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ABSTRACT: 

 Prostate fibrosis is a potential but unexplored mechanism that may contribute to the 

development of Lower Urinary Tract Symptoms, a disease common in aging man. The lack of 

mechanical studies on the prostate, however, limits our understanding on the biomechanics of the 

disease. It is in fact a challenge to accurately mathematically model most soft tissues because they 

are known to be hyperelastic and viscoelastic. This study implements the Arrua-Boyce 

hyperelastic model, which reflects the physics of macroscopic deformation from microscopic 

components. The constitutive law is fit onto experimental data to realize material parameters. The 

material parameters are then used on a prostate finite-element model with a simplified geometry 

to simulate deformation conditions. Experimental results indicate that prostate tissue is indeed 

hyperelastic and viscoelastic. At lower strain levels it is difficult to capture the behavior of the 

tissue by only using the Arruda-Boyce function given in ABAQUS, the commercial finite 

element modeling program used.  The unloading curves are not modeled because the 

viscoelasticity is not included in the modeling at this point. Future work will focus on 

improvements by implementing a viscoelastic function and by creating a more realistically 

dimensioned finite element model of the prostate. Diseased prostate data will also be collected 

and used for modeling. 

  

INTRODUCTION: 

The lack of mechanical studies on the prostate gland limits the advancement of our 

understanding on the relation between various diseases and biomechanical properties of the 

prostate. Various analysis on the prostate have been made via magnetic resonance imaging (MRI) 

[4] , or needle insertion [5] , but none of them have been able to accurately capture the complex 

biomechanical material properties of the prostate. The major challenge at the moment is to find an 

accurate mathematical description of the prostate tissue. This is known to be true for most soft 

tissues due to nonlinear viscoelastic material properties when they undergo large mechanical 

deformation. 
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The general approach in this research project is to first select an appropriate constitutive 

model, in this case the Arruda-Boyce constitutive model, and then find out the material 

parameters of prostate.  The parameters are first estimated and then realized by fitting 

mathematical expressions to experimental data. Those data are collected by uniaxial tensioning of 

prostate tissue samples under controlled testing conditions.  With correct material parameters, a 

finite-element model of the prostate could then be used to simulate the organ’s response to 

different conditions, including ones not possible to experimentally measure. The results of this 

study would be used to access the validity of applying the Arruda-Boyce model to prostate tissue, 

and serve as the basis for the further development of more realistic finite element models of the 

prostate.  

 

BACKGROUND: 

The prostate is an exocrine gland that is part of the male reproductive system. It stores 

and secrets a slightly alkaline fluid constituting approximately 20% of semen volume. [8] The 

alkalinity helps neutralize the acidity of the vaginal track, prolonging sperm survival. It includes 

some smooth muscles that aid in semen ejaculation, and is approximately the size of a kiwifruit, 

24cc in volume. [6]  

 
               Figure 1. Prostate and surrounding organs [8] 

 

Prostatic fibrosis, common in aging men, is one potential but unexplored mechanism that 

may contribute to the development and progression of Lower Urinary Tract Symptoms (LUTS). 

Symptoms of LUTS include urgency, nocturia, urinary frequency, weak urinary stream, and 
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incomplete bladder emptying. As recently reviewed by Lamborde and McVary (10), Lower 

Urinary Tract Symptoms (LUTS) is a progressive disorder manifest as urgency, nocturia, urinary 

frequency, weak urinary stream, and incomplete bladder emptying.  Without effective treatment, 

LUTS can lead to bladder outlet obstruction and subsequent bladder wall hypertrophy, increased 

bladder mass, and bladder dysfunction manifest as acute urinary retention, recurrent urinary tract 

infections, bladder stones and, eventually, renal dysfunction.  LUTS is clearly a disease of aging, 

and various longitudinal and population based studies have reported that the incidence and 

prevalence of LUTS increases concordant with age among men in the United States and 

worldwide (11-15).   

 

Therefore, there is profound interest in building finite element models that could 

accurately reproduce the biomechanical properties of the prostate gland. The models could help 

relate tissue material conditions to diseases symptoms.   

 

METHODS: 

Tissue procurement and preparation 

Tissue was obtained post mortem from a prostate resected at autopsy from a 66 year old 

male deceased from chronic lymphocytic leukemia.  The patient had been taking the prescribed 

alpha 1-adrenergic receptor blocker, Flomax, at 0.4 mg/day and 5-alpha-reductase inhibitor, 

Avodart, at 0.5 mg/day, suggesting a history of LUTS.  The entire prostate was received in 10% 

RPMI media within 24 hr of the patient’s death.  Upon receipt, the prostate was opened along the 

urethra and 9 slices of tissue were taken parallel to the urethra from one hyperplastic nodule and 9 

slices were taken perpendicular to the urethra from the opposite nodule. 

 

Mechanical testing 

Mechanical testing is done in a fashion as previously described. [9][19] The 9 slices of 

tissue taken parallel and 9 taken perpendicular to the urethra were trimmed to equivalent volumes 

and dimensions of 12.3±1.7mm by 3.5±.4mm by 3.3±0.4mm, and then subjected to uniaxial load-

unload mechanical testing.  

 

These studies utilized a tensile tester custom-built in the Arruda laboratory that is 

constructed around a Nikon SMZ 800 dissecting microscope outfitted with a Basler A102fc 

digital video camera.  Dual actuators are driven by stepper motors and mounted on crossed roller 

slides. This enables the specimen to stay in the center of view and allows for the determination of 
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true strain. A custom force transducer, designed to have a resolution of 50 mN, is mounted on one 

of the crossheads. Grips machined out of stainless steel are placed at the end of both actuators. 

The specimen is first gripped on each end with a micro artery clamp, which does minimal damage 

to the tissue but is able to withstand loading. Then the artery clamp is placed in the larger grips. 

The stainless steel grips are hung into a trough, submerging the specimen in saline. 25 µm 

diameter glass beads were brushed onto the surface of the specimen as fiduciary markers. 

Uniaxial servomotors and data acquisition are controlled using LabVIEW. The tissue samples are 

loaded at a constant true strain rate until failure, and synchronized force and image recordings are 

compiled using LabVIEW.  The force data are converted to nominal stress by dividing by the 

original cross sectional area.  The image data were processed using Metamorph software to track 

the displacements of the fiduciary markers on the specimen and convert the displacements to 

nominal strain. The terminal slope of the nominal stress vs. nominal strain response is the tangent 

modulus, or passive stiffness, of the prostate tissue in kilopascals (kPa), which is the International 

System of Units measure for pressure, stress, tangent modulus, and tensile strength, and is 

expressed as force per unit area.    

 
Figure 2. Uniaxial tensioning of prostate specimen 

 

The Arrua-Boyce Constitutive Model 

Soft tissues are complex engineering materials which are known to be anisotropic, non-

linear, and viscoelastic [2]. The Arruda-Boyce hyperelastic constitutive model reflects the physics 

of macroscopic deformation from microscopic components. The model is based on Langevin 

chain statistics to model a material cube with eight chains in the diagonal directions.  It is ideal 



 5 

for soft tissues because the chains mimic collagen and elastic fibers; the tissues’ main 

constituents. [1] 

 

A form of the Arruda-Boyce strain energy function, very similar to the original 

representation, uses fifth-order series expansion of the inverse Langevin function. It does not 

capture the correct behavior of chain stretch approaches the limiting chain stretch, but difference 

between the mathematically correct implementation and the series expansion is small in most 

conditions. [17] 

 

    [18] 

 

      

      

      
 

U  is the strain energy per unit of volume. !! is the initial shear modulus.  !! is the first 

deviatoric strain. !!" is the elastic volume ratio. !!are the principal stretches. !! is the locking 

stretch. ! is related to the material bulk modulus !!. The material parameters used in ABAQUS, 

the commercial FEM program used for the project, are !!, !!, and  !.  

The initial shear modulus can be estimated from the initial Young’s modulus, which we 

obtain from the average of stress-strain data from mechanical testing. We start with an estimation 

of !! = !/3 since the tissue material is assumed to be incompressible. The bulk modulus cannot 

be obtained from simple uniaxial testing, but it is good approximation to take it to be 100 to 1000 

times larger than the shear modulus. [17]. The locking stretch could be obtained from the limiting 

chain stretch !!"#, where the stress starts to increases without limit. [17] However, the tissue 

samples tend to rip before the limiting chain stretch is reached. We start with an estimation of 

1.05 and 1.01 in reference to previous study. [1] 
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Applying Constitutive Model to FEM 

Using commercial finite-element software ABAQUS, a simple model was created to 

simulate the uniaxial mechanical testing for prostate tissue samples. (Figure 3) Dimensions of 

16mm by 4mm by 4mm were used. Appropriate boundary conditions and the same experimental 

strain rate of 0.01/sec were applied. The model was created under the simplified assumption of 

tissue being homogeneous and isotropic.  

 

 
Figure 3. Prostate specimen model upstretched (left) and stretched (right). The red color on right indicates uniform 

distribution of stress 

 

A range of material parameters were initially used for simulations. !! = [20, 30, 40, 60, 

100kPA], !! = [1.05, 1.01, 1.001, 1.0001], and D=[1E-6, 1E-7, 1E-8]. Combinations of 

parameters were applied, and finite-element stress-strain curves were output from the simulation 

results and compared to results of tissue mechanical testing. Parameters were then varied through 

trial and error to bring simulation output closer to that of the average mechanical testing data. 

A simple, cylindrical model of the entire prostate was also created. By reference to previous 

studies [6][7], approximate prostate volume is 24 cc, length 3.6cm, and urethra diameter 0.7 cm.  

The model is created as a cylinder of 3.6 cm diameter and 2.6cm thick; approximately 26.5cc in 

volume, with a 0.7cm diameter channel running through to represent the prostatic urethra. By 

implementing appropriate material parameters and then applying load or creating deformation on 

the inner urethra, we could observe reactions of the urethra and the surrounding tissue under 

different conditions. 
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Figure 4. Simple prostate model. Without pressure applied in urethra (left) and with pressure applied. The color 

gradient indicates the distribution of max. principal strain throughout the model, with red being the highest and blue 

the lowest. 

 

RESULTS: 

Data from uniaxial mechanical testing of prostate tissue specimens show that the prostate 

is indeed hyperelastic and viscoelastic. (Figure 5) In order to achieve proximity in curvature to 

that of the average test data, the material parameters D and !! need to be as small as possible 

within the reasonable range. It was found that it does not make significant difference from 

D=0.001 to 0.0001, and !!  doesn’t make significant difference going smaller beyond 1E-7. The 

best result, shown in Figure 7, is !! = 33!"#, !! = 1.001,D = 1E − 8. 

 

 
Figure 5. Stress-strain curves from uniaxial loading (top) and unloading (bottom) of prostate specimen. 
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Figure 6. Test data are fit with a 2nd degree polynomial equation (black line) and used as experimental average. Top 

and bottom ranges are fit with red lines. 

 

 

 
Figure 7. Averaged test data and the best fit, with material parameters !! = 33!"#, !! = 1.001,! = 1! − 8. 
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DISCUSSION: 

The current model is not enough to accurately reflect the biomechanical property of the 

prostate. As seen in Figure 7, it is difficult to realize the curvature at lower strain levels of 

approximately 0 to 0.15. This may possibly be because of the great amount of hysteresis found in 

the material, as indicated by the large area between the loading and the unloading curves. (Figure 

5). The current Arruda-Boyce function in ABAQUS does not allow viscoelastic analysis. A 

viscoelastic mathematical model, such as the standard solid model, needs to be implemented to 

improve our overall modeling. Writing a user-defined function for ABAQUS to implement such a 

model is a goal that needs to be worked on. 

In order to model a diseased prostate, we will test diseased prostate samples in the near 

future. Similar mechanical testing and analysis procedures will be used to procure stress-strain 

data, and then realize tissue material parameters. We expect the diseased model to react with less 

deformation to the same amount of pressure applied, since diseased prostate tissue is expected to 

be stiffer than healthy normal prostate tissue. By comparing the reactions of a healthy and a 

diseased model, we should be able to observe the effect that prostate fibrosis has on prostate 

flexibility and relate that to urinary disease symptoms. 

Improvement on the shape of the whole prostate model could also be made. The 

cylindrical model is appropriate for analyzing stress-strain responses of tissue around the urethra. 

However, a more accurate representation of the prostate needs to be created to include 

geometrical effects. MRI pictures could be used to reconstruct a more accurate model in the 

future. 
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