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a b s t r a c t

The rapid advancement in computational power has made human finite element (FE)

models one of the most efficient tools for assessing the risk of abdominal injuries in a

crash event. In this study, specimen-specific FE models were employed to quantify

material and failure properties of human liver parenchyma using a FE optimization

approach. Uniaxial tensile tests were performed on 34 parenchyma coupon specimens

prepared from two fresh human livers. Each specimen was tested to failure at one of four

loading rates (0.01 s�1, 0.1 s�1, 1 s�1, and 10 s�1) to investigate the effects of rate

dependency on the biomechanical and failure response of liver parenchyma. Each test

was simulated by prescribing the end displacements of specimen-specific FE models

based on the corresponding test data. The parameters of a first-order Ogden material

model were identified for each specimen by a FE optimization approach while simulating

the pre-tear loading region. The mean material model parameters were then determined

for each loading rate from the characteristic averages of the stress–strain curves, and a

stochastic optimization approach was utilized to determine the standard deviations of

the material model parameters. A hyperelastic material model using a tabulated

formulation for rate effects showed good predictions in terms of tensile material proper-

ties of human liver parenchyma. Furthermore, the tissue tearing was numerically

simulated using a cohesive zone modeling (CZM) approach. A layer of cohesive elements

was added at the failure location, and the CZM parameters were identified by fitting the

post-tear force–time history recorded in each test. The results show that the proposed

approach is able to capture both the biomechanical and failure response, and accurately

model the overall force–deflection response of liver parenchyma over a large range of

tensile loadings rates.
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1. Introduction

Liver injuries frequently caused by both frontal and side

impact motor vehicle collisions are associated with high

morbidity and mortality rates (Nahum and Melvin, 2002).

Capsule lacerations and parenchyma damage are common

liver injuries and could be severe (Harbrecht et al., 2001).

Injury mechanisms of blunt liver trauma, such as decelera-

tion injury and crush injury, have been proposed in the

literature (Jin et al., 2013; Ahmed and Beckingham, 2007).

However, these injury mechanisms are primarily dependent

on the injury location observed in medical images, and the

assumed direction and location of applied force during the

crash. Recent experimental studies (Howes et al., 2012) have

investigated the relative kinematics of the thoraco–abdom-

inal organs during dynamic blunt loading using high-speed

biplane x-ray technology. While the results were promising,

the limited field of view and simplified loading conditions

make a complete understanding of liver injuries challenging.

Human finite element (FE) models have the capability to

simulate each time step during an impact event and calculate

the stress/strain field within human organs that could be

correlated with injuries. However, the FE predictions are

highly dependent on the model geometries, the connections

of its parts, and especially the assigned material properties.

Therefore, to numerically investigate liver injuries, biofidelic

material properties are needed over a large range of load-

ing rates.

Several studies have investigated the failure properties of

liver parenchyma in uniaxial tension using animal speci-

mens: bovine (Santago et al., 2009a, 2009b; Lu et al., 2014)

porcine (Hollenstein et al., 2006; Chui et al., 2007; Brunon

et al., 2010) and rabbit (Yamada, 1970). Recently, an extensive

study presented the results of a total of 51 tensile tests

performed on human liver parenchyma at four loading rates

(Kemper et al., 2010). The stress–strain curves until failure

were obtained using load cells, pre-test pictures, high-speed

video, and optical markers placed on the specimens.

Although these previous studies provide considerable insight

into the factors that affect the tensile response of liver

parenchyma, the strain time histories were usually obtained

from the local marker displacements. Additionally, FE mate-

rial models, with verification in terms of global properties of

entire specimens, were not developed based on the experi-

mental test data.

The primary goal of this study was to accurately model

both the biomechanical and failure responses of human

liver parenchyma under tensile loading. To identify the

parameters of a non-linear material model assigned to liver

parenchyma, specimen-specific FE models and a simulation-

based optimization approach were employed as in other

recent studies (Hu et al., 2009, 2011; Untaroiu, 2013;

Untaroiu and Lu, 2013; Lu et al., 2013). Then, the average

stress–strain curves and failure properties developed based

on specimen-specific FE models were compared to local

marker data. To model the tear of the liver parenchyma,

the Cohesive Zone Modeling (CZM) approach, implemented

recently in most FE software packages, was utilized to model

the pre- and post-failure behavior of parenchyma coupon

specimens. The data reported in the current study could be

easily implemented in current human liver models (Behr

et al., 2003; Vavalle et al., 2013). Then, a better understanding

of liver injury mechanisms could be obtained using biofidelic

human models in numerical impact simulations.

2. Methods

2.1. Experimental testing

Uniaxial tensile tests were performed on the parenchyma of

two fresh human livers. Thirty-four “dog-bone shape” speci-

mens were prepared using the custom blade assembly,

slicing jig, and stamp described in previous studies (Kemper

et al., 2010; Lu et al., 2013, 2014; Untaroiu and Lu, 2013). The

length, width, and thickness of the gage length were approxi-

mately 55.5 mm, 10 mm, and 5 mm respectively. The liver

parenchyma specimens did not contain any visible defects,

vasculature, or the capsule. The longitudinal direction (or

“loading direction”) of the specimens was parallel to the

surface of the liver. Prior to testing, specimens were

immersed in a bath of Dulbecco’s Modified Eagle Medium

(DMEM) to maintain specimen hydration. It should be men-

tioned that one previous study (Santago et al., 2009b) found

no statistically significant changes in failure tensile stress or

strain between specimens tested at normal room tempera-

ture (24 1C) and body temperature (37 1C). Therefore, the

human liver parenchyma was tested at a normal room

temperature (24 1C), and within 48 h of death to minimize

the effects of tissue degradation (Lu and Untaroiu, 2013).

The testing system consisted of two motor driven linear

stages (Parker Daedal MX80S, Irwin, PA) mounted to a

vertically oriented aluminum plate (Fig. 1). The specimen

Linear Stage

Load Cell

Accelerometer

Top Grip

Bottom Grip
Accelerometer

Load Cell

Linear Stage

Specimen

Fig. 1 – Experimental setup.
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mounting procedure was used to ensure that all specimens

had a minimal but consistent preload (i.e. 1 g of tension)

(Kemper et al., 2010; Lu et al., 2013, 2014). The specimen was

aligned so that the longitudinal axis of the specimen coincided

with the centerline of the load train. Prior to each test, the 3‐

dimensional geometry of each specimen mounted between

clamps was obtained using a FARO Laser Scanner (Laser Line

Probe V3, FARO Technologies, Inc., Lake Mary, Florida) with an

accuracy of 735 μm. In addition, a collinear and equidistant

pattern of paint (optical) markers was applied to each speci-

men (Fig. 1) prior to testing with 4 mm between each marker.

A high speed video camera (Phantom V9, Vision Research,

Wayne, NJ) with a resolution of 7.7 pixels/mm recorded the

specimen-response during testing (Table 1). The testing sys-

tem loaded the specimen by simultaneously moving the top

and bottom grips away from one another at a constant

velocity. All the specimens were divided into four groups,

and tested until complete failure at one of the following four

strain rates: 0.01 s�1, 0.1 s�1, 1 s�1, or 10 s�1 (Table 1).

The displacement between grips was measured using

potentiometers attached to the linear stages and was then

fitted with a 1st degree polynomial to reduce the measure-

ment noise. The time history of force measured at the load

cell was inertially compensated and then fitted by a 5th

degree polynomial up to the time of failure (average

R2¼0.902). The tissue failure was defined as the point on

the force–time curve where the force reached a maximum

and then decreased more than 3% of the peak value. The

corresponding time was defined as the “time of failure”.

2.2. Constitutive characterization of the human

parenchyma tissue

2.2.1. The marker model

The marker model utilizes the constant cross-sectional area

and the displacement of the two markers adjacent to the

failure site. The displacement between the closest optical

markers adjacent to the tear was tracked in the video until

failure using motion analysis software (TEMA Version 2.6,

Linkoping, Sweden). To reduce the inherent noise, the dis-

placement was curve fit with a 5th degree polynomial

(average R2¼0.999). The local stretch ratio (λ) and Green–

Lagrangian (GL) strain (ε) were calculated from the curve fit

displacement data as follows:

λ¼
Ln
L0

ð1Þ

ε¼
1

2
ðλ2�1Þ ð2Þ

where L0 is the original distance between the optical markers,

and Ln is the instantaneous distance between the optical

markers. The 2nd Piola–Kirchhoff (PK) Stress (S) was then

calculated based on the inertially compensated force data (Fe),

stretch ratio (λ), and initial cross-sectional area (A0) as follows:

S¼
Fe
λA0

ð3Þ

The force vs. deformation (displacement between grips) and

stress vs. strain data using the marker model were combined

with similar previously published human liver parenchyma

data obtained from three fresh human livers (Lu et al., 2013),

resulting in a total of eighty-six specimens. The average force-

deformation curves, average strain-stress curves, and corre-

sponding variation corridors at each strain rate were calculated

from this combined dataset. Average curves were computed

using a normalizing technique, and the boundaries of the

corridor data were defined along the average curves using 71

standard deviation (SD) as ellipsoidal axes (Untaroiu and Lu,

2013).

2.2.2. The specimen-specific FE model

Poly-surfaces of the specimens were constructed using Geo-

magic Studio 11 (Geomagic Inc., Morrisville, NC) based on the

point clouds recorded prior to testing with the FARO Laser

Scanner. These data were transformed into Non-Uniform

Rational B-spline (NURBS) surfaces using Rhino vers.5.0

(Robert McNeel & Associates, Seattle, WA), which were then

used in meshing. Specimen-specific FE models were devel-

oped for each specimen using a structural meshing approach

in TrueGrid vers. 2.3.4. (XYZ Scientific Applications, Liver-

more, CA). In a previous study, a mesh with approximately

400 hexahedral elements showed a good convergence in

these loading conditions (Untaroiu and Lu, 2013). Therefore,

a similar mesh density was used in the current study. Finally,

a uniform smoothing algorithm (Rainsberger, 2006) was used

to automatically improve the mesh quality of the hexahedral

elements (e.g. jacobian, aspect ratio, etc.).

Many previous studies showed that an isotropic hyper-

elastic formulation reasonably approximates the nonlinear

behavior of abdominal solid organ tissues (Gao et al., 2010;

Umale et al., 2013; Snedeker et al., 2005). Therefore, a

commonly used hyper-elastic formulation, the Ogden mate-

rial model, implemented in the FE software (LS-Dyna vers.

6.0, LSTC, Livermore, CA) was assigned to specimen-specific

FE models. This material model (LS-Dyna MAT_77 (Hallquist,

2006)) has an unconstrained form due to a hydrostatic work

term to the strain energy function:

Wðλ1; λ2; λ3 Þ ¼ ∑
N

i ¼ 1

μi

αi
ðλ

αi
1 þ λ

αi
2 þ λ

αi
3 �3Þ þ KðJ�1� lnJÞ ð4Þ

where K is the bulk modulus and J is the volume ratio. The

liver parenchyma was assumed to be a nearly incompressible

Table 1 – Data Acquisition and high-speed video sampling rates by loading rate

Rate Number of specimens Desired strain rate (s�1) Data acquisition (kHz) High-speed video (Hz)

1 7 0.01 0.2 20

2 9 0.1 2 70

3 9 1.0 20 500

4 9 10 40 1000
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material, with a Poisson's ratio of 0.4996 in all models. Each

tension test was simulated by prescribing the displacement-

time histories, recorded during testing, to the specimen ends.

In the implicit simulations (0.01 s�1 and 0.1 s�1 strain rates),

a fully integrated element integration scheme was used. A

constant stress element formulation with a viscosity-based

hourglass control (Qm¼0.02) was used in all explicit simula-

tions (1 s�1 and 10 s�1 strain rates). A simulation was

considered successful if the peak hourglass energy was less

than 3% of the peak internal energy.

The first-order Ogden material parameters, μ1 and α1, were

identified using a metamodel-based optimization, called the

sequential response surface method (SRSM), implemented in

LS-Opt software. This iterative method uses a region of

interest, which changes in size after each iteration, to

determine an approximate optimum. The root-mean-square

(RMS) of the difference between the experimental force data

and corresponding simulated model data was defined as the

objective function to be minimized. A D-optimal design was

used to assign test points around the optimum point which is

determined after each iteration. Subsequently, a quadratic

response surface was fitted through the values of the objec-

tive function calculated from the corresponding FE simula-

tions. The initial values of the Ogden parameters were

obtained using an analytical model for each specimen

(Untaroiu and Lu, 2013; Lu et al., 2013), and the optimization

process was stopped after six iterations. The maximum GL

strain along the tensile direction at the time of failure

obtained from testing was defined as the GL failure strain.

Then, the stretch ratio and 2nd PK stress at failure were

derived using failure GL strain and the optimized Ogden

material parameters.

The stress–strain relationships calculated from the opti-

mized Ogden material parameters were used to compute

average curves and variation corridors for each strain rate using

the corridor approach mentioned previously (Untaroiu and Lu,

2013). The average Ogden material parameters for each strain

rate were identified using the average curves of the specimen-

specific FE model data by an optimization-based approach

performed in Matlab vers. R2012b (MathWorks, Inc., Natick,

MA). In addition, the corresponding SD of the model parameters

for each strain rate were also identified using a stochastic

optimization approach performed in Matlab (Lu et al., 2013).

The average 2nd PK stress vs. GL strain curves were trans-

formed to engineering stress vs. engineering strain and then

used as inputs of a LS-Dyna material model, MAT_181 (nMAT_

SIMPLIFIED_RUBBER/FOAM). This LS-Dyna material model uses

a tabulated formulation of hyperelasticity with rate effects

(Kolling et al., 2007). The accuracy of this material model was

tested using a simple cube element (Fig. 2(a)) loaded at each of

four strain rates used in this study, and three other intermedi-

ate strain rates.

Various computational methods have been proposed for

modeling dynamic fracture of engineering materials (Cox

et al., 2005). The cohesive zone theory is a popular method

that has shown promising results in modeling the failure

propagation through various engineering materials. This

method considers fracture as a gradual process of separation

by adding an interface in the region adjacent to the tip of the

forming crack (Kanninen and Popelar, 1985; Park and Paulino,

2013). In this study, a cohesive zone model (CZM) interface,

consisting of hexahedral elements with zero height, was

inserted transversally at the location of the observed tear

( Fig. 2(b)) in four specimens corresponding to high strain rate

tests (Rate 3: L3-01_4, L3-02_4 Rate 4: L4-01_4, L4-02_4) to

model the tissue tearing process. Similar to the constitutive

(stress–strain) relationships used to model the tissue (bulk)

material, CZM requires a traction separation law to be

prescribed for the tear propagation path (Fig. 3(a)).

Various traction–separation relationships have been pro-

posed in the literature such as cubic polynomial (Tvergaard,

1990), trapezoidal (Tvergaard and Hutchinson, 1992, 1993),

exponential (Ortiz and Pandolfi, 1999; Benzeggagh and

Kenane, 1996), linear softening (Camacho and Ortiz, 1996),

and bilinear softening (Guinea et al., 1994). A material model

implemented in LS-Dyna (MAT_185, nMAT_COHESIVE_TH)

with a normalized trapezoidal traction–separation relation-

ship (Fig.3(b)) was used in the definition of the CZM part

(Fig. 2(b)). In this material formulation, the peak traction (the

force over area � σmax) reached at a separation of λ1 is kept

constant (ductile behavior) until the separation reaches λ2.

Then, a linear reduction of the traction (elastic softening

response) is simulated until a separation of λfail is reached,

which corresponds to when the damage is complete.

Since CZM is defined to simulate the failure modes

generated by both tensile (mode I) and shear stresses (modes

CZM

elements

Fig. 2 – (a) Single cube element used to verify the FE material

model in tension (b) The specimen model with a CZM

defined at the tear location.

Fig. 3 – (a) Schematic of cohesive zone model. (b) Effective

traction–separation relationship (Tvergaard and Hutchinson

1992).
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II and III), the effective separation λ is expressed in terms of

the normal ðδnÞ and tangential ðδtÞ components of the dis-

placement at the cohesive interface

λ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

δn

δcn

� �2

þ
δt

δct

� �2
s

ð5Þ

where δcn and δct are critical values of the normal and

tangential characteristic components.

An additional optimization was setup to match the experi-

mental and numerical force time histories for both pre- and

post-failure regimes. The CZM parameters (λ1, λ2, λfail, δ
c
n, σn_max)

were considered as input variables. Since the specimen is

loaded primarily in tension, the tearing occurs as failure mode

I. Therefore, the CZM parameters corresponding to shear

loading have a negligible influence on the tear propagations,

so their unknown values (δct , σt_max) were assigned to be equal to

the corresponding values in tension. Since the addition of CZM

influences only the timing of tear occurrence and post-failure

behavior, not the pre-failure stiffness, the corresponding Ogden

parameters of liver parenchyma identified previously were

maintained constant. Typically, curve fitting of the post-failure

Fig. 4 – Force–deformation curves. Characteristic averages and variation corridors at four loading rates (a) 0.01 s�1 (b) 0.1 s�1

(c) 1 s�1 (d) 10 s�1 and (e) all rates (data from current study and Lu et al. 2013 study).

Fig. 5 – Stress–strain curves from the marker model. Characteristic averages and variation corridors at four loading rates (a)

0.01 s�1 (b) 0.1 s�1 (c) 1 s�1 (d) 10 s�1 and (e) all rates (data from current study and Lu et al. 2013 study).
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region is challenging using RSM as an objective function,

especially after the steep force decline which follows the tear

occurrence. Therefore, a “curve mapping” algorithm based on

Fréchet distance implemented in LS-Opt was used. In this

algorithm the points of one curve were mapped onto the

second curve, and the mismatch error, calculated as the area

between both curves, is used as an objective function. As in

the identification of the parenchyma (bulk) material, the

optimization was stopped after six iterations.

3. Results

A total of 34 tensile tests were conducted on parenchyma

specimens from two fresh human livers at four different

loading rates (0.01 s�1, 0.1 s�1, 1 s�1, and 10 s�1). The average

force–deformation curves, average strain–stress curves, and

the corresponding variation corridors at each strain rate were

quantified. The data in the current study were then combined

with the data obtained from three fresh human livers

reported in a previous study (Lu et al., 2013) (Figs. 4 and 5).

As in our previous studies (Lu et al., 2013; Untaroiu and Lu,

2013), a typical non-linear behavior was observed in the

response of the liver parenchyma (Fig.4). The force–deflection

response normally had a toe region followed by an almost

linear region. While the pre-failure region usually showed a

slight concavity at lower rates, this characteristic was

not usually observed in specimens tested at higher rates where

the failure occurred mostly within the quasi-linear region.

The values of Ogden material parameters corresponding to

each specimen, identified by FE simulation-based optimization,

were reported in Table 2. The 2nd PK stress vs. GL strain curves

calculated using Ogden material parameters were combined

with the previous data obtained from three fresh human livers

(Lu et al., 2013) to determine the average strain–stress curves and

their variation corridors at each strain rate for the specimen-

specific FE models (Fig. 6). The average curves calculated from

the marker model and the specimen-specific FE model were

further compared with tensile testing data from bovine liver

parenchyma (Fig. 6) (Lu et al., 2014). The average Ogden material

parameters for each loading rate (Table 2) were identified using

the average curves from the specimen-specific FE model data

(Fig. 6). The corresponding SD of the model parameters for each

loading rate (Table 2) were also determined.

A two-way ANOVA with Tukey–Kramer multiple compar-

ison tests (α¼0.05) showed that for both the specimen-

specific and marker data the means of failure strain and

failure stress were significantly different between strain rates

(po0.05), and were not significantly different between donors

(p40.05) (Table 4). No interaction effects were observed

between strain rates and donors (p40.05) (Table 4).

The average values of failure strain and stress were

compared (Fig. 7) with corresponding marker data from

tensile tests on human liver parenchyma (“human data”)

(Kemper et al., 2010) and bovine liver parenchyma (“bovine

data”) (Lu et al., 2014). With an increase in strain rate, all

these data demonstrate a decreasing trend in the failure

strain (Fig. 7(a)) and an increasing trend in the failure stress

(Fig. 7(b)). Two-sample Mann–Whitney tests (Table 3) were

performed to compare two data sets at the same rate to
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Fig. 6 – Stress–strain curves using the specimen-specific FE model and the marker model from human (h) and bovine (b)

specimens (Lu et al. 2014). Characteristic averages and variation corridors at four loading rates (a) 0.01 s�1 (b) 0.1 s�1 (c) 1 s�1

and (d) 10 s�1 (data from current study and Lu et al. 2013).

Fig. 7 – Comparison of (a) Green–Lagrangian (GL) failure strain (b) 2nd Piola-Kirchhoff (PK) failure stress: Marker Data vs.

Specimen-specific Data vs. Bovine Data (Lu et al. 2014) vs. Human Data (Kemper et al. 2010).

Table 3 – Statistical comparisons between data sets.

Failure strain/failure stress Rate 1 Rate 2 Rate 3 Rate 4

Specimen-specific vs. marker o0.01/0.12 o0.01/0.1 o0.01/o0.01 o0.01/0.22

Specimen-specific vs. bovinea o0.01/0.91 0.04/0.43 o0.01/0.22 –

marker vs. bovinea 0.19/0.26 0.33/0.06 0.72/0.15 –

marker vs. humanb 0.55/0.61 0.31/0.31 0.24/0.61 0.42/0.79

Bold: p-value o0.05 indicates significantly different.
a Bovine data (Lu et al., 2014) is available only at Rate 1, 2, and 3.
b human data (Kemper et al. 2010).
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investigate the possible differences between the models (e.g.

marker data vs. specimen-specific data or human data vs.

bovine data). No significant differences were found between

the marker data in the current study and other marker

human data (Kemper et al., 2010) or between the marker

human data and the marker bovine data (Lu et al., 2014) for

corresponding rate and stress/strain combinations (p40.05).

However, significant differences of failure stress and strain

were observed between the specimen-specific FE data and the

marker data, and the specimen-specific FE data and the

marker bovine data (po0.05) (Table 3).

The stress–strain curves predicted by the cube model

using the LS-Dyna parenchyma material model at each of

the four strain rates used in testing (0.01 s�1, 0.1 s�1, 1 s�1,

10 s�1) showed a good match with the average stress–strain

curves of the specimen-specific FE model (Fig. 8). In addition,

the stress–strain curves simulated at other different strain

rates (0.05 s�1, 0.5 s�1, 5 s�1) showed a similar shape and an

increased stiffness with an increase in strain rate. A sensi-

tivity study with respect to the bulk modulus performed

using values ranging from 10 MPa to 1000 MPa showed small

variation of the tensile force (under 1%) Therefore, a bulk

modulus of 320 MPa was used in the simulations of

specimen-specific models with CZM.

A reasonable match to the test data was shown by the

parenchyma models with CZM added at the tear location

(Fig. 9). The pre-failure region optimized previously was not

affected by adding the CZM and it maintained a good fit with

the test data. The failure of CZM region generates a drop in

the grip forces at almost the same time as the test data. The

model force time histories reasonably followed the test data

after the tear initiation (Fig. 9). While there are some inherent

variations in the identified values of maximum traction ðσmaxÞ

and failure separation ðλfailÞ (Table 5), some similarities are

observed in the normalized traction–separation curves

(Fig. 10).

4. Discussion

The rapid advancement in both computation power and non-

linear FE software has allowed for the possibility to develop

accurate human computational models that may avoid the

difficulties and cost of Post Mortem Human Surrogate (PMHS)

tests used in various biomechanical studies. Recently, several

human FE models were developed to better understand the

response and injury mechanisms of the human abdomen

under impact loading corresponding to automotive accidents

(Vavalle et al., 2013; Roth et al., 2013) or ballistic impacts

(Shao et al., 2013). In these models, accurate geometries of the

human abdomen were reconstructed from human medical

images, but the complex material properties of the liver and

other solid abdominal organs were usually assigned simpli-

fied material models (e.g. elastic model used in Roth et al.,

2013) without strain-rate dependency due to a lack of accu-

rate human material property data in literature. It is well

known that loading velocity significantly affects overall

Table 4 – Two-way ANOVA for testing the effects of strain rates and donors on the mean of the failure strain and failure
stress. Bold: p-value o0.05.

Specimen specific model

Failure strain p-value Comparisons (po0.05)

Strain rate o0.01 Rate 14Rate 3,4

Donor 0.52

Rate and donor interaction 0.76

Failure stress p-value Comparisons (po0.05)

Strain rate o0.01 Rate 1,2,3oRate 4, Rate 1oRate 3

Donor 0.80

Rate and donor interaction 0.20

Marker model

Failure strain p-value Comparisons (po0.05)

Strain rate o0.01 Rate 1,2,34Rate 4

Donor 0.44

Rate and donor interaction 0.51

Failure stress p-value Comparisons (po0.05)

Strain rate o0.01 Rate 1,2,3oRate4

Donor 0.79

Rate and donor interaction 0.20

Fig. 8 – Comparison between the stress–strain test data and

one element FE predictions.
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human FE model response and injury predictions. Conse-

quently, there is a need for better characterization of human

soft tissues especially at higher loading rates. Therefore, the

objective of this paper was to investigate the tensile material

and failure properties of human liver over a large range of

loading rates (0.01–10 s�1). Similar test data reported pre-

viously (Lu et al., 2013) was combined with the current data

set to yield the average curves and variation corridors from a

total of 86 human parenchyma tests.

Typical mechanical characteristics of soft tissues are

observed in the structural and material properties of liver

parenchyma. Both the force–deformation and the stress–strain

relationships exhibit non-linear behavior as well as a depen-

dence on strain rate. As in previous studies (Untaroiu and Lu,

2013; Lu et al., 2013), the average stress–strain curves obtained

using the marker model were found to be qualitatively stiffer

than the corresponding stress–strain curves obtained by

specimen-specific FE models. In addition, significantly larger

failure strain and stress were observed in the specimen-

specific FE models compared to the marker model. Since both

models assume a homogenous and isotropic tissue and use

the same grip force time history, it is more likely that the

Fig. 9 – Comparison between the test data and the FE data: specimen model with CZM: Representative specimens (a) L3-01_4

(b) L3-02_4 (c) L4-01_4 and (d) L4-02_4.

Table 5 – CZM material parameters.

Specimen units δcn (mm) λ1 (mm) λ2 (mm) λfail (mm) σmax (kPa)

L3-01_4 3.87 0.27 0.87 1.85 50.4

L3-02_4 0.42 0.24 0.73 1.58 80.0

L4-01_4 0.17 0.14 0.44 1.14 103.9

L4-02_4 3.53 0.17 0.37 1.53 62.4

Fig. 10 – The identified traction–separation laws.
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differences are due to the modeling approaches used. In the

marker model, the strain is calculated based on the marker

displacement assuming a uniform strain field between the

paint markers. However, geometric irregularities, possible

tissue inhomogeneity and the gravity may add some inac-

curacies to the calculated strain–stress responses. For exam-

ple, a non-uniform strain field was recorded using digital

image correlation (DIC) technique even on the central portion

of liver coupons tested under uniaxial tension (Gao and Desai,

2010). In addition, a non-uniform strain field was also observed

in the homogenous and isotropic coupon models during

tensile FE simulations caused mostly by the geometric irregu-

larities and boundary conditions. This finding was also

reported in previous studies (Untaroiu, 2013; Medina-Cetina

and Rechenmacher, 2010; Zhao et al., 2008). On the other hand,

the specimen-specific model considers the entire geometry of

the specimen and the Ogden parameters, which define the

model stress–strain relationship, are changed iteratively until

the grip force–time history (global response) fits the corre-

sponding experimental force data. The possible inhomogene-

ity of the specimen and neglecting of the preload (i.e. initial

stress/strain) caused by gravity and compression by the grips

may influence the accuracy of the specimen-specific model as

well. Although an approach to take into account this pre-

loading in the specimen-specific FE model should be investi-

gated in the future, it should be noted that FE simulations with

a humanmodel are typically performed without pre-loading of

internal organs. Therefore, the material properties provided in

this study could be used in this type of simulation set-up. In

many studies, material inhomogeneity in human hard tissues

(e.g. bone) is typically considered in the numerical models by

various relationships with apparent tissue density, mineral

density, or porosity (Rudy et al., 2011). However, to the authors’

knowledge, similar studies for human soft tissues are lacking

in the literature. Therefore, future studies may further inves-

tigate inhomogeneity in soft tissue and implement it in

numerical models.

CZM has been used extensively to predict failure in

different materials, but its use in predicting failures in soft

materials is limited (Bhattacharjee et al., 2013). In this study,

the CZM approach was used to simulate the failure (tear)

propagation path through the liver parenchyma during fail-

ure tests. Overall, the model with optimized CZM parameters

matched well with the time history of the grip force after the

failure occurred. Although this work was a pilot study,

simulation of additional tests with various types of CZM

separation-laws and other modeling approaches, such as

the extended FE method (XFEM) (Pannachet et al., 2009;

Menk, SPA. (2010)), are planned to be performed in the future.

This study has some limitations. The liver is perfused with

blood under physiological conditions which may add some

dilatation that is not present in the liver specimens tested in

this study. A previous study reported (Kerdok et al., 2006) that

un-perfused livers have a higher stiffness than perfused

livers. However, no data exist for dynamic in vivo loading,

especially in respect to failure. Therefore, the effects of

perfusion on dynamic material properties of liver should be

addressed in future studies.

In the current work, as in previous studies that used CZM

to model failure (Bhattacharjee et al., 2013), the path of the

tear was assumed to be known. Therefore, the CZM elements

were developed perpendicular to the direction of loading at

tear location. However, for a liver model included in a full

human body model, the tear location and propagation is not

known a priori. Therefore, CZM elements should be developed

in the whole liver FE model between all liver parenchyma

elements. Based on our knowledge, an automatic methodol-

ogy for the generation of these CZM elements is lacking in

current software packages, and therefore should be devel-

oped in the future. In addition, due to the lack of data, the

CZM parameters and their ranges were chosen in an ad hoc

manner in the optimization. This approach was found to be

reasonable for uni-axial tensile tests; however, more work is

needed to generalize the CZM approach for the simulation of

complex loading. For example, additional testing that focuses

on the detection and recording of the tearing process should

be performed under various loading conditions (tension,

shear, and compression). While the CZM has been used to

model crack propagation(injury) under shear and tensile

loading, the overlapping zone modeling (OZM) was recently

proposed for modeling crack propagation (injury) generated

by compression and shear loading (Carpinteri et al., 2012). In

a close analogy with CZM, the localized compressive behavior

is modeled using a compressive stress vs. interpenetration

law. To identify the law parameters corresponding to liver

parenchyma, additional compression testing focused on injury

detection should be performed.

During an automobile crash, the abdomen could be sub-

jected to combined loading (e.g. tension, compression and

shear) due to the contact with the belt system and vehicle

interior parts. This loading is transferred to abdominal organs

and may result in a complex stress distribution within the

liver. The results of dynamic compression tests on perfused

whole human livers using a large flat loading surface

attached to a drop tower were previously reported (Sparks

et al., 2007). The experimental injury outcome included

injuries caused by both tensile and compressive loading such

as capsule/parenchyma lacerations and intra-parenchymal

damage, respectively. These experimentally induced liver

injuries were consistent with those documented in the Crash

Injury Research and Engineering Network (CIREN) database

(Sparks et al., 2007). In the current study, both identified

material and failure models are based only on data recorded

in tensile tests. Therefore, in future, the proposed material

model of liver parenchyma (MAT 181) should be improved by

adding the compressive stress–strain curves for various

strain rates obtained from literature (Kemper et al., 2013) or

from new test data.

5. Conclusions

A strain rate dependent material model and a failure model for

human liver parenchyma were proposed in this study. The

data from 32 new uniaxial tensile tests performed at four

different loading rates on fresh specimens of human liver

parenchyma were combined with previously published data to

calculate the statistical distributions of model parameters

(averages and SD). In addition, the values of failure stress

and strain based on marker and specimen-specific FE models
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were identified for each test, as well as their statistical

comparisons. Overall, the failure stress increased with

increased loading rate, while the failure strain decreased with

increased loading rate. The cohesive zone modeling (CZM)

approach, used to model tearing process, showed promising

results in terms of modeling the post-failure force time history

response at higher loading rates. All mechanical and failure

data reported in this study could be easily implemented in

human liver models to help identify the mechanisms of liver

injuries during vehicle collisions, and possibly aid in the

development of advanced protective systems (Adam and

Untaroiu, 2011; Untaroiu and Adam, 2013).
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