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Abstract A liver Finite Element (FE) model with hyper‐viscoelastic properties was developed. Hyper‐elastic 

and rate‐dependent characteristics were modeled with an Ogden rubber material model. Such characteristics 

were validated against an original series of porcine exsanguinated livers under quasi‐static and dynamic 

compression experiments. The applicability of the validated liver FE model was evaluated against a series of 

compression tests with porcine perfused livers to model nearly in vivo conditions. The regions where the FE 

model showed highest strain concentrations corresponded with the regions where perfused livers tested under 

dynamic loading sustained tissue damage. Based on this correspondence, ultimate strains for hepatic 

parenchyma and membrane were estimated by comparing strain patterns of the FE model with damaged 

conditions of the tested livers. 
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I. INTRODUCTION 

The liver is the most frequently injured abdominal organ in front and side impact vehicle crashes [1-2]. In 

such crashes, occupants are subjected to dynamic loadings that are transferred to the abdominal region, 

causing large deformations of the liver tissue. However, many aspects of the liver injury mechanisms are still 

unknown and further research to clarify them is needed. For this purpose, human body Finite Element (FE) 

models can be utilized, but reliable injury simulations demand valid organ models. Characterization of the tissue 

properties, simulation of the behaviour of the whole liver under various loading conditions and establishment of 

injury thresholds are three important steps in this direction. Thereafter, once sufficient reliability of the models 

is achieved, the motion of the inner organ of the body and its interaction with other organs under vehicle crash 

conditions will need to be assessed and validated by experiments [3] and through mathematical simulations. 

Stress‐strain response of in‐vivo perfused livers is non‐linear for all compression rates and the tissue response 

stiffens as the loading speed increases, indicating strong rate‐dependence [4]. In line with this behavior, 

previous numerical studies considered such non‐linear and rate-dependent characteristics of the liver. In these 

studies, the elastic behavior of the liver was commonly modeled with hyper‐elastic formulation based on 

experimental data with small sample pieces of the liver under quasi‐static loading conditions [5-10]. Dynamic 

mechanical response of the liver is also important to simulate impact events and a few studies conducted 

high‐strain‐rate testing with small liver pieces [11-13]. The dependency of liver behavior on deformation rate 

was also tested with small liver pieces and modeled through viscoelasticity [14]. Once a whole liver FE model is 

built up, the response of the model must be validated against whole liver level experimental data. Furthermore, 

in order to be able to predict injuries, physical variables, such as stress or strain, and their associated 

thresholds must also be validated based on whole liver injurious experimental data. 

In addition, other aspects need to be considered in modeling the liver of living subjects in order to be 

integrated in full-scale human FE models. Under living conditions, the liver is filled with blood, which affects its 

ability to resist external loading [15‐18] and increases the difficulties to build reliable models. Some numerical 

studies considered the behaviour of perfused porcine liver at relatively low strain rate and the dynamic 

behaviour of the in‐vivo perfused monkey liver test [4] with hyper‐viscoelasticity [19-21]. However, there  are 
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difficulties to obtain failure properties of the perfused liver experimentally; there is still a lack of the 

thresholds of physical variables to predict injuries under perfused conditions. 

The ultimate goal of this research is to reduce abdominal injuries in traffic accidents. For this, we provide a 

validated liver FE model and liver tissue injury strain thresholds to be applied in human models for improved 

vehicle safety. These model and thresholds, when properly used, can lead to the clarification of liver injury 

mechanisms and support the deployment of effective countermeasures to achieve the reductions of abdominal 

injuries. 

The specific aims of this study are as follows: 

1) Develop a liver FE model with hyper‐elastic and viscoelastic characteristics, 

2) Validate the response and injury thresholds of the liver FE model, 

3) Investigate the applicability of the liver FE model in simulating perfused liver conditions, and 

4) Estimate liver tissue strain thresholds applicable for modeling under nearly in vivo conditions. 

II. METHODS 

A multi‐stage inverse methodology was applied to develop and validate the liver FE model in parallel with the 

execution of four original series of compression tests with porcine liver specimens. The porcine liver was used 

as a surrogate to the human liver due to similarities in structure and function with the human liver [22]. 

Exsanguinated and fluid‐perfused specimens for both quasi‐static and dynamic‐loading conditions were 

employed. All the experimental series were conducted at Niigata University laboratories with specimens 

purchased from a local slaughter house [23-25]. The specimens were extracted within three hours after sacrifice 

and transported to the laboratory and kept in saline solution at room temperature until testing. All tests were 

conducted within 12 hours after death. 

A scheme of the experimental series is shown in Figure 1. From the experiments, force displacement curves 

were obtained and used to define and validate the material properties of the liver FE model at different stages. 

The working methodology is sketched in Figure 2. 
The non‐linear and rate‐dependent material properties of the liver FE model were defined based on the tests 

under exsanguinated conditions. In doing so, a two‐step approach was applied to account for both the 

hyper‐elastic and the viscoelastic behaviors (Steps 2 & 3). These material characteristics were implemented in 

the FE model and validated against a series of porcine liver quasi‐static and dynamic tests, respectively (Test 

Series 1 & 2). In addition, liver tissue thresholds for ultimate strain from the literature were implemented in the 

model and validated against the comparison between the liver FE model and damage conditions of the tested 

livers (Step 4). 

 

 

Fig. 1.Scheme of liver compression test series carried out in this study 
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Fig. 2. Multi‐step FE model development and validation process 

 

Finally, the applicability of the validated liver FE model was evaluated against two series of porcine liver 

compression tests at quasi‐static and dynamic conditions, respectively (Test Series 3 & 4, Step 5). In these series, 

the specimens were perfused with a constant flow of fluid to approximate in vivo conditions. By simulating 

these experiments and comparing the strain patterns from the simulations with the damaged conditions of the 

tested livers, ultimate strain values to be used for liver FE models under approximately in vivo conditions could 

be defined. 

 

Step 1. Development of a Liver FE Model 

A liver FE model was developed based on three-dimensional geometric data from the right lateral lobe of the 

exanguinated porcine liver specimens employed in the compression experiments [23-25]. A mesh of the 

parenchyma was built with approximately 2 mm size hexahedral elements. The hepatic membrane which covers 

the liver was modeled with membrane elements of 0.045 mm thickness based on a previous study [26]. Hepatic 

membrane material properties are non‐linear [27]. However, in order to ensure numerical stability at high 

speed impacts, the material properties of the hepatic membrane model were defined as linear elastic with 

Young's modulus of 34 MPa and Poisson ratio of 0.49, according to tensile tests [23]. All the simulations in this 

study were conducted using a commercial FE solver LS‐DYNA. 

Step 2. Implementation of liver parenchyma hyper‐elasticity and validation against quasi‐static compression 

tests with exsanguinated specimens 

Definition of material properties 

The fundamental stress‐strain curves of liver parenchyma were defined based on quasi‐static uni‐axial 

tension‐compression tests with small samples of porcine liver tissue in previous reports [5][7][8][10][13][14]. 

The stress‐strain curve obtained by Sakuma [8] was chosen because the tests were conducted at strain rates of 

approximately 0.03s‐1, which is consistent with the approximated strain rate estimated by the compression 

ratio rate employed in the whole liver compression tests in this study [24]. Furthermore, Sakuma conducted 

tension and compression tests continuously. The experiment showed different properties in tension and 

compression and it is necessary to consider both types of tissue properties in the liver FE model. 

The stress‐strain curves by Sakuma were highly non‐linear and contained no linear portion from which a 

meaningful elastic modulus could be determined. As the magnitude of the strain increases, the material 

behaves more stiffly. Based on the curvature, the elastic behavior of the liver was modeled as hyper‐elasticity. A 

hyper‐elastic material is defined based on strain energy potential, W. The strain energy formulation utilized in 

this study is of the Ogden form [29] given by equation (1): 

     
  

  

 

   
  

 

      

 

   

                                                                          (1) 

where λi
 *
 ( i = 1,2,3 ) is principal stretch ratio ((*) indicates that the volumetric effects have been eliminated 

from the principal stretch ratios). K is bulk modulus, J is relative volume, and µ and α are material constants 

determined by fitting to an experimental stress‐strain curve. The required order of the formulation, designated 

by n , is determined empirically to obtain a sufficiently accurate fit. A Poisson ratio of 0.499 was defined for the 

material model, based on the assumption that solid abdominal organs are nearly incompressible [30-31]. 

Figure 3 shows Sakuma’s stress–stretch ratio experimental curve and the fitted Ogden material model curve, 

the parameters of which are listed in Table I. 

Exsanguinated porcine liver 

Step1. Development of a liver FE model

Step2. Implementation of liver parenchyma hyper-elasticity and validation against quasi-
static compression tests with exsanguinated specimens

Step3. Implementation of liver parenchyma rate-dependency and validation against 

dynamic compression tests with exsanguinated specimens

Step4. Validation of liver tissue ultimate strains from literature by comparing damaged 

regions in the simulations with damaged regions in compression tests

Step5. Evaluation of the applicability of liver FE model to simulate nearly living conditions

Perfused porcine liver 

Test Series 1

Test Series 3&4

Test Series 2

Test Series 1&2
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TABLE I 
Ogden parameters 

 

i μi  [Pa] αi [-] 

1 3.7244E+04 5.5872E+00 

2 -1.5281E+05 3.5132E+00 

3 -3.3660E+05 2.0948E+00 

4 3.5137E+06 7.3096E-01 

5 2.7666E+06 -7.4234E-01 

6 -2.2088E+05 -2.3587E+00 Fig. 3. Stress‐Stretch ratio curve for hyper‐elastic properties 

 

Validation of the liver FE model 

The FE model with the hyper‐elastic characteristics was validated against a series of quasi‐static compression 

tests using exsanguinated whole porcine livers with three types of impactors: plate, cylinder and square [23] 

(Test Series 1 in Figure 1). In this series, a total of 16 liver samples (5 for the plate, 5 for the cylinder and 6 for 

the square) were subjected to quasi‐static load at a velocity of 1 mm/s up to 60% compression ratio of the initial 

height by using a universal testing machine (AUTOGRAPH, Shimadzu, Kyoto, Japan) (Figure 4, Figure 5, Figure 6). 
A porcine liver has four regions-right medial, right lateral, left medial and left lateral lobes (Figure 7). Each of 

these sections was taken apart and tested as an isolated specimen. No significant differences on 

load‐displacement curve and yield loads were observed among the four porcine liver regions [23]. Therefore the 

liver FE model described in Step 1 was used unalterably to simulate each group of tests. A rigid model for each 

of the impactors was built and utilized together with the liver FE model. The results of the simulations were 

compared with the experimental measurements in terms of force versus compression ratio. 

 

 
  

(a) Plate 300 x 300 x 30 mm (b) Cylinder ϕ25 x 250 mm (c) Square 30 x 30 x 250 mm 

Fig. 4. Impactors used for the quasi‐static compression tests 

 

 

 

  
Fig. 5. Illustration of the 

quasi-static compression testing 

 
Fig. 6. Definition of compression ratio 

 

 
Fig. 7. A porcine liver specimen 

 

Step 3. Implementation of liver parenchyma rate‐dependency and validation against dynamic compression 

tests with exsanguinated specimens 

Definition of material properties 

Liver tissue response stiffens as the loading speed increases, indicating strong strain rate dependence [4]. In order 

to capture the rate-dependent effects, a viscoelastic component was modeled and superimposed linearly onto the 

hyper-elastic formulation previously described in a similar way to that proposed in the literature [20] [21] [32]. The 
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rate effects were taken into account through linear viscoelasticity given by equation (2): 

               
    

  

 

 
                                                                               (2) 

where             is the stress relaxation function whose effects are added to the stress tensor determined from the 

Ogden’s strain energy function in the FE code [33]. The relaxation function is represented by the Prony series and 

given by equation (3): 

          
     

 

   
                                                                                  (3) 

The parameters of the Prony series (Shear moduli     and decay constants   ) are determined by the code in order to 

match the input relaxation curve.  

Some studies conducted high‐strain‐rate testing with small liver pieces and reported strong strain rate 

sensitivity [11-13]. However, these published experiments showed too varied stress‐strain curves even if 

compared with each other at the same strain‐rate level to define the rate‐dependent property of the liver FE 

model. Tamura [14] and Nava [34] reported relaxation curves of the liver from time order of 0.1 sec and 1 sec 

respectively. In the whole liver compression tests, the compression events were done in about 20 sec in the 

quasi‐static loadings described in Step 2 and about 0.006 sec in the dynamic loadings described in the next 

section, and a relaxation curve from time order of 0.001 sec to 10 sec should be taken into account. Tamura 

represented the relaxation curve exponentially and Nava showed the initial relaxation modulus in 0.1 MPa 

order. Therefore, the input relaxation curve shape was estimated based on the literature [14][34] and defined 

empirically to represent the rate effects obtained from the experiments by simulating a whole liver dynamic 

compression test described in the next section. Figure 8 shows a comparison of the input relaxation curve with 

the fitted curve calculated by the code. Table II shows these parameters. 

 

 

TABLE II 
Prony series parameters 

 

i Gi [Pa] βi [-] 

1 6.9701E+03 1.0000E+01 

2 5.8327E+04 1.0000E+02 

3 3.5291E+04 1.0000E+03 
Fig. 8. Relaxation curve in a stress vs. time in 
logarithmic scale rate-dependent properties 

 

Validation of the liver FE model 

The liver FE model with the upgraded rate‐dependent properties was subjected to a new cycle of validation 

based on a series of impactor drop tests against whole exsanguinated livers [24] (Test Series 2 in Figure 1 and 

Figure 9). The impacts were administered with the same type of rigid impactors as those in the quasi‐static tests 

(Figure 10). A total of 20 specimens (10 for the plate, 5 for the cylinder and 5 for the square) were subjected to 

dynamic load at average impact speed of 3.48 m/s for the plate, 2.84 m/s for the cylinder and 3.37 m/s for the 

square type up to 60% compression ratio of the initial height. In the frontal impact PMHS sled tests at the 

velocity of 40 km/h [35], the chest deflection speed caused by a shoulder belt reached around 2 m/s. Therefore 

this dynamic porcine liver compression experiment targeted the impact velocity of 2 m/s. Because of the 

limitation of the drop tower testing device, the dynamic compression tests were conducted around 3 m/s. 

 

 

 

   
 (a) Plate  

200 x 200 x 30 mm 
Dropping mass: 10.6 kg 

(b) Cylinder 
  25 x 250 mm 

Dropping mass: 9.6 kg 

(c) Square  
30 x 30 x 250 mm 

Dropping mass: 9.7 kg 

Fig. 9. The drop tower for the 
dynamic compression tests 

 
Fig. 10. Impactors for the dynamic compression test 
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The experiments were simulated with the liver FE model by administering the average impact speed to each 

impactor model, and the force compression ratio curves from the simulations were compared with the 

experimental measurements. 

Step 4. Validation of liver tissue ultimate strains from the literature by comparing damaged regions in the 

simulations with damaged regions in compression tests 

Santago [13] reported ultimate strain on hepatic parenchyma at different loading rates under tension and 

compression (Table A. I). In comparison with the data of that study (Table A. I (a)), the strain rates from our 

quasi‐static compression tests (0.029s‐1), which were estimated by the initial height of 35mm (Figure 14 (a)) 

and loading velocity of 1mm/s, would correspond with values of ultimate strain in compression ranging from 

‐0.61 (Rate 1) to ‐0.52 (Rate 2). Therefore, either of these two values was implemented in our parenchyma 

material model as ultimate minimum principle strain. As for dynamic conditions, based on the same data source 

(Table A. I), an ultimate minimum principle strain of ‐0.46 was chosen. 

As for the hepatic membrane model, a threshold for ultimate maximum principal strain of 0.15 was 

implemented based on the uni‐axial tensile tests of hepatic membrane [23] (Figure A. 1). 

With the ultimate strain values implemented in the liver FE model, the model response was investigated by 

simulating the quasi‐static and the dynamic exsanguinated liver tests and by comparing the damaged region 

and extent of the liver FE model with the damage observed in the corresponding tests. 

Step 5. Evaluation of the Applicability of the Liver FE Model to simulate nearly in-vivo conditions 

Perfused liver compression tests under quasi‐static and dynamic‐loading conditions 

Two additional series of tests with perfused specimens were conducted [25].The liver of a living subject is 

filled with blood, which flows inside the organ, affecting its volume when compared with exsanguinated 

conditions and its response to external loading. In order to approximate in vivo conditions, the specimens were 

perfused with a constant flow of methylcellulose solution [36] and pressurized with a circulating pump to 

human and porcine blood pressure level of 130 mmHg [37] (Figure 11). 

Quasi‐static compression experiments were conducted by using a universal testing machine (AUTOGRAPH, 

Shimadzu, Kyoto, Japan) (Figure 5) with two types of impactors: plate and cylinder (Figure 12). A total of 10 liver 

samples (5 for plate and 5 for cylinder type impactors) were subjected to quasi‐static load at a velocity of 

1mm/s until damage occurred [25] (Test Series 3 in Figure 1). 
 

 

 

  

 (a) Plate  
320 x 320 x 30 mm 

(b) Cylinder 
 40 x 250 mm 

Fig. 11. Schematic diagram of the fluid circulation system 
 Fig. 12. Impactors for the quasi-static compression test 

with perfused liver specimens 

 

TABLE III 
Test matrix of the perfused porcine liver compression tests under dynamic loadings 

Drop height 

[mm] 

Impactor mass 

[kg] 

Impact velocity (Average) 

[m/s] 

Number of test 

100 2.5 1.18 3 

150 2.0 1.54 5 

150 2.25 1.52 8 

150 2.5 1.57 5 

150 2.75 1.59 3 
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As for dynamic loading conditions, plate impactor drop tests were conducted by using a drop tower shown in 

Figure 9 with a plate type impactor (200 x 200 x 20 mm) [25] (Test series 4 in Figure 1). Table III shows the test 

matrix of the dynamic compression experiment. In order to investigate a threshold for perfused liver damage, 

the impact energy was controlled by the drop height and impactor mass and set at the level of the occurrence 

of small damages. 

Liver FE model modifications and simulation of tests 

The geometry of the liver FE model described in Step 1 (Figure 14 (a)) was employed to match the 

perfused specimens [25]. 24 porcine liver specimens were measured in length, width and height before and 

after perfusion (Figure 13). The average size data are listed in Table IV. The liver FE model was scaled up based 

on the data in Table IV (Figure14). As a first step to estimate liver injury under perfused conditions by using the 

liver FE model, we attempted to use the liver FE model without modeling the pressure effects to prevent an 

increase in complexity, and investigated the applicability of the scaled liver FE model in simulating perfused liver 

conditions. 

The scaled liver FE model was subjected to simulations of quasi‐static compression tests using perfused 

whole porcine livers with rigid models of plate and cylinder‐type impactors shown in Figure 12 at a velocity of 1 

mm/s [25] (Test Series 3 in Figure 1). The scaled liver FE model was also subjected to simulations of dynamic 

compression tests with plate impactor models at velocities ranging from 1.18 to 1.59 m/s. 

By simulating the experiments, the performance of the model to simulate perfused livers could be assessed. 

In addition, by comparing the strain patterns in the simulations with the damaged regions of the tested 

specimens, ultimate strains corresponding with nearly in vivo conditions could be estimated. 

 

 

 

TABLE IV 

The average size of 24 porcine liver specimen with the 

standard deviation 

 Length 

[mm] 

Width 

[mm] 

Height 

[mm] 

Exsanguinated 226 (19) 143 (10) 34 (2)  

Perfused 242 (22) 153 (11) 74 (9) 
 Fig. 13 Measuring the specimen size  

 

  
(a) Exsanguinated condition 

L: 226mm, W:135mm, H:35mm 
(b) Perfused condition 

L: 242mm, W: 153mm, H 74mm 

Fig. 14. Scalling up the liver FE model from exsanguinated condition to perfused condition based on the 

average size of 24 porcine liver specimens [25] 

III. RESULTS 

Quasi‐static compression response of exsanguinated liver 

Figure 15 shows the comparison of force-compression ratio responses in quasi-static tests at a velocity of 

1mm/s and their corresponding simulation results with the liver FE model for plate, cylinder and square‐type 

impactors. The experimental results are represented by the average curve ± one standard deviation corridor. 

The simulation results include the simulated group with ultimate strain values as follows: i) no element 

elimination, ii) membrane ultimate maximum principal strain of 0.15, iii) membrane ultimate maximum principal 

strain of 0.15 and parenchyma ultimate minimum principal strain of -0.61, and iv) membrane ultimate maximum 

principal strain of 0.15 and parenchyma ultimate minimum principal strain of -0.52. 

Based on the assumption that liver damage would be associated with a sharp drop in the force‐compression 

ratio curve, the compression ultimate strain defined by minimum principal strain in the liver FE model was 

validated by comparison of the compression ratio at the time when a sharp drop of force was observed 

between FEA and experiments. Figure 16 shows an example of sharp force drops in experimental 
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force‐compression ratio curves. The values of the compression ratio at the point of a sharp force drop were 

extracted, which are summarized in Figure 17 with the average and standard deviation. Results of the FE 

simulation are also plotted in Figure17. 
Figure 18 shows top and lateral images of the specimens after the tests with damaged region in comparison 

with pictures of the corresponding simulations with regions from which element elimination occurred. To define 

the damaged internal regions in the experiment, the specimens used in the tests were preserved in formalin 

after the tests and sliced for visual inspection. The red areas superimposed on pictures of the specimens 

indicate the damaged internal regions. The dark red areas of the liver FE model indicate eliminated elements in 

the corresponding simulations. 

 

   
(a) Plate (b) Cylinder (c) Square 

 
 

Fig. 15.  Force-Compression ratio curves from quasi-static compression tests in comparison to simulated tests  

for plate (left), cylinder (middle) and square type (right) impactors 

 

 
 

Fig.16. Experimental force compression ratio 

curves showing damage as a sharp drop caused 

by tissue damage (quasi-static test with 

cylindrical impactor) 

Fig.17. Compression ratio at initiation of tissue damage from 

the quasi-static tests (Average in colored bars and standard 

deviation in black lines) and values at which element 

elimination initiates in the simulations for ultimate strain 

values of 0.52 (pink square dot) and of 0.61 (blue diamond dot) 

 

      

      
(a) Plate (b) Cylinder (c) Square 

Fig.18. Comparison of damaged regions in the quasi-static compression tests with eliminated regions in the 

corresponding simulations for plate (left), cylinder (middle) and square (right) type impactors 
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Dynamic compression response of exsanguinated liver 

Figure 19 shows a comparison of force‐compression responses in dynamic loading tests with their 

corresponding simulation results. The experimental results are represented by the average curve ± one standard 

deviation corridor. The simulation results include the simulated group with ultimate strain values as follows: i) 

no element elimination and ii) membrane ultimate maximum principal strain of 0.15 and parenchyma ultimate 

minimum principal strain of ‐0.46. 

A drop of the force in the simulations is detected. However, a sharp force drop could not be captured in the 

experimental data under dynamic compression as in the quasi‐static loading cases. Figure 20 shows top and 

lateral images of the specimens after the tests with damaged region in comparison with pictures of the 

corresponding simulations with regions at which element elimination occurred as in Figure 18 in quasi‐static 

cases. 

 

   

(a) Plate (b) Cylinder (c) Square 

 
Fig.19. Force‐Compression ratio curves from dynamic compression tests in comparison to simulated tests 

for plate (left), cylinder (center) and square (right) type impactors 

 

 

 

 

 

 

 

   
(a) Plate (b) Cylinder (c) Square 

Fig.20. Comparison of damaged regions in the dynamic compression tests with eliminated regions  

in the corresponding simulations at 60% compression ratio of the initial height  

for plate (left), cylinder (middle) and square (right) type impactors 
 

Quasi‐static compression response of perfused liver 

Figure 21 shows a comparison of force‐compression ratio responses in the quasi‐static tests at a velocity of 

1mm/s and their corresponding simulation results with the liver FE model for plate and cylinder impactors. The 

experimental results are represented by the average curve ± one standard deviation corridor. The simulation 

results include the simulated group with ultimate strain values as follows: i) no element elimination and ii) 

membrane ultimate maximum principal strain of 0.15 and parenchyma ultimate minimum principal strain of 

‐0.52. 
The values of the compression ratio at the point of a sharp force drop were extracted from the experimental 

data, which are summarized in Figure 22 with the average and standard deviation. Results of the FE simulation are 

also plotted in Figure 22. 
 

0

1000

2000

3000

4000

0 20 40 60

Fo
rc

e
[N

]

Compression ratio [%]

0

100

200

300

400

0 20 40 60

Fo
rc

e
[N

]

Compression ratio [%]

0

500

1000

1500

2000

0 20 40 60

Fo
rc

e
[N

]

Compression ratio [%]

0

100

200

300

400

0 20 40 60

Fo
rc

e
[N

]

Compression ratio [%]

FEA without element elimination

FEA with element elimination of menbrane (0.15) and parenchyma (-0.46)

Experiment Ave

Experiment Ave±SD

IRC-13-85 IRCOBI Conference 2013

- 744 -



 

  

 

 

(a) Plate (b) Cylinder  Fig. 22. Compression ratio at 

initiation of tissue damage from the 

tests (Average in colored bars and 

standard deviation in black lines) and 

values at which element elimination 
initiates in the simulations for 

ultimate strain values of 0.52 (pink 

square dot) 

 

 

Fig. 21. Force‐Compression ratio curves from quasi‐static compression 

tests of perfused liver in comparison to simulated tests for plate (left) 

and cylinder (right) type impactors 

 

 

Dynamic compression response of perfused liver 

Figure 23 shows a comparison of force‐compression responses in the dynamic loading tests with their 

corresponding simulation results. The experimental results of each test are represented respectively. 

Figure 24 shows a comparison of experimental force‐compression responses with and without liver damage. 

This figure explains a tendency that the maximum compression ratios with liver damage are greater than those 

without liver damage with the experimental data. The maximum compression ratios were extracted, which are 

summarized in Figure 25. The gray area in Figure 25 indicates a border of the liver damage. 

Figure 26 and Figure 27 indicate the liver damage obtained from the experiment. To define the damaged 

internal regions in the experiment, the specimens used in the tests were preserved in formalin after the tests 

and sliced for visual inspection. The red areas superimposed on pictures of the specimens indicate the damaged 

internal regions. Most of the cases with liver damage in Figure 25 have only lacerations on the outer surface as 

shown in Figure 26. Only one liver sample has parenchyma damage as shown in Figure 27. 
Figure 28 shows the true strain distribution of liver membrane at the maximum compression ratio. Figure 29 

shows the true strain distribution of liver parenchyma at the maximum compression ratio. 

 

    
(a) Case: 2kg-1.54m/s (b) Case: 2.25kg-1.52m/s (c) Case: 2.5kg-1.57m/s (d) Case: 2.75kg-1.59m/s 

Fig. 23. Force‐Compression ratio curves from dynamic compression tests of perfused liver 

in comparison to simulated tests with drop height of 150mm 
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Fig. 24. Experimental Force vs Compression ratio 

curve with and without liver damage 

 Fig. 25. Maximum compression ratio and occurrence of liver 

damage 

 

 

 

 

Fig. 26. Liver damage in the Case: 2.5kg‐1.57m/s  Fig. 27. Liver damage in the Case: 2.75kg‐1.59m/s 

 

 
Fig. 28. True Strain distribution of liver membrane at maximum compression ratio without any element 

elimination definition (Maximum principal strain, Case: 2.5kg‐1.57m/s) 

 

   
(a) Maximum principal strain (b) Minimum principal strain (c) Effective strain 

Fig. 29. True strain distribution of liver parenchyma at maximum compression ratio without any elemen 

elimination definition (Case: 2.5kg‐1.57m/s) 

IV. DISCUSSION 

Quasi‐static compression response of exsanguinated liver 

The force‐compression curves of the liver FE model under non‐perfused quasi‐static condition show good 

agreement with the experimental data (Figure 15). The results of the liver FE model with membrane ultimate 

strain only show no sharp force drops. These results explain that a sharp force drop on the 

force‐compression ratio curve was derived from parenchyma damage. The compression ratios at the time when 

a sharp drop of force was observed in the case of the parenchyma ultimate minimum principal strain of ‐0.52 

fall within the range of the experimental average ± one standard deviation (Figure 17). This result corresponds 
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to the compression ultimate strain reported by Santago. As a result, the ultimate minimum principal strain of 

hepatic parenchyma is around ‐0.52 under quasi‐static conditions. 

Dynamic compression response of exsanguinated liver 

In the case of non‐perfused dynamic conditions (Figure 20), the force‐compression curve of the liver FE 

model with the plate impactor slightly exceeds the experimental corridor. However, the force‐compression 

curves of the liver FE model with cylindrical and square-type impactors fall within the experimental corridor. A 

sharp force drop could not be detected in the experiment under dynamic compression when compared 

between FEA and the experiment such as quasi‐static loading. Therefore, the regions where element 

elimination occurred in the liver FE model were compared with the damaged regions of the specimens after the 

tests in order to validate the minimum principal strain defined in the parenchyma of the liver FE model. In the 

square- type impactor, the element elimination region in the perpendicular direction of the bottom surface is 

around the middle area, but the damaged region of the specimen is around the lower area. On the whole, the 

element elimination regions of the three types of impactors, however, show the same tendency as those of 

damaged regions of the specimens. As a result, the ultimate minimum principal strain of hepatic parenchyma 

could be around ‐0.46 under dynamic conditions. 

Quasi‐static compression response of perfused liver 

The force‐compression curves of the liver FE model under perfused quasi‐static conditions show good 

agreement with the experiment corridor up to the compression ratio of 35% (Figure 21). The differences of the 

force‐compression curve over the compression ratio of 35% between the liver FE model and specimens would 

be attributed to perfusion. This result indicates that other material models for perfused liver need to be 

developed if liver behavior is investigated over the compression ratio of 35%. However, such large deformations 

over the compression ratio of 35% hardly occur under quasi‐static conditions when the liver FE model was 

introduced into the whole human FE model for traffic injury study. Thus, these results explain that the liver FE 

model validated with non‐perfused liver is capable of representing perfused liver compression behavior. 

In addition, the compression ratios at the time when a sharp drop of force was observed in the case of the 

ultimate minimum principal strain of ‐0.52 fall within the range of the experimental average ± one standard 

deviation (Figure 22). This result corresponds to the compression ultimate strain reported by Santago [13]. As a 

result, the ultimate minimum principal strain of perfused hepatic parenchyma is also around ‐0.52 under 

quasi‐static conditions. 

Dynamic compression response of perfused liver 

The force‐compression curves of the liver FE model under perfused dynamic conditions show a similar 

tendency with the experimental data and the impactor was rebounded around 35% compression ratio (Figure 

23). In the initial stage of compression ratio, the force of the liver FE model increases linearly and is greater than 

that of experiments. It is because the rate‐dependent effects of hepatic parenchyma were modeled as linear 

viscoelasticity, and because of the limitations of the model. In these cases, the hepatic membrane of the liver FE 

model had some eliminated elements, but no element eliminations occurred in the parenchyma part of the liver 

FE model with the ultimate minimum principal strain of ‐0.46. 

Figure 24 explains a tendency that the maximum compression ratios with liver damage are greater than 

those without liver damage in the experiment. The maximum compression ratios were extracted and are 

summarized in Figure 25. The gray area in Figure 25 indicates the border of liver damage. The case with the 

impactor mass of 2.5kg and impact velocity of 1.57m/s was chosen from the gray border, and by comparing the 

strain patterns in the simulations with the damaged conditions of the tested livers, ultimate strain values to be 

used for liver FE models of perfused conditions were investigated. 

The damage to a tested specimen is shown in Figure 26. The specimen had only lacerations on the outer 

surface of the bottom area. The maximum principal strain pattern of the membrane elements at the maximum 

compression ratio also shows strain concentration on the bottom surface (Figure 28). Kaneta [23] conducted 

the hepatic membrane tension test and reported that the ultimate nominal strain of hepatic membrane was 

around 15% (0.14% in true strain) as shown in Figure A.1. The red area in Figure 28 indicates the maximum 

principal strain over 0.14% in true strain and explains the possibility of laceration. On the other hand, the strain 

distributions of parenchyma shown in Figure 29 have no strain concentrations on the outer area. 

Only one liver sample in the case with the impactor mass of 2.75kg and impact velocity of 1.59m/s had small 
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parenchyma damage as shown in Figure 27 and the damage occurred in the center region. The liver FE model 

also showed strain concentration in the center region of parenchyma at the maximum compression ratio as 

shown in Figure 29. Santago [13] reported ultimate strain of hepatic parenchyma at different loading rates 

under tension and compression (Table A.I). According to that study, the strain rates from our dynamic 

compression tests (approximately 14s‐1) would correspond with the values of ultimate nominal strain in the 

tension of 0.24 ± 0.07 (Average ± S.D.), ranging from 0.16 to 0.27 in true strain, and in compression of ‐0.46 ± 

0.05, ranging from ‐0.71 to ‐0.53 in true strain. In the case of FE simulation with the impactor mass of 2.75kg 

and impact velocity of 1.59m/s, the maximum value of the maximum principal strain is 0.27 (true strain) is 

within Santago's ultimate strain corridor in tension. The minimum value of the minimum principal strain is 

‐0.51 (true strain), which is very close to Santago's ultimate strain corridor in compression although it is out of 

the corridor. The strain value of FE models is affected by its own mesh size, material properties and so on. 

However these results explain that occurrence of liver injury under perfused conditions could be predicted 

with the ultimate strain data obtained by fundamental material testings with small piece samples. 

Limitations of the study 

The liver FE model developed in this study has some limitations as follows: 1) defining the hepatic 

membrane property as linear elastic, 2) excluding blood pressure or fluid effect modeling, 3) no blood vessel 

models and 4) using one geometric data set of a lobe. These issues will be addressed in future work to develop 

a more biofidelic liver FE model to conduct highly reliable injury simulations. 

V. CONCLUSIONS 

A liver FE model with hyper‐viscoelasticity was developed based on exsanguinated liver properties. The 

applicability of the liver FE model was evaluated against whole perfused porcine liver compression tests under 

quasi‐static and dynamic loadings. The results show that force and displacement of the FE model match the 

response of perfused livers up to 35% compression ratio. Perfused livers tested under dynamic loading 

sustained tissue damage in corresponding regions where the FE model showed highest strain concentrations. 

Based on this correlation, an ultimate strain for hepatic parenchyma and membrane was estimated. 
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VIII. APPENDIX 

TABLE A. I Failure strain of liver parenchyma from Santago 2010 [13] 

(a) compression 

 

(b) Tension 

 
 

 
Fig. A.1. Failure strain of liver membrane obtained from tensile tests by Kaneta et al. [23] 

 

Rate
Desired Strain 

Rate [s-1]
No. of
tests

Average

Strain Rate [s-1]
Failure Strain

(Nominal strain)
Rate 1 0.007 9 0.008±0.001 -0.61±0.05

Rate 2 0.070 9 0.074±0.001 -0.52±0.04

Rate 3 0.700 9 0.776±0.104 -0.46±0.05

Rate 4 7.000 9 8.011±0.834 -0.46±0.05

Rate
Desired Strain 

Rate [s-1]
No. of
tests

Average

Strain Rate [s-1]
Failure Strain

(Nominal strain)
Rate 1 0.01 16 0.008±0.001 0.34±0.12

Rate 2 0.10 11 0.089±0.001 0.32±0.05

Rate 3 1.00 12 0.871±0.104 0.30±0.10

Rate 4 10.00 12 9.524±0.834 0.24±0.07
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