deformation of the armour. This 
displacement generates a significant amount of energy 
that dissipates and propagates throughout the plate 
and underlying tissues, including energy transmission 
to organs not directly underneath the body armour 
(Lim, Shim, and Ng 2003; Dominiak and Stempie�n 

2012; Graham and Zhang 2019). The injuries sus
tained from the underlying blunt impact are known 
as behind armour blunt trauma (BABT) (Lewis 2005; 
Gilson et al. 2020), and may include skin contusions 
and penetrations (Chang 2001); rib fractures (Niu, 
Shen, and Stuhmiller 2007); sternal fractures (Talmy 
et al. 2023); and contusions to internal organs such as 
the lungs, kidneys, and spleen, and in rare cases, the 
heart (Rocksen et al. 2020; Eaton, McMahon, and 
Salzar 2022). At the impact location, the velocity of 
the armour deformation and the wall of the thorax 
rapidly increase to reach maximum values within a 
few hundred microseconds. This is followed by an 
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exponential decrease in velocity until the maximum 
BFD is achieved within a few milliseconds (Cronin 
2012). The shear stresses generated from the impact 
can result in tearing of tissues due to the inability of 
organs to withstand the high rate of loading from the 
impact event (Seng et al. 2021).

The nature, severity, and extent of injuries result
ing from BFD depend upon a multitude of factors, 
including the type and thickness of the body armour, 
the material layup, and factors relating to the impact 
itself such as the impact velocity, calibre of the pro
jectile, and the angle at which the projectile strikes 
the body armour (Tam, Dorn, and Gotts 2000). 
Despite there being no documented evidence for fatal
ities due to BFD in either military or civilian contexts 
(Carr, Horsfall, and Malbon 2016), data from US law 
enforcement officers, animal tests and military com
batant in-theatre data (i.e. data from areas of signifi
cant military events or operations) has shown that 
BFD can potentially result in injuries ranging from 
minor to serious trauma (Mauzac et al. 2012). For 
example, an analysis of 90 shots defeated by body 
armour to 71 US law enforcement officers demon
strated that the injuries ranged from minor (soft tis
sue wounds) to more severe trauma such as rib 
fractures, liver lacerations and lung contusions (Bir 
2000). Moreover, as body armour design continues to 
be developed and optimised, resulting in thinner, 
lighter, and more deformable armours, an increased 
risk from BFD may emerge (Bouamoul and L�evesque 
2007).

Over the past few decades, there has been an 
increasing interest in developing new experimental 
techniques to assess body armour (Liden et al. 1988; 
Cronin et al. 2001). In 1970s, the National Institute of 
Justice (NIJ) adopted the most widely referenced bal
listic standard, NIJ 44 mm BFD standard, which 
specifies the amount of BFD allowed in protective 
materials for five different types of protection classifi
cations (II-IV) (Merkle et al. 2008). The specification 
states that the residual BFD depth or backface signa
ture (BFS) in a clay medium cannot be greater than 
44 mm when a series of standard impacts on an 
armour plate strapped over Roma Plastilina No. 1 
clay (RP1 clay), mounted in a rigid box, are per
formed (Rahbek 2015). However, while the efficiency 
of body armour continues to be tested using the NIJ’s 
clay standard, it is widely acknowledged that the 
44 mm maximum assessment is, at best, inadequate, 
having never been correlated with human injuries. 
Furthermore, with only a pass/fail result, the standard 
provides no means for the design, assessment, and 
optimisation of body armour. It also is unknown how 

a maximal depth of 44 mm BFD into clay was initially 
translated into a torso response (Kim et al. 2022a). 
Moreover, the standard does not factor parameters 
such as BFD volume and area, the rate of body wall 
deflection, or the position of the impact on the plate, 
all of which are significant characteristics dictating 
the types of injuries sustained and overall level of 
trauma (Cannon 2001; Bass et al. 2006). A further 
limitation is that the NIJ’s clay standard was based on 
the compliance of soft tissues in the abdomen, 
whereas impacts to the thorax would respond differently 
because there is less soft-tissue coverage over the thorax 
than the abdomen, and thus the injury thresholds 
between the two body regions are likely to differ 
(Rahman 2013; Bustamante et al. 2019). Consequently, 
body armour may be overengineered, being heavier 
than required, leading to a weight burden on the sol
diers and a negative impact on mobility, manoeuvrabil
ity and performance. Lastly, the response of the backing 
material used in testing, RP1 clay, significantly differs 
from the behaviour of human tissues under ballistic 
impact (Bracq et al. 2019; Zochowski 2019; Batra and 
Pydah 2020; Bracq 2021).

The limitations inherent in the current ballistic 
clay-based standard have led researchers to explore 
alternative methods of assessment such as the FE 
(finite element) method, an advanced computational 
technique used in a range of applications to solve 
numerical problems in fields such as aerospace, auto
motive and civil engineering as well as impact bio
mechanics in order to simulate the behaviour of 
complex structures and materials under various 
impact conditions. In the context of body armour 
research, FE analysis can be an invaluable tool for 
modelling and analysing the response of armour 
materials, human tissues, and other relevant compo
nents when they subjected to ballistic and blunt 
impacts, including the effects of BFD.

Due to the continual increase in computational 
power over the last few decades, the FE method has 
become one of the most commonly used mathemat
ical approaches employed for understanding body 
armour BFD and the mechanical response of the 
human torso under ballistic impacts. In this context, 
FE analysis has numerous advantages over experimen
tal testing, including the capability to perform a large 
number of simulations in a relatively short time 
period, and the ability to obtain a better understand
ing of the mechanisms occurring during the BFD 
event (Hampton and Kleinberger 2018a). Advanced 
FE codes such as LS-DYNA, RADIOSS, NASTRAN, 
and ABAQUS have been widely used by researchers 
to simulate ballistic impacts on the human body, as 
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these sophisticated FE programs have the capability to 
handle complex material compositions, boundary con
ditions, and non-linearity. Of these programs, LS- 
DYNA has been most extensively used, most likely 
because of the large library of material models avail
able: LS-DYNA includes more than a hundred of 
material constitutive models and ten equations-of- 
state (EoS) which cover a wide range of material 
behaviour, from elastic to elastic-plastic and strain- 
rate-dependent materials. LS-DYNA also contains 
various contact-impact algorithms, such as surface-to- 
surface, node-to-surface, node-tied-to-surface, and 
surface-tied-to-surface, which allow difficult contact 
problems to be solved more readily (Rahman 2013).

While a number of studies over the past two decades 
have contributed to better understanding the relation
ship between BFD and the mechanical response of the 
human torso, body armour materials and design con
tinue to develop and evolve, resulting in lighter weight 
and more deformable plates, potentially increasing the 
risk and severity of injuries from BFD. Thus, it is crit
ical to ascertain the protective capabilities of new novel 
material layups and armour designs, and more specific
ally, the level of trauma they can mitigate. However, the 
tenuous relationship of the current BFD standard with 
injury combined with its other limiting factors limits its 
relevance and use in ballistic testing, body armour 
design and plate optimisation. Consequently, there is a 
need to establish the status of current research pertain
ing to the application of advanced computational mod
els in BFD and body armour design. Thus, in the 
current study, the pertinent characteristics of FE models 
used for ballistic simulations have been systematically 
reviewed, including numerical models representing: 1. 
projectiles; 2. clay and gelatine testing blocks and 3. the 
human torso. To ensure a precise understanding of the 
terminology employed throughout this study, the fol
lowing explicit definitions have been used: ’ballistic 
impact’ refers to high-velocity collisions typically associ
ated with projectiles, such as bullets or shrapnel. These 
impacts involve rapid motion and are characterized by 
their potential to penetrate or perforate materials. On 
the other hand, ’blunt impact’ refers to collisions or 
impacts involving objects or forces distributed over a 
broader surface area, rather than being sharp or 
pointed. Blunt impacts are often associated with injuries 
caused by forces applied over a larger region.

2. Methodology

In the current study, a systematic review was con
ducted in line with the Preferred Reporting Items for 

Systematic Reviews and Meta-Analyses (PRISMA) 
guidelines and methodology (Liberati et al. 2009; 
Scherer and Saldanha 2019; Page et al. 2021). The 
open literature was searched for published papers in 
English pertaining to the development or application 
of FE models to investigate torso BFD. The review 
included articles published between 1st January 1980 
and 1st December 2022 where the following electronic 
databases were queried: EBSCOhost, Google Scholar, 
ProQuest, Scopus, Standards, Web of Science, and 
PubMed. This search encompassed peer-reviewed 
journal articles, review papers, research reports, con
ference papers, MSc theses, and PhD theses. The key
words applied were ‘behind armour�’, ‘ballistic blunt 
trauma’, ‘BABT’, ‘backface signature’, ‘backface 
deformation’, ‘BFS’, ‘BFD’, ‘wound ballistic’, ‘Ballistic 
impact testing’, ‘body armour’, ‘bullet proof vest’, 
‘ballistic vest’, ‘Finite Element�’ and ‘FE’. The title, 
abstract, keywords, journal name, and year of publica
tion of the relevant papers were exported to an excel 
spreadsheet before initial screening of the titles and 
abstracts was performed by the authors. The full texts 
of the remaining papers were subsequently assessed 
based on the eligibility criteria, which were: (1) finite 
element models; (2) thorax region only; (3) investi
gated behind armour blunt trauma from ballistic 
impacts; (4) addressed the relationship between BFD 
and BABT and (5) written in English. The exclusion 
criteria were: (1) experimental studies; (2) research 
using analytical and statistical methods; (3) FE models 
used to study blunt trauma in automotive crashes and 
(4) published before 1980 (since FE models prior to 
that time were predominately preliminary or basic FE 
models). The reference section from any included 
studies was also searched in order to identify add
itional relevant papers which may have been missed.

3. Results

Although the search of the electronic databases 
retrieved 789 records, 338 publications were excluded 
due to duplications. To ensure the quality and rele
vance of the academic literature included in this 
review, the abstracts of the remaining records were 
subsequently checked in greater detail. Three hundred 
seventy-six of these publications were discarded 
because they did not meet the eligibility criteria. A 
further review of the 75 remaining papers revealed 
that three papers were not in English, consequently 
they were discarded, leaving 72 papers remaining. 
References from the included studies, which had also 
been checked, revealed no additional publications 
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meeting the inclusion criteria which had not already 
been identified in electronic search, thus there was a 
total of 72 papers for the systematic review. A flow
chart of the selection process is depicted in Figure 1.

Thus, the following sections outline studies where 
the FE method has been employed to simulate the 
mechanical responses from ballistic impacts to clay, 
gelatine, and the torso, where computational models 
are presented of the 3.1: Projectile; 3.2 Clay block; 
3.3. Gelatine block and 3.4 Human Torso. Clay (RP1 
clay) and gelatine (a mixture of 10% or 20% gelatine 
powder and water) were included as these backing 
materials have frequently been used as human body 
surrogates in ballistic testing.

3.1. Finite element models of projectiles

Table 1 provides a comprehensive overview of various 
projectile models which have been used in the litera
ture, specifically focusing on their geometries, masses, 
impact velocities, and the associated material models 
employed to simulate them. These projectile models 
have been used to either simulate an impact to the 
body armour directly, or to simulate a blunt impactor 

directly striking the torso, clay or gelatine in order to 
replicate armour BFD. This data can be of aid to 
researchers simulating ballistic impacts, providing 
crucial information on relevant parameters and char
acteristics of the projectiles commonly used in this 
context.

Obtaining the geometry for a specific projectile is 
relatively straightforward, however, as projectiles are 
manufactured using a range of materials which differ 
in their dynamic behaviour under impact, accurate 
material characterisation is critical to simulate the 
deformation of the projectile during the impact event. 
The material model employed depends on both the 
projectile type and the application. For example, it is 
common to treat a steel sphere as rigid object in 
order to reduce computational expense (Gad and Gao 
2020; Ye et al. 2022), which is a reasonable assump
tion as the stiffness of a steel sphere is several orders 
of magnitude greater than that of RP1 clay (Gad and 
Gao 2020). However, static material characteristics are 
often not sufficient to obtain valid results because the 
loading rates in a ballistic event are outside the range 
of quasi-static tests. Consequently, employing consti
tutive models that can account for the dynamic 

Figure 1. Flowchart of the study selection process.
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behaviour of the projectile improves the material 
response under operational loading conditions, par
ticularly at high velocities (Breeze et al. 2014; 
Ndompetelo 2016).

3.2. Finite element models of the clay block

RP1 clay is a homogeneous malleable synthetic clay, 
made from oils, waxes and minerals. Although it was 
originally used for artistic applications, for example, as a 
modelling clay for making sculptures, its soft plastic 
nature has led to its use in certain engineering applica
tions such as metal forming analysis. RP1 clay is cur
rently widely employed as backing material to replicate 
the human torso tissue in ballistic resistance testing of 
body armours, where it is used to evaluate the potential 
trauma sustained from a non-penetrating ballistic 
impact (Hernandez, Buchely, and Maranon 2015). Thus, 

ascertaining the characteristics and behaviour of this 
material is critical in order to understand body armour 
ballistic performance.

Unlike traditional clay, RP1 clay contains wax, 
which makes it extremely malleable and reusable. As 
ascertained by a number of researchers, such as Gad 
and Gao (2020), RP1 clay cannot be well described 
with simple constitutive models, as it exhibits both 
elastic and plastic behaviour, thus the mechanical 
properties vary with temperature, age, shear history, 
and loading rate. Consequently, at present, there is no 
agreement on material properties of RP1 clay which 
can be readily used for FE analysis (Roberts et al. 
2007). To overcome this issue, several approaches 
have been applied to fit experimental data to existing 
material models. For example, Roberts et al. (2007) 
empirically calculated the non-linear properties of the 
clay using (quasi-static) drop tests, then used 

Table 1. A summary of physical and geometrical properties of projectiles which have previously been modelled using FE 
analysis.

Projectile Size
Projectile  

Type Refs Mass Velocity

Material  
Model  
Name Material Model Properties

Impact  
Type#

D¼ 9 mm Luger Zochowski (2019) 7.45 g 50 – 150 m/sec �MAT_107 � Adiabatic heating included in 
the material formulation. 

� Model cannot be used in 
mechanical analysis where 
temperature is prescribed 
using �LOAD_THERMAL 

Ballistic

FMJ Shen et al. (2010) 8.04 g 452 m/sec �MAT_003 � This model is suited for 
modelling isotropic and 
kinematic hardening 
plasticity. 

� Very cost effective model 

Ballistic

Bullet Roberts, O’Connor,  
and Ward (2005)

8 g 360 – 425 m/sec �MAT_003 � Model is suited for modelling 
isotropic and kinematic 
hardening plasticity. 

� Very cost effective model 

Ballistic

D¼ 7.62 mm PS Zochowski (2019) 7.9 g 50 – 150 m/sec �MAT_107 � Adiabatic heating was 
included in the material 
formulation. 

� Model cannot be used in 
mechanical analysis where 
temperature is prescribed 
using �LOAD_THERMAL. 

Ballistic

D¼ 12.7 mm FSP Chan (2021) 13.14 g 300–600 m/s �MAT_020 � Optional global and local 
constraints on the mass 
centre can be defined 

Ballistic

D¼ 20 mm Nguyen et al. (2016) 53.7 g 365, 615, 911,  
1410 and 1966 m/s

�MAT_015 � Model requires the use of the 
shock formulation of the Mie- 
Gr€uneisen EoS 

Ballistic

D¼ 37 mm 
L¼ 100 mm

PVC Ndompetelo (2016) 140 g 20, 40, 60 m/sec �MAT_001 � Isotropic elastic material Blunt BFD

D¼ 20 mm Cylindrical silicone Ng and Niu (2018) 50 g 40 m/sec �MAT_007 � The simplified model can be 
used with beam elements. 

Blunt BFD

D¼ 152.4 mm Cylindrical steel Hampton and  
Kleinberger (2018b)

22.9 − 23.6 kg 6.7 − 7.4 m/sec �MAT_001 � Isotropic elastic material Blunt BFD

D¼Diameter of projectile; L¼ Length of the projectile.
FMJ: Full Metal Jacket.
PS: P�ulya so Stal’n�ym serd�echnikom - Bullet with a Steel core.
FSP: Fragment Simulating Projectile.
PVC: Polyvinyl Chloride.
Ballistic impact: A ballistic projectile impacting body armour directly; Blunt BFD: Blunt impactor directly striking the torso, or clay, or gelatine to simulate 
armour BFD.
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numerical simulations to adjust the material proper
ties of the clay until the FE model deformations 
matched the deformations measured experimentally. 
Shen et al. (2010) employed a combined experimental 
and modelling approach to quantify the deformation 
and energy transmission from ballistic impacts by 
comparing armour responses on gelatine or clay sur
rogate targets with those on a human torso FE model, 
where the material parameters used in the numerical 
model were selected to best fit model calculations to 
the test measurements.

Hernandez et al. (2012) proposed a mechanical 
characterisation method based on an inverse problem 
solved through an optimization procedure. In this 
method, the input data for the model was obtained 
from the penetration profile (i.e. the depth of cavity 
in the clay) of a steel sphere over time obtained from 
drop test experiments. The optimization process was 
employed to minimize the difference between the 
measured experimental data and the data computed 
by a reference model. The reference model is a finite 
element representation of the experimental test, and 
geometric moments are used for data reduction. The 
outcome of this process was the optimal set of mater
ial parameters, representing the material’s behaviour 
under high strain rate conditions. This method pro
vides a comprehensive approach to accurately charac
terise materials under dynamic loading conditions, 

thus contributing valuable insights for various appli
cations in materials science, impact analysis, and 
structural engineering. An overview of the method is 
depicted in Figure 2.

Kim et al. (2022a) used an inverse tracking method 
to determine the appropriate physical parameters that 
can capture the high-strain-rate behaviour of RP1 clay 
under impact without the need for any independent 
mechanical tests. The first step in this technique was 
to develop an FE model to predict the behaviour of 
RP1 clay under a number of different impact condi
tions in order to obtain the necessary training datasets 
(i.e. large datasets to teach the prediction model to 
extract the required information). Then, based on the 
on the results obtained from the numerical simula
tions, an Artificial Neural Network model was 
designed. The model was subsequently used to predict 
the response of the RP1 clay under various impact 
conditions, and an inverse tracking method was 
applied to select the optimal material parameters. 
Lastly, these optimal material parameters were input 
into the FE model for verification.

Gad and Gao (2020) employed a Johnson–Cook (J- 
C) material model in conjunction with a new consti
tutive model to computationally simulate the mechan
ical responses of RP1 clay from projectile impacts. 
The effects of strain rate and temperature were incor
porated into both models to describe the plastic 

Figure 2. Inverse method for material characterisation from drop testing (Hernandez et al. 2012).
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deformation of RP1 clay. While the J-C model was 
obtained directly from the LS-DYNA library, a user- 
defined function was implemented in LS-DYNA for 
the new constitutive model. Kim et al. (2022b) used a 
different approach, employing a numerical model in 
conjunction with an empirical technique to under
stand the behaviour of RP1 clay under various impact 
conditions. The authors performed multiple drop tests 
with various configurations of indenter diameter, 
mass, and impact height in order to ascertain an 
empirical relationship between these parameters. A 
deep neural network prediction method was used to 
determine the physical input parameters related to the 
material model, and the application of this method 
led to improved accuracy of the numerical model.

Table 2 summarises the studies where different 
material models have been used to model RP1 clay. 
While there has been a range of material models 
employed to simulate the behaviour of RP1 clay, most 
of these were pre-existing models in the software 
Library, where the material properties only need to be 
entered to obtain the required output. While this has 
the obvious advantage of being easy to implement as 
the models can be directly extracted from LS-DYNA, 
these models do not fully represent the complexity of 
RP1 clay behaviour. This was demonstrated by Gad 
and Gao (2020), who compared the standard J-C 
model with a modified model, the New Constitutive 
Model (NCM). Gad and Gao (2020) found that while 
the standard J-C model could not fully capture the 
complex behaviour of RP1 clay, especially under con
ditions involving high strain rates and high tempera
tures, the NCM enabled a more customised and 
accurate representation of RP1 clay behaviour but had 
the limitation of requiring a complex user-defined 
algorithm to be developed and implemented. 
Similarly, the empirical approach employed by Kim 
et al. (2022a), which incorporates drop tests and deep 
neural network predictions, also enhances model 
accuracy by considering a wide range of impact con
ditions; however, it requires a considerable amount 
experimental data for training the prediction model.

In the models which have been presented in the 
literature, the most frequent boundary condition (BC) 
employed for the clay block was to constrain the 
translational and rotational motion of nodes at the 
walls and base of the block in order to prevent 
motion of the clay during the impact, which is a rea
sonable assumption as the clay block is then consid
ered to be rigid. However, for models where the 
projectile, clay and body armour have been combined, 
symmetry is the most commonly-used boundary 

condition (BC) adopted, as it reduces the number of 
elements required for the model, thus saving compu
tational time. Nevertheless, the symmetry BC involves 
reducing the whole structure to one-half or one-quar
ter of the full model geometry; thus, while this 
assumption is reasonable for the clay block, the sym
metry BC means the model no longer represents the 
non-linear orthotropic behaviour exhibited by body 
armour. Consequently, for simulations involving the 
body armour, it is important to represent the whole 
impact area, and not reduce the model geometry in 
favour of computational time.

From the data in Table 2, it is apparent that most 
models have been validated using drop tests rather 
than higher-rate ballistic impacts. To simulate drop 
testing, most researchers have applied an initial vel
ocity equivalent to that which would be reached after 
the ball or impactor has dropped a specific height; 
however, a gravitational load has also been occasion
ally included (Zochowski 2019; Chan 2021). Thus, it 
is apparent that in future research, one primary focus 
should be on model validation in order to improve 
the accuracy of RP1 clay simulations, particularly 
under high-rate ballistic impacts. This could involve 
designing experimental configurations that closely 
mimic real-world scenarios to ensure that the models 
accurately represent physical conditions. Additionally, 
the accuracy of these models can be enhanced by 
refining the characterisation of RP1 clay’s material 
properties, accounting for variations in factors such as 
temperature and strain rate. Exploring advanced 
material models or hybrid approaches that amalgam
ate empirical data with physics-based models holds 
promise for achieving a more accurate representation 
of RP1 clay behaviour. Furthermore, considering 
more sophisticated boundary conditions that factor in 
non-linear orthotropic behaviour, especially in body 
armour simulations, has the potential to enhance the 
accuracy of FE models, providing a comprehensive 
foundation for future research in this domain. 
Additional details regarding some of the more com
plex methods can be found in Table 2.

3.3. Finite element models of the gelatine block

Ballistic gelatine, a mix of water and gelatine powder, 
has been widely used as a simulant for soft tissues in 
high-speed impact and penetration testing (Bodo 
et al. 2017; Bracq et al. 2017, 2018a, 2018b, 2019). By 
varying the concentration of the gelatine powder 
(10% or 20%), the density and mechanical properties 
of the test substance can be tailored to model various 
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types of tissues, such as the brain and muscles 
(Cronin 2015; Cronin et al. 2018, 2021). Gelatine was 
initially employed in ballistic test standards as backing 
material, however, due to its high cost and the need 
to use high-speed imaging to track the deformation, 
clay was found to be a more affordable option with 
similar measurable post-test maximum BFD to gel
atine (Cronin et al. 2001; Bustamante et al. 2019). 
Compared to clay, one major advantage of using bal
listic gelatine is that the deformation profile can be 
expressed as a function of time; consequently, the 
speed at which the maximum depth is attained can be 
established, and the development of the BFD shape 
over time can also be ascertained (Cronin 2006, 
2012).

The main limitation of gelatine is its high tempera
ture sensitivity; therefore, it has to be cooled and then 
stored at a low temperature (about 4 �C) to avoid 
deterioration. It also has the further disadvantage of 
not being reusable (Wen et al. 2013; Gilson et al. 
2020). However, a number of researchers have 
recently started using new synthetic ballistic gelatines, 
which not only have a much longer shelf life than 
traditional gelatines, but do not undergo mechanical 
property degradation (Bodo et al. 2017; Bracq et al. 
2018; Roth 2020).

As demonstrated in Table 3, which presents a sum
mary of studies containing numerical models of bal
listic gelatine which have been used to analyse BFD 
and BABT, software packages such as LS-DYNA, 
ABAQUS and RADIOSS have been employed to 
model the response of this substance. For most of 
these models, gelatine has been treated as a homoge
neous isotropic elastic-plastic material. For instance, 
Zochowski (2019) applied the Elastic-Plastic- 
Hydrodynamic (�Mat_010) model available in LS- 
DYNA to simulate a gelatine calibration test and the 
penetration impact of 7.62� 39 mm PS (P�ulya so 
Stal’n�ym serd�echnikom - i.e. bullet with a steal core) 
projectile on a gelatine block. Adopting this model, 
which requires the use of the equation-of-state 
(�EOS), enabled an elastic-plastic hydrodynamic 
material with pressure dependant yield behaviour to 
be modelled. Wen et al. (2013), who also conducted 
simulations with a 7.62 mm PS projectile and an elas
tic-plastic material model for gelatine, found that 
there are two waves travelling in gelatine behind the 
armour: an initial compression wave resulting from 
the shock generated from the impact of the projectile 
on the armour, and a secondary distortion wave pro
duced by the deformation and displacement of the 
armour. Another example where a homogeneous Ta
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isotropic elastic-plastic gelatine material model was 
employed is described in the study by Ye et al. 
(2022), who developed an FE model to simulate 
experimental observations of the penetration dynam
ics of ballistic gelatine. Using spherical steel projectiles 
of varying diameters impacting the gelatine at differ
ent incident velocities, the simulation involved track
ing the displacements, velocities, and stresses of the 
projectiles within the gelatine as a function of time. 
The results demonstrated that there was a power-law 
relationship between the kinetic energy of the projec
tiles and the maximum penetration at high incident 
velocities, but not at intermediate and low velocities.

Other homogeneous isotropic elastic-plastic gel
atine material models include those developed by 
Choudhury et al. (2022) and Gilson et al. (2020). 
Choudhury et al. (2022) used gelatine to represent the 
torso, using both an analytical methods and FE ana
lysis to simulate three different cases of a projectile 
impacting body armour shielding the gelatine block, 
where the body armour had: 1) no backing material, 
2) a rubber backing material and 3) an air gap. 
Calculating the Viscous Criteria (VC max) and the 
Stored Energy Criteria (SEC) criteria from the gel
atine in order to predict BABT, the authors found 
that both a rubber backing, or an air gap, can signifi
cantly mitigate BABT compared to impacts where no 
backing or gap is used, with rubber backings showing 
superior performance to air gaps due to higher energy 
absorption and greater injury mitigation.

Gilson et al. (2020) employed both experimental 
and numerical approaches to investigate the non-pen
etrating ballistic response of gelatine blocks shielded 
by a composite plate. The experimental tests involved 
using pressure gauges to record the transient pres
sures and a high-speed camera to capture the transi
ent BFD profiles, while the numerical analysis was 
comprised of developing an FE model to assess the 
front face deformation of the gelatine blocks, the 
pressure wave amplitude, and duration of the pressure 
wave. The authors found the presence of pressure 
waves propagating after the ballistic impact, where the 
pattern of pressure waves was influenced by a number 
of factors, such as the type of projectile used.

Alternative approaches to model gelatine include 
the new constitutive law model presented by Shen 
and colleagues (Shen, Taddei, and Roth 2022), which 
requires a complex user-defined function to be added 
to software package rather than the use of a pre-exist
ing material algorithm from the software package 
library. For example, in this particular instance, Shen, 
Taddei, and Roth (2022) proposed an elasto- 

hydrodynamic constitutive law to describe the mech
anical behaviour of synthetic polymer SEBS gel, and 
the material model was then implemented into an 
explicit non-linear FE software package to simulate 
various loading conditions. The numerical results 
revealed that the strain-rate-dependence effect in 
SEBS gel is significant, especially at high strain rates. 
Bracq et al. (2020) developed a visco-hyperelastic gel
atine model, validating it at ballistic test conditions, 
in order to use the BFD data from their gelatine 
model as the input to the HUBYX torso model, which 
was developed by another group.

As in the case of RP1 clay, the most common BC 
which has been used for numerical models of ballistic 
gelatine is symmetry. Unlike body armour, which 
exhibits orthotropic behaviour, ballistic gelatine is 
similar to clay in that reducing the model geometry 
due to a symmetry BC is a reasonable approach as 
gelatine can be regarded as isotropic in behaviour.

Unlike clay-based computational models which 
have been predominately validated using lower-speed 
drop tests, FE models of gelatine have been exten
sively validated under high-speed ballistic impact con
ditions. With the exception of the model by Shen, 
Taddei, and Roth (2022), all the models described in 
Table 3 have been validated by simulating ballistic 
experiments of a projectile impacting body armour 
placed over a gelatine block. Shen and colleagues con
ducted an alternative validation method by simulating 
experimental tests of a blunt cylindrical impactor 
striking the gelatine block at impact velocities 
intended to replicate blunt impact BFD experienced 
by the torso. The difference in validation methods 
between clay and gelatine FE models highlights the 
broader range of scenarios and wider range of appli
cations gelatine models are suitable for, as they have 
been tested under more dynamic real-world condi
tions than clay-based models.

3.4. Finite element models of the human torso

Assessing and predicting the effects of BFD on the 
human body as result of non-penetrating projectile 
impacts into armour is highly challenging, as experi
mental testing on living humans is limited to specific 
scenarios and impact velocities, for example, volun
teers cannot be tested at an impact velocity which will 
result in injuries. Alternatively, ballistic testing can be 
performed on cadavers or living animals (Ndompetelo 
2016; Gilson et al. 2021), but each of these methods 
also have a number of disadvantages. For example, 
while cadavers have the same anatomical structure 
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and mass distribution of a living human, they are 
unable to replicate the resulting physiological cascade 
from an impact over time; thus, their use is limited to 
evaluating the injuries sustained from the acute trau
matic event. Furthermore, they cannot simulate the 
dynamic muscle responses of living subjects, and do 
not fully reproduce the response of living tissues due 
to early post-mortem changes such as primary muscle 
relaxation and loss of skin elasticity (Shedge et al. 
2023), both of which can alter energy transfer through 
the tissues. Lastly, the complex kinematics which liv
ing humans are subjected to during an impact cannot 
be fully re-created with cadaveric subjects, a factor 
which may affect the severity of trauma sustained.

There are also significant limitations with animals 
as an experimental subject. For example, while the 
physiological responses from trauma can be moni
tored in living animals under anaesthesia, the results 
from these experiments are difficult to scale to 
humans due to differences in physiology and anat
omy. A further disadvantage of both cadavers and liv
ing animals is that testing with these surrogates is 
neither repeatable nor reproducible. Thus, biofidelic 
numerical techniques are an alternative method to 
study BABT, and while there have been a growing 
number of human torso models developed over the 
last few decades (Table 4), most of these have been 
for blunt impact (i.e. automotive-based models used 
for military scenarios), with only a few models devel
oped exclusively for ballistic BFD applications.

Civilian-based models used for military studies
One of the simplest torso FE models available in the 
literature, the Mechanical THOrax for Trauma 
Assessment (MTHOTA), was developed to emulate 
the thorax model developed by Wayne State 
University. Comprised of a series of collapsible alu
minium corrugations separated by a series of metal 
panels, the entire structure is sandwiched between 
two external plates: a base plate and an impact plate 
(MurthyThota, Eepaarachchi, and Lau 2012; Thota, 
Epaarachchi, and Lau 2014a, 2014b). The model was 
validated with the thoracic force – time response 
from a 50th percentile male Hybrid III anthropo
morphic test device (ATD) under high speed (50– 
100 m/s) low mass (27.3-gram, 40 mm projectile) 
impact conditions using Bir’s (Bir 2000) biomechan
ical corridors and projectiles. However, it is worth 
noting that the model’s reliance on a non-manufac
turable corrugated aluminium sheeting and its limited 
validation for specific parameters, such as a minimal 
number of loading conditions, may raise concerns 

about its applicability to a wider range of real-world 
thoracic injury scenarios.

Slightly more detailed than the MTHOTA, 
Bouamoul and L�evesque’s simplified three-dimen
sional human torso model (Bouamoul and L�evesque 
2007), which was denoted the ‘Waterloo Model’, con
tains a number of internal chest organs, including the 
heart and lungs, encased by a skeletal ribcage struc
ture. Simulations were performed impacting the 
model with non-compressible polyvinyl chloride cyl
inders 37 mm in diameter, which were either 28.5 mm 
or 100 mm long. The predicted results of the chest 
dynamic deflection, the dynamic force applied on the 
chest and the force applied on the chest as a function 
of chest deflection were compared the results of bal
listic blunt impact experiments on cadavers from Bir 
(2000). While there was some agreement between the 
model and experimental results, in the model, the 
deflection peak was earlier, and was lower in magni
tude, than the experimental data. However, it is 
important to note that this model, like the MTHOTA, 
contains limitations, including discrepancies in repli
cating the exact timing and magnitude of thoracic 
deflection observed in experiments, and potential 
oversimplification of geometry and material proper
ties, both factors of which may restrict its broader 
applicability to real-world scenarios.

Another simplified model, the Surrogate Human 
Thorax Impact Model (SHTIM), was proposed by 
Ndompetelo (2016) as part of PhD project. The 
model has been employed as a tool for injury risk 
assessment of non-penetrating thoracic impacts due 
to non-lethal projectiles, and rather than being based 
on standard 50th percentile male anthropometry, it 
contains approximate representations of the thorax’s 
principal organs. The model comprises the thoracic 
skeletal structure (sternum, vertebrae, and 12 pairs of 
ribs), the heart, the lungs, the costal cartilages, inter
costal muscles, the fatty tissues, and the skin. Several 
simplifications were made to reduce the computa
tional time and the complexity of the model, for 
example, the diaphragm was not included, while voids 
between organs in the thoracic cavity such as fluid, 
blood vessels and other internal tissues were not fac
tored. In addition, the ribs were modelled with a con
stant cross-sectional area rather than actual rib 
anatomy, where each rib has a varying cross-sectional 
area along its curvature. While this model remains an 
invaluable tool for assessing injury risk from non- 
lethal projectiles, it is important to recognise that the 
simplifications discussed above, including the exclu
sion of some internal structures, reduce the 
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anatomical biofidelity of the model. While this offers 
a practical benefit in terms of enhanced computa
tional efficiency, reducing the complexity of the 
model potentially affects its accuracy when simulating 
intricate thoracic responses to impact, potentially con
straining its broader applicability.

More advanced civilian-based models have been 
developed using CT scans of human subjects to 
obtain detailed geometrical data, and include the 
main thoracic and abdominal organs such as the 
heart, lungs, kidneys, and liver enclosed by a skeleton. 
For example, using the 3D-DOCTOR software to 
reconstruct the raw anatomies of the rib cage and soft 
organs from CT images of a human subject, Shen 
et al. (2008) developed a detailed 50th percentile 
human thorax and abdominal model containing 
approximately 77,000 nodes, 3,000 beam elements, 
18,000 shell elements, 47,000 solid elements, and 
450,000 total DOFs. Denoted the Advanced Total 
Body Model (ATBM) and validated against historical 
frontal and side-impact cadaveric tests from the litera
ture, the model was then used to predict a variety of 
injuries such as rib fractures, lung contusions, pneu
mothoraces, heart lesions, and skin penetrations. The 
model showed significant progress and promise in 
predicting thoracic responses to high-speed blunt 
impact, which can have applications in understanding 
and preventing trauma. Nevertheless, it had some lim
itations related to accurately quantifying soft tissue 
injuries, primarily due to the limited number of soft 
tissue injuries sustained by the cadavers in the experi
mental tests.

The ATBM, developed by Ng and Niu (2018) was 
designed to predict torso responses from blunt 
impacts, including motion, stresses, and strains of the 
thorax region. Somewhat confusingly, the model was 
denoted the same name and abbreviation as the ear
lier torso model created by Shen et al. (2008), having 
been developed at the same organisation as the previ
ous model. The geometry of the Ng and Niu (2018) 
model was derived from the Zygote anatomical 
model, developed by the Zygote Media Group Inc., 
which is assumed to be representative of a 50th per
centile civilian male. The model contains tissue 
(bones, organs, and flesh i.e. muscle and skin), and 
was discretised at the organ level using HyperMesh, 
containing a total of 129 parts, 6,971,258 solid ele
ments, 6,765,273 shell elements, 3,222 beam elements 
and 1,269,774 nodes. The ATBM was assigned tissue 
material properties from the literature and validated 
using cadaveric tests from the Medical College of 
Wisconsin (MCW). In the MCW experiments, which 

were performed in 2017, the weights of the subjects 
ranged from 50 to 75 kg, and projectiles from 62.6 
and 72.9 grams were fired at the cadavers at impact 
speeds ranging from 67.3 to 86.4 m/s. For the valid
ation, the torso FE model was scaled to match the 
mass of the cadavers. The force-time histories for 
impacts to the intestine, stomach, and kidney 
obtained from the FE model were compared to the 
test data, where Ng and Niu (2018) found a good cor
relation between the simulations and the experiments. 
The ATBM was able to predict both gross and micro- 
level dynamic responses of a 50th percentile male’s 
torso during high-speed non-lethal weapon (NLW) 
impacts, where the responses were used to predict 
organ injuries within the torso region. Thus, the 
model represents a significant step forward in accur
ately predicting torso responses to blunt impacts and 
provides valuable insights for injury mitigation strat
egies. However, while the model could predict stresses 
and strains within the organs, the authors did not 
correlate these with injury potential. Additionally, it 
had a number of limitations, including the exclusion 
of certain anatomical elements, such as minor blood 
vessels and tendons.

The BABT-WALT (BABT-Waterloo Thorax) 
model, developed by Cronin et al. (2021), was initially 
designed for automotive impacts, but later extended 
into military applications. The model comprises a 
detailed thoracic cage, the musculature, and the main 
internal organs such as the heart and lungs; but does 
not include skin or blood vessels. The numerical 
accuracy of the model was enhanced from the initial 
automotive version by improving the costal cartilage 
properties, using a refined mesh at the impact loca
tions, and including wave-effects (Cronin 2006) as 
well as high-deformation-rate material properties (Bir, 
Viano, and King 2004). The failure criteria and the 
mechanical properties of the sternum and ribs were 
also improved in order to predict fracture initiation. 
While the BABT-WALT model was initially validated 
using automotive-rate cadaveric data (Bir, Viano, and 
King 2004; Campbell and Cronin 2014), additional 
validation of the model for BFD impacts was later 
performed using the Less Lethal Kinetic Weapons 
(LLKE) cadaveric database (Bir, Viano, and King 
2004), where the model was used to simulate BFD 
events (Cronin 2006; Cronin et al. 2021). The values 
predicted from the model matched BFD results 
observed for ballistic impacts at 20 and 40 m/s from 
the LLKE cases, but the BABT-WALT had a stiffer 
response for the 60 m/s impacts than the response 
from the cadaveric tests (Bir, Viano, and King 2004). 
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Nevertheless, the level of BFD validation for the 
model highlights its potential as an invaluable tool for 
evaluating the effect of BFD-induced blunt trauma, 
aligning well with the goals of understanding and 
mitigating BABT injuries. The latest version of 
BABT-WALT thorax model contains 402,068 solids 
hexahedral, 36,536 shell, and 930 beam elements, but 
is not commercially available.

The Human Torso Finite Element Model 
(HTFEM), another complex model, was developed in 
LSDYNA to simulate non-penetrating ballistics 
impacts to a 5th percentile male torso (Roberts, 
O’Connor, and Ward 2005, Roberts et al. 2007). 
Although the authors obtained a complete anatomical 
dataset of the human subject using the Viewpoint 
software; only the thorax was simulated in the 
HTFEM, with the torso skeletal system, complete 
torso musculoskeletal structure, skin, heart, respira
tory and digestive systems included in the model. The 
HTFEM model comprises 112,646 solid elements and 
4,590 4-noded membrane shell elements, where linear 
tetrahedral solid elements were employed to simulate 
skeletal structure, organs, and mediastinum, and the 
membrane elements were used for meshing the per
ipheral musculature and skin. In this model, the 
internal organs do not share nodes, but they transfer 
load through defined contact interfaces between the 
various components, thus allowing a slip boundary 
condition at the interface between the organs as well 
as between the organs and the skeletal structure. A 
low coefficient of friction (0.0003) was adopted 
between organs to enforce the slip condition for ele
ments. Two types of soft armour vests (NIJ level II 
and level IIIa KEVLARVR ) under different ballistic 
impact conditions were simulated, and the model was 
then used to predict the peak pressures and kinetic 
energy in the organs. This model has contributed sig
nificantly to the current understanding of thoracic 
responses to ballistic impact, offering a valuable tool 
for evaluating body armour design, injury mitigation, 
and injury mechanisms.

Using CT and MRI to obtain geometrical data, 
Tang et al. (2019) developed a detailed human torso 
model comprising multiple organs to predict the 
mechanical response (i.e. the distributions of stress 
and pressure) of the tissues under blunt ballistic pistol 
cartridge impacts. The model represents a male 
178 cm in height and weighing 70 kg, and includes 
the skeletal structure, skin, muscle, and internal 
organs of the torso. The skin was meshed with 23,251 
Belytschko-Tsay shell elements, while the internal 
organs, skeleton and muscle contained 1,766,341 

tetrahedral elements. The model was validated using 
experimental data of human chest responses to Luger 
ammunition (velocity ¼ 430 m/s) fired at Kevlar body 
armour which had a thickness of 10.82 mm (Roberts 
et al. 2007). Overall, this comprehensive torso model 
represents a valuable asset in advancing current 
knowledge of blunt trauma mechanisms and enhanc
ing the development of effective injury mitigation 
strategies for body armour applications.

While the models discussed above offer valuable 
insights into the dynamics of blunt trauma, they are 
not without limitations. Many of the simpler models, 
such as the MTHOTA and the Waterloo Model, 
exhibit discrepancies in replicating the exact timing 
and magnitude of thoracic deflections observed in 
experiments. Moreover, the geometric and material 
property oversimplifications in conjunction with not 
accounting for inter-individual variability in thoracic 
responses can limit their broader applicability to real- 
world scenarios and clinical contexts. Even more 
complex models like the SHTIM and HTFEM, while 
offering significant advancements in biofidelity, have 
limitations in anatomical detail, excluding some 
internal structures in order to prioritise computa
tional efficiency. Neverthelss, the more complex mod
els still require high computational demands; thus, 
this must be weighted against the need for more pre
cise anatomical detail and factors such as accurate 
material property characterisation before chosing a 
model for a specific application.

Additionally, it is important to acknowledge several 
limitations associated with these advanced models, 
particularly those developed using civilian anatomical 
data. For instance, both ATBM and the BABT-WALT 
model were developed using civilian anthropometry, 
and thus may not represent the body sizes and 
dimensions of military personnel. The variability in 
anthropometry between civilian and military popula
tions could introduce differences in injury predictions, 
and consequently injury mitigation strategies, poten
tially impacting the applicability of these models to 
military-specific scenarios. Thus, while these models 
have significantly advanced the current understanding 
of blunt trauma mechanics, the fact that they were 
developed from civilian data is an important consid
eration when translating their findings to military 
contexts.

Military-based models
The majority of FE models of the torso have been 
developed and validated for automotive impacts; thus, 
there are only a handful of FE models specifically 
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designed for military applications such as BFD. One 
of the least complex of these models, developed by 
the Military Institute of Armament Technology in 
Poland, is a whole-body FE model created from CT 
scans of a 30-year-old male with a height of 180 cm 
and weight of 80 kg to represent a military combatant 
(Zochowski 2019). Using Altair Hyperworks to gener
ate the geometry of organs and Hypermesh for dis
cretisation of the two-dimensional mesh, the model 
was then solved using LS-DYNA. It includes a com
plete skeletal structure, a detailed representation of all 
principal internal organs, soft tissues, the musculature, 
and the skin, with 200,000 8-noded solid elements, 
22,000 4-noded quadrilateral shell elements and 
approximately 162,000 Smoothed Particle 
Hydrodynamics (SPH) particles to represent the 
internal fluid. SPH particles were also used to fill the 
hollow organs as well as the cavities between the 
organs. Both trabecular and cortical bone were also 
represented. The model was validated against a series 
of cadaveric tests, including blunt impact frontal 
Kroell, Schneider, and Nahum (1971) and lateral 
Chung et al. (1999) pendulum tests, and lower mass, 
higher velocity impact experiments designed to repli
cate armour BFD (Cavanaugh et al. 1986; Bir 2000), 
where the authors were able to obtain reasonable cor
relations between their model and the experimental 
data. Thus, while the model has been subjected to a 
considerable amount of validation, its main drawback 
lies in its limited validation involving low-mass high- 
velocity projectiles designed to replicate armour BFD. 
Consequently, supplementing the validation, both 
with additional low-mass high-velocity projectile 
cadaveric tests and real-world impact data, would 
greatly strengthen this model.

The Hermaphrodite Universal Biomechanical YX 
model (HUBYX) (Roth et al. 2013), developed by a 
group of French researchers to predict injuries from 
ballistic impacts, blast events and BFD, was initially 
created from CT scans of the thorax/abdomen/pelvis 
systems from 12 subjects before the full geometries 
were reconstructed from the scans using Altair 
Hyperworks. The geometries were then compared 
with the data from the literature in order to select the 
anatomy which best represented a 50th percentile 
male, based on a NASA model of space module crew 
members. The final model included the skeletal sys
tem of the torso (vertebrae, intervertebral discs, ribs), 
the main internal organs of the human thorax (heart, 
lungs, kidneys, liver, spleen, stomach, intestines), the 
musculature, and the skin. The HUBYX model was 
created in Altair Hypermesh then solved using 

RADIOSS, and includes 233,000 SPH particles, 77,800 
4-nodes shell elements and 38,600 8-nodes brick ele
ments. The experimental data from Bir (2000) was 
used to validate the model in terms of deflection and 
force. The HUBYX has also been used in a study by 
Bracq et al. (2020), who developed their own gelatine 
FE model (mentioned earlier), then used the BFD 
data from their model to apply to the thorax of the 
HUBYX, correlating the energy from the gelatine 
model with the probability of rib fractures according 
to anthropometric data and impact locations. The 
numerical pressure values of the impacted lung were 
also computed, which can be related to lung contu
sions; however, there was insufficient data for the 
authors to establish an injury risk curve. In summary, 
the HUBYX model is valuable tool for studying rib 
dynamics and rib fractures, especially in high-velocity 
impact scenarios. Its level of validation makes it a 
promising model for biomechanical research. 
However, users should be aware of its sensitivity to 
material properties and the need for careful consider
ation of model parameters to ensure accurate results 
under specific types of impacts. The HUBYX is com
mercially available as part of Altair Hyperworks 
software.

The ARL torso FE model, another model specific
ally designed for ballistic applications, was developed 
by Hampton and Kleinberger (2018a, 2018b) and rep
resents a 21-year-old 50th percentile human male, 
where the geometrical data was derived from the 
Zygote anatomical model, developed by the Zygote 
Media Group Inc. The ARL model has a complex 
design where the bones, muscles, and skin were 
treated as separate components and meshed individu
ally using the ICEM CFD (ANSYS) meshing software 
before the meshes were connected using a combin
ation of contact definitions, 1D structural elements, 
and, where necessary, node merging. The entire ARL 
torso model has a mass of 30.7 kg and contains 271 
individually meshed components joined by beam ele
ments. A number of different material models were 
adopted in order to analyse material characterisations 
and parameters, then the model was validated in 
frontal impact at a velocity of 6.7056 m/s (Impactor 
dimensions: d¼ 152.4 mm and L¼ 152.4 mm). 
However, it is important to acknowledge certain limi
tations of the ARL torso FE model. While the model 
offers valuable insights into ballistic impact mecha
nisms, it may not accurately represent a broad range 
of thoracic and abdominal trauma scenarios as the 
model has only been validated for one impact vel
ocity. Consequently, the model needs further 
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validation and refinement in order to enhance its 
applicability to real-world military scenarios, includ
ing BABT. Additionally, its computational complexity 
and substantial resource requirements should be con
sidered when choosing it for specific applications. 
While the model was dedicated for the LS-DYNA 
software, it can be used on other FE platforms such 
as ParaDyn, Sierra, and ALE3D.

Human torso model summary. As demonstrated in 
Table 4, it is apparent that the majority of human 
torso FE models have been developed using civilian 
anthropometric data (Roberts, O’Connor, and Ward 
2005; Shen et al. 2008; Roth et al. 2013; Tang et al. 
2019), with only a few based on military anthropom
etry (Ng and Niu 2018; Hampton and Kleinberger 
2018b; Zochowski 2019). Furthermore, most models 
are based on 50th percentile (civilian or military) 
males, despite the fact that females differ to males, 
particularly in the thorax and abdominal body 
regions, not only in size, but also anthropometry and 
anatomy, with different organ positions and tissue 
mechanical properties (e.g. Burrowes et al. 2023). 
Consequently, females have a lower tolerance to 
injury than males, and a higher chance of sustaining 
severe injuries (Kimpara et al. 2005). Hence, current 
torso models do not address sex-specific differences 
in body armour performance and injury response, 
which are important considerations when applying 
them to female populations. Nevertheless, this high
lights the need to develop new models for other indi
viduals, or alternatively, create a straightforward 
scaling technique to adapt these models for females as 
well as subjects of different sizes.

A further challenge lies with material model devel
opment, as there are few known material properties 
for high strain rates, consequently, material models at 
somewhat lower (i.e. automotive) strain rates have 
often been used to analyse BFD scenarios. 
Furthermore, the current FE models used for simulat
ing thoracic injuries, including rib fractures, often 
lack an accurate representation of the contribution of 
intercostal muscles due to limited knowledge about 
the mechanical behaviour and fibre orientations of 
these muscles (Hamzah et al. 2013). Moreover, while 
there are both cadaveric and real-world data on 
armour BFD, for example, Weisenbach et al. (2018) 
and Bir (2015), this data is quite limited, and the 
majority of cadaveric tests or real-world impact data 
available for validation purposes pertain to automo
tive blunt impact scenarios for frontal, side and rear- 
impact crash events. Finally, to the best of the 

authors’ knowledge, except HUBYX model, which is 
available within Altair Hyperwork library, all other 
torso models discussed here are not commercially 
available.

One critical aspect deserving special attention is 
the integration of trauma registries into the research 
framework. By combining trauma registry data with 
radiological, clinical, and simulation-based findings, 
researchers can gain a more comprehensive under
standing of the effects of BFD on the human body 
and the resulting implications for body armour devel
opment. Trauma registries provide real-world valid
ation for FE models, improving model biofidelity by 
offering insights into injury severities, patterns of 
injury, and the overall distribution of trauma in the 
human torso; thus, they are a critical factor in body 
armour design. Moreover, trauma registries include 
diverse populations, thereby making them highly rele
vant in guiding body armour development for differ
ent military users. Combining real-world registry data 
with FE models can consequently provide unique 
insights into injury mechanisms, contributing towards 
the advancement of emerging body armour materials 
and torso plate design (Bir et al. 2017).

In the current systematic review, the PRISMA 
methodology and guidelines were strictly adhered to 
when searching for relevant publications on the use 
of FE models for BFD and body armour design, and 
as far as possible, the papers were reviewed in a crit
ical unbiased manner. Nevertheless, the study was not 
without limitations. For example, only publications in 
English were included in the current analysis, and it 
is possible that there are relevant papers on this topic 
published in other languages which may have contrib
uted further insights into FE analysis of body armour 
BFD. Furthermore, only papers published from 1980 
were reviewed; however, this was not considered to 
be a significant drawback as prior to this time, signifi
cant limitations in computational power rendered FE 
analysis to basic models representing physical phe
nomena. Additionally, unlike other disciplines such as 
civil engineering, prior to 1980, FE models and tech
niques in the newly emerging field of biomechanics, 
and more specifically impact biomechanics, were not 
particularly advanced.

4. Conclusions

A systematic review of the openly accessible literature 
was conducted using the Preferred Reporting Items 
for Systematic Reviews and Meta-Analyses method to 
investigate the use of the FE method as tool for 

COMPUTER METHODS IN BIOMECHANICS AND BIOMEDICAL ENGINEERING 139



predicting injury from armour BFD. In summary, the 
main conclusions are as follows:

� The review highlights the diversity of modelling 
approaches employed for studying BFD and 
BABT. In addition to FE analysis, other widely 
used techniques, such as clay-based models and 
gelatine models, have been instrumental in advanc
ing the current understanding of BFD 
mechanisms.

� Clay-based models, with their ability to simulate 
transient deformation behaviour, have provided 
valuable insights into the response of body armour 
materials to impact. Gelatine models, which repli
cate the human torso’s soft tissue characteristics, 
offer a practical means of evaluating potential 
injury risks.

� Clay and gelatine models have specific uses and 
implications for body armour development. Clay 
models are valuable for assessing material behav
iour and can be an important tool for optimising 
armour materials for enhanced protection. 
Gelatine models, owing to their biofidelity, are 
critical for evaluating injury potential and assessing 
body armour performance.

� Over the last few decades, although there has been 
a growing interest in BABT, only a few FE models 
have been exclusively developed for ballistic 
impacts and BFD.

� Further studies should involve refining and 
expanding these modelling techniques. This 
includes developing more comprehensive material 
property databases, refining anthropometric mod
els to represent diverse populations, and exploring 
emerging technologies for more accurate model 
predictions.

� One potential method to aid in validating torso FE 
models would be to correlate trauma registry data 
from combatants sustaining BABT, including both 
radiologic and clinical findings, with predictions 
from FE models.

� Future research should also focus on developing 
human torso FE models based on female anato
mies to address sex-specific differences in body 
armour performance and injury response. 
Additionally, FE models representing both males 
and females of different sizes are needed in order 
to capture anthropometrical variations in both the 
military and civilian populations.

� The findings from these models have significant 
implications for injury mitigation and protection, 
guiding the development of more effective and 

safer body armour solutions for both military and 
civilian applications.

� Acknowledging the limitations in the current state 
of research, this review highlights areas for 
improvement. Researchers should focus on con
tinuing to address challenges, such as the need for 
more accurate material properties for model 
development.
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