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Abstract. This study aims to investigate the penetration of a projectile into a surrogate human tissue numerically, using Finite 
Element (FE) simulation. 20% Balistic Gelatin material (BG) is simulated with an elasto-plastic hydrodynamic constitutive law, 
and then impacted by steel spheres at different velocities. The results from the FE simulations are compared with existing 
experimental data and other analytical equations from the literature. To our knowledge, this is the first study to investigate a 
projectile penetration by numerical simulation, and then compare the results with analytical and experimental data from 
previous studies. This developed model gives encouraging results for further investigations of penetrating impact of projectile 
in the human body. 
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1. Introduction 

Since the number of trauma have largely increased in an impact biomechanics context, to 

understand the effects of blunt injuries is very important today [1]. The human body can be severely 

impacted by important mass with relative low velocity and very small mass with very high velocity 

(ballistic impact) [2]. Most studies related to ballistic or automotive impacts have been investigated 

experimentally. However, studies on multi-organ injuries, named “traumatic blast injuries” tend to use 

a combination of experiment and numerical modelling to assess the consequences of the human body 

[3–6]. Indeed, the development of computer science has made it possible to develop robust and 

realistic models to quantify local and global damages in traumatic blast injuries [3,4]. These models 

have been used to predict the severity of the hemorrhage, injury scale of various organs such as lung or 

the brain, and to simulate the kinematic of the human body under explosion loadings [5,6]. 

Both numerical simulations and experimental tests are explored in the context of ballistic impacts: 

many experimental studies have been carried out to assess the ballistic impacts on the human body. In 

general, these experiments have been conducted on human tissue surrogate such as Ballistic Gelatin 

(BG), which behaves like human soft tissue [7–14]. These studies focus on the characterizations of 

material and bullet penetrating behaviors [11,15,16], penetrating damages of the penetrated tissue, 

influence of the temperature and strain rates on tissue damage [8,10,11,16–18]. All these studies have 
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included interesting results from numerical investigation (mechanical parameters for implementation 

of constitutive law) and validated the FE model (behavior of the projectile in the material and 

penetration time history). In this context, the present study investigates the behavior of 20% gelatin 

under high speed loading by numerical simulation and FE modelling. The results are compared to 

experimental data [12,19] and an analytical model [20–23] available in the literature. Different 

configurations of ballistic test were tested: the impact velocity varies from 240 m/s to 2229 m/s; the 

projectile mass ranges from 0.055 g to 1.03 g. Therefore, numerical simulations of penetrating impact 

into human surrogate are the first step in the modeling of ballistic penetration, and it could be 

implemented into a human biomechanical model for the investigation of wound ballistics. 

2. Methodology 

2.1. Numerical model of ballistic impact into BG 

In order to simulate the penetrating ballistic impact and compare the numerical results to analytical 

solutions and experimental data, a 3D numerical model of the gelatin and steel sphere was generated. 

All numerical simulations were carried out using the finite element code Radioss (Altair©) [24]. This 

explicit code uses the central difference method as an integration scheme. The gelatin FE model is 

composed of 1mm constant mesh in the impact zone with a linear bias density until the external surface 

in order to optimize the number of elements and the computational time. To avoid potential issues 

linked to bound effects on the external surface, we used the target cylinder with 252 mm in diameter, 

which is 40 times bigger than the maximum diameter of steel sphere (6.3 mm). Gelatin mesh is 

composed of 434 000 8-nodes brick elements (Figure 1). The mesh size in the center of the sample is 

0.5 mm, which is comparable to the smallest diameter of the projectile. 

The material properties were implemented in the model following an elasto-plastic hydrodynamic 

material law. Indeed, i t  has been shown that  dur ing bal l i s t ic  impact ,  t he  elastic and plastic 

regions of soft tissues, such as gelatin, are stimulated following a classic law of Johnson-Cook - - with 

a small plastic contribution [25]. Then the hydrodynamic part is effective at high velocity when the 

pressure behavior function of the volume is non-linear [13,17]. This contribution is simulated with the 

polynomial form Eq. (4). A Johnson-Cook law is used to model the stress-strain relationship under 

tension (Eq. (1)) with A, B, n are the yield stress, the hardening modulus and the hardening exponent 

respectively. 

 

 

Fig. 1. 3D finite element mesh of gelatin. 
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σp = A + Bε
n 
 (1)  

 

As the material is considered as fragile, the plastic behavior has a negligible effect. The compression 

behavior is given by a polynomial expression Eq. (4), based on the Mie-Grüneisen EOS [17,26] which 

consider the pressure evolution as a function of the volume and the temperature (Eq. (2)). pst is the 

isothermal pressure function of the volume V  at a temperature T0 and ∆pth  is the gradient of pressure 

due to the temperature variation. 

 

p (V, T ) = pst (V, T0) + ∆pth (V, T ) (2)  

 

According to experiments in high compression of the BG [13,17], the shock state (defined by the 

relation between the shock velocity us  and the particle or material velocity up) can be described by 

the shock Hugoniot function Eq. (3) where the behavior depend of two constants which are the sound 

speed c and the linear coefficient of Hugoniot s. Then, the pressure behavior could be described by 

four material properties which are the density ρ, the sound speed in the material c, the Grüneisen 

constant Γ0 and the Hugoniot coefficient s. 

 

us = c + s up  (3) 

� �  �� � ��� � ���² � ���� � 	�� � ���
���  (4) 

 

with � � 1  	

	�
 , ��, and ���  are respectively the initial density and the energy per unit of initial 

volume. In the case of a condense environment (fluid or solid), the hydrodynamic constants Ci are 

described by [24,27]: 
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The modeling of gelatin ballistic is a complex task due the complexity of the material, especially at 

high strain rate. The literature concerning the material characterization of such material does not lead 

to consensus, and studies provide different mechanical parameters [7,16,18]. 

 
Table 1 

Mechanical parameters implemented in the elastic-plastic-hydrodynamic law 

 

E (MPa) Ν A (MPa) ρ0 (g/cm³) C0 (m/s) S Γ0 

2.5 0.499 2 1.06 1520 1.87 0.17 
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However, for this study, in order to take into account the elastic-plastic-hydrodynamic behavior, a 

set of mechanical parameters listed in Table 1 have been used and implemented in the FE code. 

As a penetrating can lead to very high deformations of elements in the mesh at a numerical level, it 

is necessary to implement a failure model. Element deformation state had been used for element 

deletion when the deformation is higher than a threshold (0.8), which corresponds to the occurrence of 

cracks in gelatin specimens during compressive tests [7]. In order to compute correctly the interaction 

between gelatin and projectile, a classical interface was used between the two bodies involving 

computation of forces between master surface and slave nodes. The interaction between gelatin and 

steel sphere leads to high deformation of the gelatin, whereas no deformation of the projectile is 

observed due to the huge difference in terms of elasticity. In order to optimize the calculation time, the 

projectile were considered as rigid. The time pitch of the simulations depends on the mesh grid, the 

material laws, and the interface between the GB and the projectile. Finally for the impact 

configurations, the order of magnitude of the time step was 4.10-5
ms, which was considered correct. 

2.2. Analytical model 

Experiment data are extracted from the study of Sturdivan (1978). In this research steel spheres impact 

20% gelatin. The author presented penetration time history for different diameters d and striking 

velocities Vs of steel sphere. Based on the Sturdivan’s data and the Poncelet’s equation, some 

analytical models were developed with rigid projectile [12,20,23]. The following Eq. (7) is the solution 

of Poncelet’s equation Eq. (6) who determined empirically the equation that describes the acceleration 

of a projectile while penetrating through a material, where penetration constant B and C are functions 

of both projectile mass and material properties [12]. 

 

��� � ��� � � (6) 

 

Given a striking velocity V0, the solution yields the penetration depth as a function of the current 

velocity: 

 

�	�
 � 
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ln  �����²

���²
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This Eq. (7) gives the penetration depth x (Eq. (8)), and velocity V (Eq. (9)), as a function of time: 
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With tf the impact duration and M given by: 

 

tf � �

√��
tan�� ,��(�

�
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�
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�
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V0: Impact Velocity 

M: Mass of sphere 

σt: Apparent target strengt (Wijk, 2001 [12]) 

ρs: Sphere density 

ρt: Target density 

Cd: Drag coefficient  

d: Diameter of sphere 

B and C are determined from the study of Wijk et al. and are linked to the impact configurations. 

In this study, a comparison between analytical model [12], experimental tests [19] (Sturdivan data), 

and the proposed FE model were conducted. The measure of penetration time history and velocity versus 

penetration curves were provided. 

 

Gelatin   is   impacted by  
a  0.055g  projectile  at 

240m/s. 

Gelatin is impacted by a 
0.055g projectile at 951m/s. 

Gelatin    is    impacted by  
a  0.055g  projectile  at 

2229m/s. 

 
Gelatin is impacted by a 

1.03g projectile at 
305m/s. 

Gelatin is impacted by a 
1.03g projectile at 

696m/s. 

Gelatin is impacted by a
0.055g projectile at 

814m/s. 

Gelatin is impacted by a 
1.03g projectile at 1022m/s. 

Fig. 2. Velocity versus penetration curves. 

Gelatin is impacted by a 
1.03g projectile at 1022m/s 

Gelatin  is  impacted  by  a 
0.439g projectile at 287m/s. 

Gelatin is impacted by a
0.439g projectile at

Fig. 3. Penetration history time. 

s
 

 942m/
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3. Results 

Different figures provide numerical results compared to experimental data performed by Sturdivan 

(1978) and mathematical model developed by Wijk et al. (2001). Velocities versus penetration curves are 

Figure 2) as well as penetration time history (Figure 3) are reported. Based on Sturdivan’s data, 

different diameters d and striking velocities Vs of steel sphere were simulated. For each impact 

configuration, the model reproduces reasonably the experimental and analytical response, as shown by 

Sturdivan et al [19]. 

It is important to notice that in addition to velocity versus penetration curves and penetration time 

history, the final penetration of the bullet (when the projectile stops in the material, at the end of the 

simulation), was also observed (Figure 3).  

4. Discussion, future work and conclusion 

4.1. Discussion 

The numerical modeling of steel spheres impacting 20 % gelatin is a key point in the understanding 

of the response of a ballistic penetrating impact. Indeed, BG has been frequently used as a tissue 

simulant in a variety of research scenarios appeared to be a reliable human tissue surrogate [13,14,28]. 

However, it has to be noticed that lots of biological components cannot be simulate with this kind of 

tissue surrogate, including blood, nerve or vessel. Hence, experimental and numerical approaches of 

ballistic impact using gelatin are the first step in studying high speed penetrating impact. 

At the numerical level, the curves obtained with the present simulations give globally quite 

acceptable results, their responses being close to the experimental data [19] and the mathematical 

model [12]. 

The penetration error between numerical and experimental data, and between numerical and 

theoretical model is about 10% and 7% respectively (an average of ten cases). However, this 

difference is much higher when the gelatin is impacted by a 0.055 g projectile at 240 m/s. In this 

specific scenario, the final penetration from both numerical modeling and analytical model are slightly 

higher than described in Sturdivan’s study. Here are several possible explanations for this discrepancy: 

At analytical level, uncertainties remain on the drag coefficients as the gelatin is assumed to be 

similar to a Newtonian fluid.  Moreover, the influence of hydrodynamics may decrease with the kinetic 

energy if the hydrodynamic factor is considered in the constitutive law. Then the final penetration 

is more likely to be influenced by mechanical factors. Based on this, the gelatin should be more 

considered as a soft structure than a fluid. 

From a modeling point of view, the response could also be affected by numerical errors: although the 

energy balance of the simulations were checked (Hourglass Energy was considerably lower than the total 

Energy of the system due to anti-Hourglass formulation), errors linked to elements distortion still exist.  

This issue could be solved by the use of meshless numerical methods (e.g. Smooth Particle 

Hydrodynamics), which have been developed specially for large deformation to study penetrating 

impact [29]. Errors can also be explained by the influence of the temperature in experimental data.  

Material properties of BG are very sensitive to the temperature [12,17], and this parameter is not taken 

into account in the FE analysis or in the analytical model).Finally, materials are considered as 

homogeneous in numerical simulation. In reality, the mechanical properties and the penetration of the 

sphere will be altered when additional foreign bodies are added inside, such as bullets of water or air, 

[23]. Furthermore, non-ideal surface contact between gelatin and steel sphere has a great influence in 
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the penetration properties. This needs further investigation for the development of numerical models 

[30]. 

4.2. Future work 

Ballistic phenomena are complicated and involve several aspects of physics. Rifles and handguns 

have rifled barrels which give a rotational spin to the bullet along its longitudinal axis [14]. Therefore, 

the bullet projectile has two velocity components on the penetration axis: rotational and longitudinal.  

Both velocities should be taken into account for realistic ballistic impact at aerodynamic level.  In terms 

of bullet material, the projectile has a damage response [31] and its trajectory is influenced by the 

bullet material degradation. Further studies will work on the simulations where rotational and 

longitudinal velocities of real bullet geometry are taken into consideration [30], and where bullets 

with realistic deformable material properties are applied. The objective of ballistic tests in BG is to 

reproduce penetrating impact in the human body. Even if the BG tends to reproduce the mechanical 

behavior of soft tissue, multi-layer numerical tests should be performed in order to mimic the different 

layers of tissue in the human body: skin, fat, muscle, water, organs, etc. This multi-layered model for 

“hard” material has already been studied in the literature [22]. Actual analytical (Wijk, et al. and 

Segletes, et al) and the present FE model has allowed us to determine the penetration and the velocity 

for one single layer: future studies will focus on studying the penetrating impact for multiple layers of 

soft tissue. Finally, the numerical formulation should be further improved in order to avoid a 

significant distortion of the mesh, especially for studies using meshless methods.  At a numerical level, 

some improvements can also be done concerning the use of different schemes, for an improvement of 

the computation time [32,33].  

4.3. Conclusion 

Normal penetrating impacts of rigid sphere on 20% Gelatin have been studied and a FE model was 

developed and compared to experimental data and analytical model given in the literature. Spheres of 

three diameters (2.38, 4.76, 6.3 mm) were used in the numerical model and the impact velocity ranged 

from 230 to 2229 m/s. The model reasonably reproduces experimental tests and the mathematical 

results as reported in literatures. Further, the numerical model can predict penetrating impact in BG in a 

realistic manner. 

This study is a first step in the numerical investigation of high speed penetrating impact into a realistic 

human tissue surrogate, and could be implemented in a biomechanical model for an improvement of its 

biofidelity. The developed model can assist the further investigation of penetrating impact in the 

human body, with specific studies concerning protective device (body armor) and also at a medical 

level for investigations of wound ballistic and organs injuries. 
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