
 

  

I. INTRODUCTION 

Ballistic protective armour is an essential safety tool for military personnel and law enforcement officers that 
helps reduce the risk of penetrating injury by absorbing impact energy from the projectile through backface 
deformation of the armour. However, backface deformation can injure internal organs. These types of injuries 
are termed Behind Armour Blunt Trauma (BABT). 

The current standard for evaluating ballistic armour performance (National Institute of Justice Standard 
0101.06) indicates a pass/fail standard of 44 mm backface deformation (BFD) into a clay surrogate, assuming no 
penetration. The standard does not take into account the dynamic nature of energy transfer to the underlying 
tissue and organs. Several investigations were conducted using animals and human post-mortem human subjects 
(PMHS) models to better simulate injury risk to thoracic organs from BABT [1-2]. However, PMHS and animal tests 
are limited in the number/quality of specimens and non-human anthropometry. Well-validated high biofidelity 
computational models, i.e., finite element models (FEMs) serve as a suitable alternative that can be used to 
systematically increase the number of test conditions. However, FEM biofidelity is dependent on the quality of 
material property data. While compressive high-rate material properties for some thoracic tissues 
(liver/muscle/lung) are available in literature [3-5], the goal of the present study was to supplement existing 
literature with high-rate material properties for spleen, heart, stomach and adipose tissues. 

II. METHODS 

Specimen Preparation 

Healthy adult porcine heart, stomach, spleen, and adipose were obtained from a local abattoir within 1-2 hours 
of death. Specimens were transported to the laboratory in an incubator at 39oC. All testing was performed within 
5 hours from time of resection. Samples were cut into cylindrical shape of approximately 10 mm diameter and 2 
mm thickness. Each specimen was photographed with a ruler to allow for calibration in NIH ImageJ (ver. 1.52a) 
that was used to calculate unstressed total surface area. Specimen thickness was measured in an uncompressed 
state using calipers. 

Split-Hopkinson Pressure Bar (SHPB) 

A conventional SHPB setup consisting of 25-mm diameter aluminium incident, transmission, and striker bars 
was used. Specimens were placed between incident and transmission bars (Fig 1). The striker bar was launched 
at the incident bar using a pneumatic pressure system to achieve strain rates of 1500s-1 and 2000s-1. A pulse 
shaper was used between striker and incident bars to dampen oscillation and facilitate dynamic stress equilibrium 
[6]. 
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Fig. 1. Schematic of Split-Hopkinson Pressure Bar setup. 

A compressive wave was generated as the striker bar impacted the incident bar, which propagated through the 
incident bar to the specimen. Part of the wave was reflected back to the incident bar and the remainder travelled 
through the specimen into the transmission bar. Incident, reflected, and the transmitted waves were measured 
using semi-conductor strain gauges placed on the incident and transmission bars. 

The gap between incident and transmission bars was adjusted to the sample thickness for each test to minimise 
pre-compression. Using the theory of elastic wave propagation employed in a conventional SHPB setup, data from 
strain gauge was converted to stress-strain response for each sample.  

Statistical Analysis 

Kruskal-Wallis tests were used to identify significant differences (p<0.05) in stress values for each tissue based on 
strain-rate and strain-level. Wilcoxon Rank Sum Test was used for post-hoc comparisons between tissue types at 
individual strain levels. 

III. INITIAL FINDINGS 

The stress-strain curves for the heart, spleen, adipose and stomach at strain rates of 1500 s-1 and 2000 s-1 are 
shown in Figure 2A and Figure 2B, respectively. Each curve presents an average of samples repeated under the 
same experimental loading conditions. Standard deviations are shown by error bars. 

 

 
Fig. 2. Stress-Strain curves at strain rates of 1500s-1(A) and 2000s-1(B) for spleen, stomach, heart, and adipose 
tissues. 

 At a strain rate of 1500 s-1, stress values for the stomach were significantly greater (p<0.05) than from all other 
tissue types (spleen, heart and adipose) for strain levels greater than 30%. No statistically significant pairwise 
differences were evident between other tissue types. At a strain rate of 2000 s-1, significant differences in stress 
values were evident between stomach and other tissues at strain levels of 20% and 30%. Stomach tissue was also 
significantly different compared to spleen and adipose tissue at 40% and only for adipose tissue at 50% strain 
level. Statistical significance was not observed for spleen and adipose tissues between strain rates for any strain 
level. Stress values for heart tissues were significantly different for multiple strain levels (20-50%) between two 
strain rates. Similarly, stress values for stomach tissue were also significantly different between two strain rates 
for all strain levels except 40%. 

IV. DISCUSSION  

Stress-strain curves for the spleen, heart, stomach and adipose tissues were obtained at multiple strain rates. 
The stress response was highly dependent on loading rate and tissue type. Although no statistical significance 
was observed for spleen and adipose tissue between the two strain rates, all tissue types exhibited higher stress 
values (stiffer) at increasing strain rate. Nonuniform changes in the material properties between different types 
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of organs and tissue indicate that it is important to appropriately assign their constitutive laws in stress analysis 
models. The present series of tests on a group of samples provide an opportunity for the modeller to incorporate 
these data as a first step for improved prediction of injuries under BABT conditions and safety in military and law 
enforcement environments.  
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