
journal of the mechanical behavior of biomedical materials 141 (2023) 105776

Available online 11 March 2023
1751-6161/© 2023 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).

The risk of fragment penetrating injury to the heart 

Hirotaka Tsukada a, Thuy-Tien N. Nguyen a, John Breeze a,b, Spyros D. Masouros a,* 

a Department of Bioengineering, Imperial College London, UK 
b Royal Centre for Defence Medicine, Queen Elizabeth Hospital Birmingham, UK   

A R T I C L E  I N F O   

Keywords: 
Secondary blast injury 
Penetrating injury 
Depth of penetration 
Survival analysis 
Injury-risk curve 
Lamb heart 

A B S T R A C T   

Injury due to the penetration of fragments into parts of the body has been the major cause of morbidity and 
mortality after an explosion. Penetrating injuries into the heart present very high mortality, yet the risk asso-
ciated with such injuries has not been quantified. Quantifying this risk is key in the design of personal protection 
and the design of infrastructure. 

This study is the first quantitative assessment of cardiac penetrating injuries from energised fragments. Typical 
fragments (5-mm sphere, 0.78-g right-circular cylinder and 1.1-g chisel-nosed cylinder) were accelerated to a 
range of target striking velocities using a bespoke gas-gun system and impacted ventricular and atrial walls of 
lamb hearts. The severity of injury was shown to not depend on location (ventricular or atrial wall). The striking 
velocity with 50% probability of critical injury (Abbreviated Injury Scale (AIS) 5 score) ranged between 31 and 
36 m/s across all 3 fragments used. These findings can help directly in reducing morbidity and mortality from 
explosive events as they can be implemented readily into models that aim to predict casualties in an explosive 
event, inform protocols for first responders, and improve design of infrastructure and personal protective 
equipment.   

1. Introduction 

Injury caused by energised fragments following an explosion – 
termed secondary blast injury – has been the most common cause of 
trauma in incidents where explosives have detonated (Edwards et al., 
2016; Magnus et al., 2018; Yasin et al., 2012). In terrorist bombings 
between 1970 and 2014, it has been documented that half of the blast 
injuries were caused by the secondary blast mechanism (Edwards et al., 
2016). Preformed metal fragments housed within explosive devices 
(Singh et al., 2016a) or those produced from the device casing have been 
estimated to be propelled with initial velocities of approximately 1800 
m/s, whilst velocities of up to 600 m/s when reaching a casualty have 
been suggested to be survivable (Bowen and Bellamy, 1988). 

Torso penetrating injuries due to energised fragments are common in 
civilian mass-casualty events (Peleg et al., 2004) or indeed for non 
military personnel in conflict zones due to no protective armour worn. 
All patients except one who had torso injuries sustained penetrating 
injuries in the Ankara bombing (Yazgan and Aksu, 2016) and 11 out of 
17 patients had abdominal penetrating injuries in Hadera bombings 
(Turégano-Fuentes et al., 2014). Torso penetration that reaches vital 
organs is associated with high mortality, but few experimental studies 

exist that correlate what has been seen clinically (Yasin et al., 2012; 
Turégano-Fuentes et al., 2014; Campbell et al., 1997). 

Penetrating cardiac injury is a highly lethal event; the mortality rate - 
including stab wounds, gunshot wounds and secondary blast injuries - 
has been estimated at 94% before arrival at hospital and 50% in 
admitted patients (Campbell et al., 1997). Energy loss of spherical 
projectiles through the porcine heart at striking velocities between 200 
and 900 m/s has been reported before (Humphrey et al., 2018a, 2018b), 
but it is unclear how these relate to the probability of human penetrating 
cardiac injury. 

Injury models for the penetration of energised fragments are used to 
inform the design of public infrastructure, the setting up of protocols for 
emergency response to mass casualty events, and in the design of per-
sonal protective equipment. Historically, the assumption in such models 
is that penetration anywhere near the heart is unsurvivable, which is an 
over-simplification. Newer models with higher fidelity incorporate in-
dividual anatomical structures, such as the heart, using geometries 
derived from CT scans. Quantitative assessment of cardiac injuries can 
be conducted using a clinical scoring system such as the Abbreviated 
injury scale (AIS), which is a clinical tool to classify injury severity. In 
the AIS, cardiac laceration without perforation and perforation through 
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the cardiac wall attain a score of 3 (serious) and 5 (critical), respectively 
(Gennarelli and Wodzin, 2008). 

This study aims to quantify the risk of a cardiac penetrating injury 
from a variety of relevant energised projectiles. Cardiac injury-risk 
curves were developed by accelerating fragments to a range of striking 
velocities upon fresh and freshly frozen lamb hearts. 

2. Materials and methods 

Fresh and fresh-frozen lamb hearts were chosen for this study as the 
material properties of the tissue and the thickness of the ventricular wall 
are similar to those of the human heart (Sommer et al., 2015; Foale et al., 
1987; Karimi et al., 2008; Javani et al., 2016). Fresh lamb hearts were 
obtained from a local abattoir at the time of slaughter. During transport, 
each sample was placed in a plastic bag filled with Dulbecco’s Modified 
Eagle Medium (DMEM) and stored in an insulated bag with ice. Upon 
arrival at the laboratory, each sample was stored in the refrigerator and 
kept at 4 ◦C in DMEM until testing. All fresh lamb hearts were tested 
within 48 h of slaughter to minimise degradation of the tissue. 
Fresh-frozen lamb hearts were also used in this study; these were thawed 
fully at room temperature prior to testing. 

A 32-mm bore gas-gun system was used to propel a fragment simu-
lating projectile (FSP) towards the target (Nguyen et al., 2019) (Fig. 1). 
Steel spheres, right-circular (RC) cylinders and chisel-nosed (CN) cyl-
inders were used (Singh et al., 2016b; Breeze et al., 2013a; NATO 
Standardization Office, 2015) (Table 1). The FSP was carried by the 
sabot and accelerated using compressed gas through the barrel of the 
gas-gun system. The FSP was detached from the sabot at the sabot 
stripper and impacted the sample. The striking velocity of the FSP was 
calculated from the footage of a high-speed camera (Phantom VEO 710, 
Vision Research, United States). 

The sample, whilst in a thin plastic bag, was clamped onto the 
mounting apparatus as shown in Fig. 1. The polycarbonate mounting 
apparatus had holes cut out at entrance and exit to allow the flight of the 
FSP through the tissue. To investigate the effect of the presence of a 
plastic bag, tests were performed on plastic bags filled at the bottom 
with 200 g of water, which was of similar mass to that of a lamb heart. 
The velocities of the 5-mm sphere before and after passing through the 
bag showed that the kinetic energy absorbed by the plastic bag was 
negligible for the tested range of striking velocities between 33 and 124 
m/s (Supplementary Table 1). 

The FSPs were shot into the left and right side of the two cardiac 
walls, at ventricular and atrial locations (Fig. 2a). The tests were clas-
sified as no penetration, penetration into (commensurate with an AIS 3 
injury), and perforation through the cardiac wall (commensurate with 
an AIS 5+ injury) (Fig. 2 b-d). To optimise the use of samples, when 
considerably shallow penetration or no penetration was observed, an 
additional FSP was shot into the intact tissue in the same region of the 
cardiac wall. DoP was measured using radiography (Fluoroscan InSight 
FD, Hologic Inc., United States). When the projectile perforated the 
cardiac wall and remained inside the sample (Fig. 2 d), a small steel 

marker was placed at the entrance of the penetrating wound, and the 
specimen was scanned on the top, side and front surface; DoP was 
calculated from the distances between the steel marker and the furthest 
end of the retained projectile obtained from the three orthogonal scans. 

In order to ascertain the effect of a freeze-thaw cycle and of impact 
locations on penetration behaviour, 5-mm spheres were shot into 
different locations of both fresh and frozen-thawed lamb hearts. The 
linear regressions of the DoP over striking velocities were compared 
using the statistical software SPSS (version 28, IBM, United States). An 
analysis of covariance (ANCOVA) was performed using the general 
linear model univariate procedure to obtain the p-values of their slopes 
and y-intercepts. 

Survival analysis was carried out using the statistical software NCSS 
(v11, NCSS, United States) to establish injury-risk curves representing 
the injury probability as a function of the striking velocity. Prior to the 
survival analysis, a best fit analysis was performed with all experimental 
data to determine the statistical model of the injury-risk curves based on 
maximum likelihood values. The normal distribution was identified as 
the most suitable model for the survival analysis. The corridor of the 
injury-risk curve was estimated using the 95% confidence interval (CI); 
when the 95% CI could not be calculated from the survival analysis due 
to no overlapping data points between striking velocities resulting in 
tissue perforation and not, the corridor was estimated with the standard 
deviation using the method suggested in the AEP-2920 NATO standard 
(NATO Standardization Office, 2015). To compare statistically tissue 
resistance to perforation between the different locations on the cardiac 
wall and between storage conditions, the striking velocities at 50% 
probability of perforation through the cardiac wall (V50) were used and 
the independent Student’s t-test was performed from the arithmetic 
mean according to the AEP-2920 NATO standard (NATO Standardiza-
tion Office, 2015). To ascertain whether injury-risk curves of all impact 
scenarios can be combined in each projectile group, the z-test was per-
formed on striking velocities in the range between 1% and 99% proba-
bility of an AIS 5+ injury. The parameters of the z-test such as 
population mean and 95% CI were obtained from the outcome of the 
survival analysis. 

3. Results 

Fifty-five lamb hearts were used to conduct 159, 56 and 53 impact 
tests using the 5-mm sphere, the 0.78-g-RC cylinder and the 1.1-g-CN 
cylinders, respectively (Table 2). The left and right of each cardiac 
wall were targeted in this test; the average thickness of each cardiac wall 

Fig. 1. (a) A schematic of the 32-mm bore gas-gun system and (b) a photograph of the mounting apparatus at the target chamber; the heart is placed in a plastic bag 
which is suspended with clips from a polycarbonate container. 

Table 1 
The mass and dimensions of the sphere, right-circular (RC) cylinder and chisel- 
nose (CN) cylinder.  

Shape Material Mass [g] Diameter [mm] Length [mm] 

Sphere Carbon steel 0.51 5 – 
RC cylinder Carbon steel 0.78 4.5 6.3 
CN cylinder Carbon steel 1.1 5.4 6.4  
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is shown in Table 3. 

3.1. Effect of storage and impact conditions 

Fig. 3 presents the V50 values of cardiac wall perforation using the 5- 
mm sphere shot into the left and right cardiac walls of the fresh samples. 
DoP as a function of the striking velocity was measured for the shots 
whereby the projectile perforated the cardiac wall and came to rest in-
side the heart (Supplementary Fig. 1). There were no significant dif-
ferences (p ≥ 0.05) between the two slopes, intercepts, and V50 values 
for left and right cardiac walls. 

Table 4 shows the comparison of the slopes of DoP over FSP-striking 
velocity and their y-intercepts using the 5-mm spheres for different lo-
cations (ventricle and atrium) and storage conditions (fresh and frozen- 
thawed). There were no significant differences between any pairs of data 
sets. 

Fig. 4 shows the injury-risk curves for an AIS 5+ injury for the 5-mm 
sphere between the fresh ventricle and fresh atrium; and the fresh and 
frozen-thawed sample for both impact locations. These striking veloc-
ities between 1% and 99% probability of an AIS 5+ injury were 
compared statistically. There were no significant differences (p ≥ 0.05) 
between these velocity values suggesting that there was no difference 
between the risk curves of the ventricular and atrial wall, and of the 
fresh and frozen-thawed sample. 

3.2. Overall ballistic response of cardiac tissue 

Fig. 5 shows the combined DoP of the overall ventricle and atrium 
impacts as a function of the striking velocity for each FSP. The slopes and 
y-intercepts obtained from tests on ventricular and on atrial walls had no 
statistical differences (p ≥ 0.05) for each FSP. Therefore, the linear 
regression of each graph was estimated from the combined data set of 
both impact locations. 

Fig. 6 shows the injury-risk curves for an AIS 5+ injury to the heart. 
The V50 values (mean ± standard deviation) were 36.1 ± 4.2 m/s for the 
5-mm sphere, 33.9 ± 4.8 m/s for the 0.78-g-RC cylinder, and 31.1 ± 3.9 
m/s for the 1.1-g-CN cylinder. Supplementary Fig. 2 shows the injury- 
risk curves of each cardiac wall. 

Fig. 2. (a) Section through the lamb heart denoting the locations of atrial and ventricular walls. Test outcomes were classified as: (b) no penetration, when the 
projectile bounces off the cardiac wall without causing damage; (c) penetration, when the projectile penetrates the cardiac wall but does not come out the other end 
or when it bounces off the wall causing a shallow wound; and (d) perforation, when the projectile penetrates into and escapes from the cardiac wall into the chamber. 

Table 2 
Number of impact tests conducted per storage condition, fragment used, and 
target location.  

Sample 
storage 

Projectile Number of tests 

Left 
ventricle 

Right 
ventricle 

Left 
atrium 

Right 
atrium 

Fresh Sphere 33 42 16 12 
Freeze and 

thaw 
Sphere 15 14 14 13 
RC 
cylinder 

13 14 13 16 

CN 
cylinder 

13 17 15 8 

RC: right-circular, CN: chisel-nosed. 

Table 3 
The thickness of ventricular and atrial walls (mean ± one standard deviation).  

Sample Thickness 

Ventricular wall [mm] Atrial wall [mm] 

Left Right Left Right 

Lamb heart 14.05 ± 2.94 8.50 ± 1.70 4.43 ± 1.98 2.91 ± 1.38 
Human heart 12.46 ± 3.84a 4 ± 1a – –  

a The thickness of the human ventricular wall was obtained from existing 
studies (Sommer et al., 2015; Foale et al., 1987). 

Fig. 3. V50 values for cardiac wall perforation by the 5-mm spheres impacting 
different locations of the fresh heart, with one standard deviation (error bars) as 
obtained from the method suggested in the AEP-2920 NATO standard 20. 

Table 4 
Tests of statistical significance under the two storage conditions using the 5-mm 
sphere projectiles; values show p-values for slope and y-intercept of linear 
regression, respectively, of the depth of penetration versus striking velocity 
graphs.  

Storage and impact location Fresh Freeze and thaw 

Ventricle Atrium Ventricle Atrium 

Fresh Ventricle  0.14/ 
0.28 

0.77/ 
0.58 

0.80/ 
0.44 

Atrium 0.14/ 
0.28  

0.66/ 
0.84 

0.52/ 
0.27 

Freeze and 
thaw 

Ventricle 0.77/ 
0.58 

0.66/ 
0.84  

0.98/ 
0.44 

Atrium 0.80/ 
0.44 

0.52/ 
0.27 

0.98/ 
0.44  

No significance p ≥ 0.05. 
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4. Discussion 

This study is the first to quantify the risk of penetrating injury into 
cardiac tissue using 3 types of FSP. Our results show that relatively low 
striking velocities can cause perforation through the cardiac wall 
commensurate with an injury which is likely to be critical; the V50 value 
of perforation through the cardiac wall into the chamber is approxi-
mately half that into the intercostal muscles against the 0.78 g RC cyl-
inder (33.9 vs. 66 m/s) (Nguyen et al., 2022). 

The retardation of the projectile was found to be similar when the 
projectile impacted ventricular or atrial walls (Supplementary Fig. 1 and 
Table 4). Even though the trajectory of the projectile post perforation 
was dependent on impact location, no significant differences were found 
in the slopes of DoP against striking velocity and their y-intercepts be-
tween all impact locations. These findings support that the data sets of 
both ventricle and atrium impacts, for both left and right sides, can be 
combined into a single linear regression (Fig. 5). Some projectiles stroke 
the atrium at the dense connective tissue of the cardiac valve adjacent to 
the atrial wall. This likely lead to the larger variances of the slopes of the 
DoP against striking velocity in the atrium impacts, compared to those in 
the ventricle impacts. The large variance in the DoP of a cylindrical 
projectile is likely due to the change of the projectile’s yaw angle post 

impact and subsequent tumbling during tissue penetration (Bellamy, 
1990) (supplementary video). 

Supplementary video related to this article can be found at https:// 
doi.org/10.1016/j.jmbbm.2023.105776 

Cardiac laceration with no perforation – classified as an AIS 3 injury 
(Gennarelli and Wodzin, 2008) – was seen infrequently in this study 
suggesting that it is an unlikely injury pattern to occur in this mecha-
nism. In the range of 1–99% probability of injury, the striking velocities 
for penetration into (AIS 3+) and perforation through the cardiac wall 
(AIS 5+) for the 5-mm sphere were not statistically different (z-test, p ≥
0.05) (Supplementary Fig. 3). This suggests that the projectile is highly 
likely to perforate the cardiac wall if it manages to cut through the 
surface. Similarly, despite the different thicknesses of ventricular and 
atrial walls (Table 3), there were no significant differences between the 
striking velocities at various risks of perforation through ventricular and 
atrial walls (Fig. 4). This suggests that resistance to perforation through 
the cardiac wall is similar irrespective of impact location. Therefore, it 
was possible to combine these data sets to establish a single injury-risk 
curve for each projectile regardless of the impact location. 

Some studies report that the material properties of soft tissue are 
influenced by a freeze-thaw cycle partly due to the expansion of the 
water inside the tissue damaging its structure during freezing (Santago 

Fig. 4. (a) The injury-risk curves of AIS 5+ for the 5-mm sphere into the fresh ventricle and fresh atrium, and (b) into the overall fresh and overall frozen-thawed 
sample whereby ‘overall’ indicates the combined data for both impact locations; the 95% confidence interval corridor of each injury-risk curve is shown with 
dotted lines. 

Fig. 5. (a) The depth of penetration into both the fresh and frozen-thawed heart samples using the 5-mm spheres, (b) the frozen-thawed heart samples using the 0.78- 
g RC cylinders, and (c) the frozen-thawed heart samples using the 1.1-g CN cylinders. Linear regressions were produced from data of both impact locations. 
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et al., 2009; Dương et al., 2015). Others have found that the material 
properties of leg ligament and the energy absorption of projectile 
penetration into the muscle tissue are unaffected by a freeze-thaw cycle 
(Woo et al., 1986; Breeze et al., 2015). Our results show that the slopes 
and y-intercepts of DoP against striking velocity and the risk of perfo-
ration had no statistical differences across storage conditions. Therefore, 
one freeze-thaw cycle in this study did not affect the penetration and 
perforation behaviour of cardiac tissue, which agrees with the findings 
of the previous study on penetration through muscle tissue (Breeze et al., 
2015). 

The lamb heart in this study was inserted inside a plastic bag and 
clamped onto the mounting apparatus without a backing material 
behind the sample (Fig. 1b). We deemed this mounting to be acceptable 
in its ability to simulate the in situ condition during fragment penetra-
tion, as the posterior surface of the heart lies against the aortic arch and 
spine and so would be loosely supported by these organs in a case of a 
posterior displacement. The high-speed camera footage of the experi-
ment indeed showed consistently negligible displacement of the heart 
for the duration of the projectile’s motion (that is, till it came to rest in 
the cardiac wall, within the heart after perforation, or till it bounced off 
the cardiac wall), thus confirming that the exclusion of a backing ma-
terial in our setup did not affect the penetration behaviour. 

Mass and geometry of FSPs are parameters shown to affect levels of 
tissue damage (Breeze et al., 2013b) and thus were expected to influence 
the V50 values and the injury-risk curves. Therefore, extensive testing 
incorporating FSPs spanning relevant mass and geometry envelopes 
would be required to develop relevant injury-risk curves. The choice of 
FSPs in this study was based on field data and standard practice in the 
assessment of armour. In the Boston Marathon bombing, 17 fragments 
were found in the body of casualties and 5 ball bearings were estimated 
at approximately 5-mm of diameter using CT scans (Singh et al., 2016b). 
During UK military operations in Afghanistan, 16 fragments were 
excised from the neck of soldiers and 8 fragments were identified as 
cylinders with a mean mass of 0.78 g (Breeze et al., 2013a). Accordingly, 
the 5-mm steel sphere and 0.78-g-RC steel were considered represen-
tative of fragments to study penetrating injuries. Although less relevant 
to data from recent explosive events, the 1.1-g CN steel cylinder is 
widely used in ballistic tests and recommended in the AEP-2920 NATO 
standard (NATO Standardization Office, 2015). Hence, it was also 
included in this study to allow for comparisons within the defence 

community with existing, albeit commercially sensitive, data from test 
houses. 

IED fragments would be expected to reach a casualty and the curved 
boundaries of the heart across a range of yaw angles. A low yaw angle at 
impact would be retarded during penetration less than a high yaw angle, 
thus leading to greater DoPs and lower V50 values. This study focused on 
the worst-case scenario, which is associated with low yaw angles. Im-
pacts by the cylindrical projectile at high yaw angles (>60◦) were 
therefore removed from the experimental data here, also due to the high 
probability of them tumbling during penetration. 

Use of a cadaveric animal model to infer behaviour of living human 
tissue is a limitation of the study. The lamb heart was chosen because the 
thickness of its ventricular wall and material properties are closer to 
those of the human heart compared to other animals (Sommer et al., 
2015; Foale et al., 1987; Karimi et al., 2008; Javani et al., 2016; Wang 
et al., 2010; Ghaemi et al., 2009; Omann et al., 2019). The use of fresh 
and fresh-frozen cadaveric tissue intended to limit any tissue degrada-
tion. The muscle tissue in the heart stiffens immediately after death 
(Shedge et al., 2021) so even the fresh cardiac muscle does not replicate 
accurately behaviour of living muscle tissue. Therefore, it is likely that 
the V50 values calculated here are slightly underestimated based on this 
change in material properties. Furthermore, in our cadaveric animal 
model there was air instead of blood inside the cardiac chambers; the 
difference in density of the two fluids could have affected the penetra-
tion behaviour; from the equation of motion for the 5-mm sphere with 
an initial velocity of 50 m/s, the estimated DoP of the blood-filled 
chamber was 5 mm less than that of the air-filled chamber; hence, the 
DoP of our results was likely slightly overestimated. Approximately 120 
ml of blood exist in each ventricle at the end of the diastole (Hall et al., 
2021). The periodical change of the overall mass of the heart in itself we 
estimate would have a minimal effect on the penetration resistance 
values because of the negligible displacement of the heart that we saw in 
the high speed video footage during projectile penetration. During the 
systolic and diastolic cycles, the periodical change of the cardiac wall 
stress, observed to be between 4 and 17 kPa in the left ventricle (Alter 
et al., 2016), would likely affect the V50 values; specifically, we estimate 
that tension in the wall would result in a lower V50 value. Indeed, 
investigating how such an increase in cardiac wall stress affects the V50 
value should be considered in future research. 

Fig. 6. (a) The injury-risk curves of an AIS 5+ injury for the 5-mm sphere into both the fresh and frozen-thawed heart, (b) for the 0.78-g-RC cylinder into the frozen- 
thawed heart, and (c) for the 1.1-g-CN cylinder into the frozen-thawed heart. The corridor of each injury-risk curve is denoted with dotted lines representing the 95% 
confidence interval in (a) and (b) and the standard deviation in (c). 
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5. Conclusions 

This study is the first quantitative assessment of cardiac penetrating 
injuries from energised fragments. A 50% probability of DoP commen-
surate with a critical injury to the heart was found to occur with frag-
ment striking velocities of only 31–36 m/s. Striking location was shown 
to not affect the probability of injury. The data from this study can be 
implemented directly into computational models of injury prediction for 
mass-casualty events and so inform the design of infrastructure, of 
protocols for emergency responses, and for personal protective 
equipment. 
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