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1. Introduction 

Ballistic gelatin is a tissue simulant whose proper-

ties can be easily modified to match various human organ 

tissue properties by simply varying water-powder mass 

ratio. Therefore, it has become a popular model material or 

surrogate in many bioengineering or biomedical studies [1-

3]. There are several reports on the uniaxial compression, 

elongation or simple shear experiments on ballistic gelatin 

[4-10]. The results of these works, including the ones of 

our group [11, 12], showed highly nonlinear elasticity of 

ballistic gelatin at large deformation. In addition, the 

stress-strain behavior of ballistic gelatin is sensitive to the 

deformation rate, especially at high strain rates, as demon-

strated by the Split Hopkinson Pressure Bar (SHPB) exper-

iments published [5, 10]. Many studies on ballistic gelatin 

adopted elastic or hyperelastic constitutive models and 

calibrated the material parameters for each strain rate sepa-

rately. Among these studies, Amborn et al. [13] adopted 

three forms of hyperelastic models (Marlow form, Neo-

Hookean form and Ogden form) to describe the nonlinear 

elastic behaviors of ballistic gelatin. The material parame-

ters were obtained using compression experimental data at 

a specific strain rate of 300/s which was considered to be 

consistent with the application in ballistic penetration. [14] 

proposed tabulated hyperelasticity to capture strain rate-

dependence based on numerous actual stress-strain and 

strain rate curves from experimental tests. However, this 

method requires a sufficiently rich set of constituent curves 

to cover the desired range of loading conditions [15, 16]. 

[15] employed an Ogden type strain energy density func-

tion for the nonlinear elastic response and a single Prony 

exponential term for the rate-dependent response of ballis-

tic gelatin over multiple strain rates. The calibration of the 

material parameters was based on uniaxial compression 

tests with nominal compression strain rates in the range of 

0.001/s~0.1/s. 

In our former work [12], the Mooney-Rivlin 

model was adopted to describe the large elastic behavior of 

ballistic gelatin and the material parameters were obtained 

as functions of the strain rate based on quasi-static com-

pression tests (~0.208/s) and SHPB tests of [5] (~1550/s). 

The drawbacks of this method are that the fitting errors in 

calibrating of the material parameters are quite large and 

the application is not convenient due to the need of defin-

ing a “strain rate” for any specific problem. Furthermore, 

the Mooney-Rivlin model cannot describe the nonlinear 

elasticity of ballistic gelatin in the simple shear tests. In 

another part of our former work, [11] a linear viscoelastic 

model, the standard three-element viscoelastic model, is 

established to describe the rate-dependence of ballistic 

gelatin at small deformation. This model can predict the 

shock wave propagations in ballistic gelatin quite well, but 

it cannot describe the material behaviors under large de-

formations. 

The present study is concerned with the constitu-

tive modeling of ballistic gelatin at quasi-static loading 

speeds. Uniaxial compression tests and simple shear tests 

under two modes: relaxation tests at small strain and shear 

tests at large strain are carried out to study the time and 

large strain dependent behaviors of ballistic gelatin. A vis-

co-hyperelastic material model, based on the widely used 

Prony series and reduced polynomial strain energy poten-

tial, is proposed for constitutive modeling and the parame-

ters are calibrated using a scheme proposed by [17] and 

[18]. The material model, with the parameters calibrated 

by experimental data from our simple shear tests, is then 

implemented in Abaqus to numerically simulate the uniax-

ial compression tests and the numerical and experimental 

results agree well with each other. 

2. Testing procedures 

2.1. Sample preparation 

One portion of 250 Bloom type-A collagen pow-

der, provided by QingHai Gelatin Factory (China), is 

mixed with three portions of water at room temperature 

(18~25°C), after 40 minutes, six portions of hot water 

(70°C) is added for dissolution to form 10 wt % gelatin 

solution. The solution is then sealed and put into a vacuum 

oven at the constant temperature of 60°C and is stirred 

every 15 minutes. After three times of stirring, the solution 

is left in the vacuum at a constant temperature of 40°C for 

hydration for 24 hours. Lastly, the solution is poured into a 

mold to make samples for compression tests or loaded on 

the plate of a rheometer for simple shear tests and relaxa-

tion tests (Fig. 1). In the present study, for each test under 

the same conditions, we carry it out three times to make 

sure the results are repeatable. 

2.2. Relaxation tests and results 

Ballistic gelatin solution at 40°C is loaded be-

tween the parallel plates of a rheomter (Gemini 200), as 

shown in Fig. 1, a and cooled to 4°C. The diameter of the 

upper plate is 40 mm. The gap between the upper rotation-

al plate and the fixed plate is 2 mm. The fixed plate is 

cooled by a refrigerated circulator (F25-HE, Julabo, tem-

perature resolution is 0.01°C). Low-viscosity silicon oil is 

coated over the peripheral gap to prevent water evapora-

tion from the sample. The relaxation tests are performed at 
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a constant shear strain rate of 0.079/s up to a strain of 0.05, 

then the deformation is held constant thereafter for about 

2000 s. A typical strain history is shown in Fig. 2. Only a 

small fraction of the history, time from 0 s to 2 s, is dis-

played here for a clear observation of the ramp rising part. 

The corresponding shear stress response is shown in Fig. 3. 

The time axial is displayed in log10 scale. This set of re-

laxation test is used later to calibrate the time-dependent 

parameters of ballistic gelatin. 

 

a 

 

b 

Fig. 1 The test configurations: a - simple shear test,  

b - uniaxial compression test 

 

Fig. 2 A typical loading history in the relaxation tests 
 

 

Fig. 3 The stress history in the relaxation test with the 

loading condition shown in Fig. 2 

 

Fig. 4 Shear stress-strain curves in simple shear tests under 

different shear rates 

 

2.3. Simple shear and compression tests 

 

The simple shear tests are performed with the 

same configuration in Fig. 1, a. The mode of constant 

shear-strain-rate is adopted and all samples are deformed 

to shear strains as large as 0.7~1 to examine the large elas-

tic behaviors of ballistic gelatin. The stress-strain curve at 

strain rate of 0.125/s, shown in Fig. 4, is used later to cali-

brate the nonlinear strain dependent material model. Then, 

based on the calibrated material parameters, our material 

model is used to predict the shear stress-strain curves in the 

simple shear tests under strain rates of 0.0005/s and 1.245/s 

to validate our material model. 

Uniaxial compression tests are carried out on the 

universal material tester of Zwick/Roell Z020 [12]. The 

samples (diameter d=40 mm, length l0=40 mm) are re-

leased from the molds just before the compression tests 

and every test is accomplished as soon as possible (within 

3 minutes) to prevent temperature rise. Pure water is used 

as lubricant on the loading surfaces. Each sample is com-

pressed up to 60~75 % engineering strain under a constant 

compression velocity: 10, 50, 200 or 500 mm/min. The 

true compression stress vs. stretch ratio curves for each 

compression velocity is shown in Fig. 5. The strain rates in 

the compression tests are nominal compression strain rates 

defined as V/l0, in which V is the compression velocity. 
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The stretch ratio is defined as  0
1 l l / , in which l  is 

the compressed length of the sample. The true compression 

stress is calculated by supposing that the sample is incom-

pressible:   0
1F l l A   / / , in which F is the compression 

force and A0 is the original cross section area of the sam-

ple. 

 

Fig. 5 The stress-strain curves of ballistic gelatin obtained 

from uniaxial compression tests under different 

compression rates 

3. Constitutive modelling 

The ballistic gelatin is assumed to be homogene-

ous, isotropic and incompressible. It is also assumed, and 

will be justified later, that the time and strain dependent 

material behaviors are separable. Then the shear stress as a 

function of the time and the shear strain at a constant tem-

perature can be expressed as: 

 

    ,f g t   (1) 

 

where: t is the time and f(γ) and g(t) are the strain and the 

time dependent functions, respectively. There are various 

expressions for defining f(γ) and g(t). In the present work, 

the time dependent behavior is defined by the Prony series, 

which is: 
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where: τi (i=1, 2, 3, …) are the time constants. gi and g
 

are dimensionless parameters. The instantaneous strain 

dependent behavior f(γ) can be derived by a widely used 

strain energy potential as follows [19]: 
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in which U is the strain energy per unit of reference vol-

ume; Ci0 and Di are material parameters; 1I  2
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2

3  is the first deviatoric strain invariant and λi are the de-

viatoric stretch ratios in principle directions; Jel is the elas-

tic volume ratio. In the present study, we adopt N=2 and 

suppose the material is incompressible, so that Eq. (3) is 

reduced to: 
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in which 
2 2 2

1 1 2 3I       is the first strain invariant of the 

Finger strain tensor, B. Then the stress can be expressed as 

follows [20]: 
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Combining Eq. (4) and Eq. (5) we obtain: 
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So the shear stress is: 
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If the deformation is small, the higher order term 

in the above formula can be ignored. Thus 2C10 equals the 

shear modulus G of the material.  

Consider a shear test at small strain in which a 

time varying shear strain, γ(t), is applied to the material. 

The shear stress response,  t  is given by the convolu-

tion integral as follows [21]: 
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    (8) 

 

In a practical relaxation test, a ramp deformation 

history (Fig. 2) is applied because of difficulties in impos-

ing a step strain. If the loading up stage is performed at a 

constant shear strain rate, 
0 , then   0s s  . And Eq. 

(8) can be solved for the loading up stage using the limits 

s=0 to s=t, and the relaxation stage using the limits s=0 to 

s=t0, in which t0 is the time when the required strain is 

reached. Fitting the solutions of Eqs. (2), (7) and (8) to the 

experimental data of our relaxation tests in Fig. 3 yields the 

material constants in f(γ) and g(t).  In the expression of g(t) 

in Eq. (2), the time constants, τi, are chosen to differ by a 

factor of 10 within the total duration of the relaxation test. 

For the present study, four time constants are used: τ1=1, 

τ2=10, τ3=100, τ4=1000. In the first step, the solutions to 

the convolution integral, supposing C20=0 in Eq. (7) since 

the strain γ is very small in the relaxation tests, are 
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matched with the test data in Fig. 3 to obtain the values of 

C10 and gi (i=1,2,3,4). In the second step, the strain de-

pendent parameters C20 is fitted with the shear stress vs. 

strain data under large deformation, in Fig. 4, using the 

fitted parameters C10 and gi (i=1,2,3,4) from the first step. 

4. Results and discussions 

The calibrations of the polynomial and Prony se-

ries are performed using the Fmincon function in matlab 

(R2010b), to find a constrained minimum of a scalar func-

tion (i.e. the objective function) of several variables (i.e. 

the material parameters) starting at an initial estimation. 

The objective function of this problem returns the sum of 

the squares of the differences between the experimental 

data and the solutions of Eq. (2), (7) and (8). The calibra-

tion result of the model is shown in Fig. 6 and the opti-

mized results of gi (i=1,2,3,4) and C10 are listed in Table 1. 

The calibration of the polynomial constant, C20 in Eq. (7) 

using the simple shear test results at 0.125/s is shown in 

Fig. 7 and the results of C20 is also listed in Table 1. 

 

Fig. 6 The fitting result using Prony series in Eq. (2) and 

polynomial function in Eq. (7). The points are ex-

perimental data from the relaxation test 

 

Fig. 7 The fitting result of polynomial function in Eq. (7) 

using Prony series in Table 1. The points are exper-

imental data from the simple shear test 

 

With the calibrated parameters of gi (i=1,2,3,4), 

C10 and C20 in Table 1, our material model can predict the 

shear stress-strain relationship for simple shear test at 

strain rates of 0.0005/s and 1.245/s very well as shown in 

Fig. 8.  

Table 1 

The calibration results of gi (i=1,2,3,4) by fitting  

to the relaxation test as shown in Fig. 6 

C10 C20 g1 g2 g3 g4 g


 

9.2e3 2.05e3 0.022 0.0137 0.0449 0.202 0.717 

 

Fig. 8 The comparisons of the model predictions using 

material model in Eq. (2) and (4) and the simple 

shear experimental results 

 

The visco-hyperelastic model based on the 4-term 

Prony series and reduced polynomial strain energy poten-

tial (see Eq. (2) and (4)) have been calibrated and validated 

using the shear test configuration: relaxation at small strain 

and simple shear at large strain under different strain rates 

from 0.0005/s to 1.245/s. 

To further verify the material model for the com-

pression tests, the model is implemented in the commercial 

finite element code of ABAQUS to generate FE solutions 

for our compression tests under different compression 

rates, due to the absence of analytical expressions for the 

stress-strain relationship in the compression experimental 

configuration. In the FE analysis, the four-node axisym-

metric element (CAX4R) is used and the finite element 

mesh is shown in Fig. 9. The plates are constrained to be 

rigid bodies to contact and deform the gelatin sample. The 

interactions between the plates and the sample are defined 

using the surface to surface contact algorithm. The friction 

between the plates and the sample is represented by a 

“penalty” and the friction coefficient is set to be 0.08, 

which is the friction coefficient between metal and water 

[13]. This value is used because ballistic gelatin is mostly 

composed of water and pure water is used as lubricant be-

tween the sample and the plates in our compression tests. 

The FE solution in ABAQUS generates force-displacement 

curves of the upper plate under different compression rates 

and the true compression stress vs. stretch ratio curves can 

be easily calculated with the same method for the compres-

sion experiments. 

The comparisons between the model predictions 

and the experimental data are shown in Fig. 10. Good 

agreements between the numerical predictions and the ex-

perimental data are very encouraging, considering that the 

material parameters are calibrated by a different type of 

deformation: simple shear. 
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Fig. 9 The FE mesh, deformation and compression stress 

(Pa) contour at the stretch ratio of 0.656 under the 

compression rate of 0.208/s 

 

Fig. 10 Comparisons between the numerical model predic-

tions using ABAQUS with material model in Eqs. 

(2) and (4) and the uniaxial compression experi-

mental results 

5. Conclusions 

The constitutive modeling of ballistic gelatin at 

quasi-static loading speeds has been studied through exper-

imental and numerical analysis. A visco-hyperelastic mate-

rial model is proposed to describe the nonlinear strain and 

time dependent behaviors. The material parameters in the 

model are calibrated through an indirect approach: the 

strain dependent behavior is first modeled by a polynomial 

function and then fitted with the reduced polynomial hy-

perelastic function; the time dependent behavior is mod-

eled by 5-term Prony series and calibrated by shear relaxa-

tion tests. The calibrated material model can predict the 

simple shear tests under different strain rates very well. 

Encouragingly, the numerical stress-strain results predicted 

by the model with the parameters calibrated from the re-

laxation and shear tests are in very good agreement with 

the uniaxial compression experiments, indicating that accu-

rate characterization of the nonlinear strain and time de-

pendent behaviors of ballistic gelatin has been achieved. 
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L. Liu, C. Ding, Q. Lu 

 

CONSTITUTIVE MODELING OF NONLINEAR 

STRAIN AND TIME DEPENDENT BEHAVIORS OF 

BALLISTIC GELATIN AT LOW STRAIN RATES  

S u m m a r y 

The present study is concentrated in constitutive 

modeling of ballistic gelatin at low strain rates. The relaxa-

tion tests, simple shear tests at strain rates ranging from 

0.0005/s to 1.245/s and uniaxial compression tests at engi-

neering strain rates ranging from 0.004/s to 0.208/s are 

carried out, and nonlinear strain and time dependent behav-

iors of ballistic gelatin are observed. A visco-hyperelastic 

model is proposed based on the Prony series and the re-

duced polynomial strain energy potential. The material 

parameters are obtained by fitting to the data of the relaxa-

tion and simple shear tests and validated by predicting the 

compression stress-strain relationships in the uniaxial 

compression tests. The nonlinear strain and time dependent 

behaviors of ballistic gelatin are well captured by the mod-

el proposed 

Keywords: ballistic gelatin; biological material; constitu-

tive modeling; visc- hyperelastic. 
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