
Vol.:(0123456789)1 3

Biomechanics and Modeling in Mechanobiology 
https://doi.org/10.1007/s10237-023-01785-4

REVIEW PAPER

Mechanical properties of human hepatic tissues to develop 
liver‑mimicking phantoms for medical applications

Aicha S. Lemine1,2 · Zubair Ahmad2,3 · Noora J. Al‑Thani2 · Anwarul Hasan1 · Jolly Bhadra2,3

Received: 8 May 2023 / Accepted: 17 October 2023 
© The Author(s) 2023

Abstract
Using liver phantoms for mimicking human tissue in clinical training, disease diagnosis, and treatment planning is a com-
mon practice. The fabrication material of the liver phantom should exhibit mechanical properties similar to those of the real 
liver organ in the human body. This tissue-equivalent material is essential for qualitative and quantitative investigation of the 
liver mechanisms in producing nutrients, excretion of waste metabolites, and tissue deformity at mechanical stimulus. This 
paper reviews the mechanical properties of human hepatic tissues to develop liver-mimicking phantoms. These properties 
include viscosity, elasticity, acoustic impedance, sound speed, and attenuation. The advantages and disadvantages of the 
most common fabrication materials for developing liver tissue-mimicking phantoms are also highlighted. Such phantoms 
will give a better insight into the real tissue damage during the disease progression and preservation for transplantation. 
The liver tissue-mimicking phantom will raise the quality assurance of patient diagnostic and treatment precision and offer 
a definitive clinical trial data collection.
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Abbreviations
TMMs  Tissue-mimicking materials
HCC  Hepatocellular carcinoma
MRI  Magnetic resonance imaging
4D CT  Four-dimensional computed tomography
PVC  Polyvinyl chloride
PVA  Polyvinyl alcohol
PAA  Polyacrylamide
SEBS  Styrene-ethylene-butylene-styrene copolymer
E  Young’s modulus
E′  Viscoelastic storage modulus
E″  Viscoelastic loss modulus
ASTM  American Society for Testing and Materials
G′  Shear storage modulus
G′′  Shear loss modulus
USWE  Ultrasonic shear wave elastography

MRE  Magnetic resonance elastography
AMUSE  Attenuation measuring ultrasound shear wave 

elastography
KVFD  Kelvin–Voigt fractional derivative model
SLS  Standard linear solid model
KV  Kelvin–Voigt model
DMA  Dynamic mechanical analysis
SWE  Shear wave elastography
PVE  Poro-visco-elasticity theory
FE  Finite element method
SSI  Supersonic shear imaging
SWS  Shear wave speed
NAFLD  Non-alcoholic fatty liver disease
ELF  Enhanced liver fibrosis
ECM  Extracellular matrix

1 Introduction

The liver is the largest gland/organ inside the human body, 
with an average dimension of 8 cm by 16 cm by 28 cm 
(Ahmad et al. 2020a, b). It is located under the rib cage 
on the right side of the abdomen within the human body 
(Ahmad et al. 2020a, b). It acts as the metabolism center 
for vitamins and nutrient production, as well as excretion 
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of waste metabolites. It also functions as the body’s energy 
reservoir by storing glycogen (Casciaro et al. 2009). In addi-
tion, it is responsible for numerous vital functions such as 
detoxifying substances, assisting digestion, storing iron, 
making immune factors, maintaining the hormonal bal-
ance, regulating blood clotting, and filtering venous blood 
(Pellicer-Valero et al. 2020; Umale et al. 2013). However, 
its functions are affected by a number of pathologies such 
as hepatitis, liver fibrosis, hepatocellular carcinoma (HCC), 
liver cirrhosis, and fatty liver disease (Hosseini et al. 2019). 
These pathologies could result in the total loss of liver func-
tions leading to human death within a matter of minutes to 
days (McGarry et al. 2020).

During the past decade, global attention has increased 
toward enhancing clinical ethics and adopting simulation 
stages, particularly in clinical training for interventional and 
diagnostic trials (Tan et al. 2021), which in return facilitates 
an adequate training experience for clinical trainees toward 
improving and promoting medical practices (Bienstock and 
Heuer 2022). Nowadays, using phantoms as simulators has 
enhanced the learning experience and clinical ethics (Fu 
et al. 2013). The phantoms comprise human tissue-mimick-
ing materials (TMMs) fabricated following a typical work-
flow to be equivalent to actual human tissues (Opik et al. 
2012). Figure 1I shows the standard workflow for fabricating 
liver phantom using 3D printing. A recent study has adopted 
this workflow for developing a durable liver phantom based 
on a hybrid simulator consisting of silicone polymer mixed 
with additives (Tan et al. 2021). The resulting phantom has 
an external morphology matching that of the human livers, 
as illustrated in Fig. 1II (Marchesseau et al. 2017). It has 
been used to simulate biopsies and exhibit an anatomically 
realistic ultrasound liver phantom mimicking the natural 
liver anatomy, as shown in Fig. 1III (Pacioni et al. 2015). In 
addition, the phantom material showed self-healing prop-
erties after biopsy needle removal from parenchyma. Such 
phantom is required for novices’ training on liver ultrasound 
in interventional and diagnostic procedures (Pacioni et al. 
2015).

Realistic mechanical properties can help to advance 
radiation therapy techniques, for example, using magnetic 
resonance imaging (MRI) or four-dimensional computed 
tomography (4D CT) to assess an organ displacement dur-
ing the response to the respiratory motion (Pi et al. 2021). 
In addition, the prior knowledge of the liver’s mechanical 
behavior will enhance the predictive abilities of algorithms 
for tumor localization (Tian et al. 2015). For instance, liver 
palpation is a standard screening procedure for identifying 
hepatic diseases (Leitão et al. 2017). It combines with intra-
operative ultrasonography for detecting liver tumors (Leitão 
et al. 2017). Elastography provides data on stiffness changes 
among tissues in the liver, which is vital in controlling pri-
mary liver tumors (Yin et al. 2011).

Additional studies have adopted dynamic magnetic reso-
nance elastography in detecting liver fibrosis (Ahmad et al. 
2020a, b; Basdogan 2012; Saraf et al. 2007). For example, 
Nava et al. utilized an aspiration device to measure the static 
mechanical properties of diseased liver invasively and found 
that the stiffness of fibrotic tissue is three times that of nor-
mal tissues (Nava et al. 2004). In addition, Maccabi et al. 
used an impact hammer to examine the dynamic properties 
associated with liver tissues affected by liver fibrosis (Mac-
cabi et al. 2018). They detected a rise in human liver elastic 
storage modulus (E′) when subjected to growth in fibrosis 
level, which is recognizable via histological scoring. In 
addition, the influence of collagen alignment on both struc-
tural and mechanical behaviors of liver tissues in response 
to compression was examined (Maccabi et al. 2018). The 
study concluded a significant variance between collagen 
alignments and stress relaxation responses.

Herein, this paper will review the qualitative and quan-
titative methods used in examining the correlation between 
the liver tissues’ histological and mechanical properties 
toward understanding the mechanisms of tissue-damaging 
throughout the evolution of liver diseases. In this regard, the 
present paper addresses the following:

(a) Standard protocols and tailored guidelines for sample 
preparation, mechanical testing, and data analysis of 
liver tissues.

(b) Monitoring, detecting, and measuring tools for the 
liver’s mechanical properties.

(c) Most commonly used mechanical properties to design 
liver tissue-mimicking phantoms.

(d) Impact of liver diseases on its mechanical properties.
(e) Constitutive models for human hepatic tissues.
(f) Most common materials used to fabricate liver phan-

toms and their advantages and disadvantages.
(g) Factors affecting the measurements of liver mechanical 

properties.

2  Mechanical testing of liver tissues 
to develop mimicking phantoms

The mechanical properties of biological tissues are affected 
by sample conditions and testing protocols (Kassner et al. 
2009). The target liver tissue and engineered tissue mimetic 
materials characterization must follow the same testing and 
analysis methods for maintaining testing variables. In vivo 
or imaging-based methods are preferable to direct ex vivo 
tests. Still, their drawback in being difficult and expensive, as 
well technology, is not available to measure some properties 
in vivo. In ex vivo trials, the isolated tissue blocks undergo 
direct measurements of mechanical properties in tension, 
compression, or shear (Kassner et al. 2009). The mechanical 
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Fig. 1  I Typical fabrication stages of liver phantom: (a) inner mold 
printed in 3D by soft material, (b) outer liver shape printed in 3D 
with a rigid material, (c) negative outer mold consisting of inlet 
injection point of polymer and outlet of the bile duct, (d) assembly 
of outer and inner molds through pouring a liquid polymer into the 
mold, (e) extracted inner mold from outer mold, and (f) liver phantom 
is molded (Tan et al. 2021), with permission of Springer Nature, cop-
yright 2021. II The (a) Liver anatomy and external morphology of 

liver phantom: (b) Front and (c) back surfaces; III The Liver biopsy 
simulation on liver phantom through the (a) needle’s insertion, (b) 
visible perfectly on ultrasound (US) scan plane, and (c) reaching the 
target quickly. No track of the biopsy needle in the parenchyma after 
its removal due to the self-healing properties of phantom liver mate-
rial (Pacioni et al. 2015), with permission of Springer Nature, copy-
right 2015
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testing of the liver is difficult due to the need to maintain 
specific homogeneity.

Figure 2I shows the typical preparation stages for a rec-
tangular tensile testing specimen based on a human liver 
sample (Estermann et al. 2021). The Glisson capsule is 
removed before the sample preparation to get consistent 
specimens with a high proportion of parenchyma tissues 
(Karimi and Shojaei 2018). In addition, avoiding the bile 
ducts and large blood vessels ensures relatively homogenous 
samples. The standard biomechanical testing is either static 

or dynamic. For static testing, the applied deformations can 
be tensile, compressive, shear, or torsion (Fig. 2II, (Guima-
rães et al. 2020)). The slope in the elastic (linear) area of 
the stress–strain curve corresponds to Young’s modulus (E) 
(Lemine et al. 2022). The plastic domain of the curve occurs 
at higher levels of strain, where the material undergoes irre-
versible and permanent deformations until fracturing.

In dynamic analysis, the dynamic loading test is a preva-
lent method for identifying the viscoelastic properties of 
soft tissues dependent on frequency (MacManus et al. 2019; 

Fig. 2  I Typical sample preparation through cutting out the (a) 
whole human liver organ into (b) block of hepatic tissue for placing 
onto the 3D-printed cutting guide to extract (c) thin liver tissue layer 
from the block. Then (d) placing a rectangular stencil onto the tissue 
layer to (e) cutting a sample from the tissue layer in dimensions of 

75 × 20 × 5 mm (Estermann et al. 2021), with permission of Elsevier 
Ltd., copyright 2021. II Standard mechanical analysis deformations 
include (a) tensile, (b) compressive, (c) shear, and (d) torsion. (e) The 
typical static and dynamic deformations (Guimarães et al. 2020), with 
permission of Springer Nature, copyright 2020
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Saraf et al. 2007). This test applies minor episodic strains 
at variable frequencies onto the tissue sample to record the 
stress response and produce the loss (E″) and storage (E′) 
moduli, as shown in Fig. 2 (II, e) (Guimarães et al. 2020). 
The loss modulus reflects the dissipated energy through the 
internal structural rearrangements, and the storage modu-
lus is associated with the material's ability to store energy 
through material elastic deformation (Mulabecirovic et al. 
2018a). Relaxation studies have also been used in biome-
chanics literature to test the soft tissues’ viscoelastic prop-
erties depending on time (Morr et al. 2021a; Wang and Shi 
2020). In relaxation studies, a strain is applied and held con-
stant, resulting in the stress decaying exponentially until the 
steady-state value is attained. It is also recognized with a 
time-dependent relaxation modulus (Mattei and Ahluwalia 
2016).

Significant efforts have introduced standardized methods 
for examining tissue-engineered products (Sorrentino et al. 
2020). The American Society for Testing and Materials 
(ASTM) has developed ASTM testing standards to enhance 
these products’ consistency, safety, and quality (Johnson 
et al. 2021; Sorrentino et al. 2020). These standards are 
explicitly not designed to conduct mechanical tests on bio-
logical tissues like human tissues, but they could still guide 
appropriate testing (McGarry et al. 2020). Specific standards 
for acoustic properties characterization of liver clinical trials 
and some mechanical properties as Young’s modulus are 
provided by the American Institute of Ultrasound in Medi-
cine (AIUM) (Greenbaum et al. 2007). Table 1 summarizes 
living tissues’ standard mechanical characterization tech-
niques to investigate different mechanical properties based 
on the proper ASTM protocols for ex vivo or in vivo sam-
ples. Section 3 will discuss the effect of these properties in 
the diagnosis and treatment of hepatic tissues.

3  Mechanical properties of liver tissues 
to develop mimicking phantoms 
in hepatic diseases diagnosis 
and treatment

3.1  Elasticity

Elasticity indicates the material’s ability to recover its origi-
nal shape and size when subjected to stress or deformation 
(Kim et al. 2013). The mechano-sensitivity of parenchymal 
and non-parenchymal cells shows altering their behavior 
with changes in liver stiffness (Hoodeshenas et al. 2019). 
Mechanical stiffness also contributes to driving the myofi-
broblastic differentiation of hepatic stellate cells (HSCs) 
(Yin et al. 2011) and portal fibroblast (Cafarelli et al. 2017). 
In the cellular micro-environment, the principal biome-
chanical cue is the extracellular matrix (ECM) stiffness 

(Evans et al. 2013). It regulates cell behavior and changes 
during tissue fibrosis in response to different pathologies 
like non-alcoholic fatty liver disease and fibrosis (Boursier 
et al. 2016; Ijima et al. 2018). These pathologies affect the 
stiffness of the hepatic tissues at cellular levels, regional, or 
whole organs (Boursier et al. 2016).

Liver cirrhosis is a diffuse nodular regeneration enclosed 
by dense fibrotic septa besides successive extinctions of 
parenchyma and collapses of liver structures (Mueller 2010). 
It results from fibrogenesis and necroinflammation (Muel-
ler 2010). It might develop to hepatocellular carcinoma 
(HCC) cancer, which is the most severe adult death as it 
is responsible for the death of over 12,000 adults within a 
year in the United States (US) (Makhamrah et al. 2019). 
Figure 3 shows the changes in the liver’s nanomechanical 
properties throughout cancer progression at typical liver 
cirrhosis, HCC, to recurrent HCC (Tian et al. 2015). 1–3% 
of diagnosed patients with liver cirrhosis have developed 
HCC annually (Tian et al. 2015). The liver tissues could alter 
their nanomechanical properties during different stages of 
HCC. The bimodal elasticity distribution indicates that there 
is a health and a diseased group. In healthy liver tissues, 
the elasticity distribution is characterized with the lowest 
elasticity peak (LEP) ranging from 0.91kPa to 1.55kPa, as 
demonstrated in Figs. 3A, B (Tian et al. 2015). The LEP is 
frequently reported as the mechanical fingerprint to evaluate 
the malignancy in living cells (Tian et al. 2015).

The hematoxylin stains purplish-blue the cell nuclei, 
while the eosin stains pink the cytoplasm and ECM 
(Hoodeshenas et al. 2019). The Masson’s trichrome (Tri. 
Masson) is used to distinguish between collagen and smooth 
muscle in tumors, as well as the increase of collagen in dis-
eases like cirrhosis (Cabibi et al. 2015). In Fig. 3 (C, regu-
lar column), Tri. Masson and HE staining illustrate that the 
liver tissues have organized well with less fibroconnective 
tissue and packed hepatocytes. The heterogeneous distribu-
tion in elasticity values can show up to five peaks centering 
in the range of 4.65–11.50 kPa. It could be attributed to the 
nanomechanical properties associated with the blood ves-
sels in the portal area (Tian et al. 2015). These values are 
comparable to benign fibroadenomas of 3.68 ± 1.92 kPa (Yin 
et al. 2011).

In liver cirrhosis tissues, two or more elasticity peaks 
might be caused by intrahepatic scaffold turbulence 
(Fig. 3B). However, there are no significant differences in 
LEPs compared to normal liver tissues. The higher elasticity 
peak (HEP) increased, and the elasticity distribution broad-
ened as the local fibrogenesis became severe, as shown in 
Fig. 3 (A and B, liver cirrhosis column). Many tissues have 
a stiffness reaching a maximum of 16 kPa, indicating the 
occurrence of abundant ECM within the paraneoplastic tis-
sue (Ijima et al. 2018). The staining in Tri. Masson images, 
as shown in Fig. 3C, illustrates the proliferation of ECM 
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distributed around the hepatocytes across the tissue. The 
subsequent SEM analysis has confirmed these cues, as pre-
sented at the bottom of the liver cirrhosis column in Fig. 3D. 
Furthermore, it reported that liver cancer’s driving force is 
chronic hepatic fibrosis (Yin et al. 2011). Consequently, the 
mechanical microenvironment undergoing disordered home-
ostasis could lead to malignant transformation, raising the 
need to investigate further the correlation between carcino-
genesis and ECM’s mechanical properties (Yin et al. 2011).

The HCC cancer tissue showed an elasticity distribution 
in the form of two distinct peaks centering at 0.6 kPa and 
2.1 kPa, as shown in Fig. 3 (A and B, HCC column). A 
decrease in LEP characterizes the progression to a malignant 
state compared to normal and cirrhotic liver tissues. The 
SEM and Tri. Masson staining, as shown in Fig. 3 (C and 
D, HCC column), have revealed the origin of such mechani-
cal features. The HCC becomes softer compared to other 
malignant epithelial neoplasms due to decreased tumor 
stroma and cell variations in mechanical phenotype (Mueller 

2010). Nanomechanics of recurrent cancer has displayed a 
unimodal peak centered at 0.45kPa within its elasticity his-
togram, similar to LEP of HCC, as shown in Fig. 3 (A and 
B, recurrent HCC column). In addition, the SEM images in 
Fig. 3 (D, recurrent HCC column) illustrate large numbers 
of plentiful microvillus-like protrusions on the surface of 
recurrent cancer cells requiring curative resection (Kassner 
et al. 2009).

The elastography imaging technique also inspects the 
mechanical properties of natural liver tissues (Pasyar et al. 
2020). The magnetic resonance elastography (MRE) imag-
ing technique utilizes the changes of shear wave wavelengths 
passing through the liver in measuring the tissue viscoelas-
ticity (Akkaya et al. 2018). The average liver stiffness values 
from MRE measurements in a healthy human body range 
from 2.05 kPa to 2.12 kPa, with minor variations for age 
or gender (Zhang et al. 2017). Thus, the stiffness values of 
normal livers are commonly lower than 2.5 kPa, as shown 
in Fig. 4 (Akkaya et al. 2018). The stiffness values more 

Fig. 3  Nanomechanical properties changes during liver cancer pro-
gression. A Elasticity maps in 10μmx10μmx100pixels, B elasticity 
distributions, C Tri. Masson staining images and D SEM images of 
liver cancer tissues at various stages from (left) normal, liver cirrho-

sis, HCC, to (right) recurrent HCC, respectively. The SEM and Tri. 
Masson images are in scale bars of 50  μm (Tian et  al. 2015), with 
permission of the Royal Society of Chemistry, copyright 2015
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than 2.5 kPa are utilized in MRE measurements to diagnose 
hepatic fibrosis with high specificity and sensitivity (Akkaya 
et al. 2018). The stiffness values undergo proportional incre-
mentations with different histologic fibrosis grades differen-
tiated in MRE elastography, as shown in Fig. 4. The early 
stages of hepatic fibrosis are not detectable using routine 
imaging techniques, while the liver fibrosis grades are all 
detected in high sensitivity, exceeding 95% using MRE 
measurements (Leitão et al. 2017).

4  Viscoelasticity

The liver is highly viscoelastic, which can provide a means 
for clinical diagnostics (Yeh et al. 2015). Liver viscoelas-
ticity depends on the fibrosis stage and other factors like 
inflammation, congestion, extrahepatic cholestasis, and 
edema (Sugiura et al. 2019). Different clinical protocols are 
available to evaluate fibrosis and cirrhosis extent (Crescenzi 
et al. 2019). The Scheuer classification and METAVIR scale 
categorize fibrosis into five stages (Cournane et al. 2010). 
Stage 0 (F0) indicates no fibrosis, stage 1 (F1) is minor 
fibrosis, stage 2 (F2) is the extension of fibrosis into areas 

close to the portal vein, stage 3 (F3) is a further extension of 
fibrosis outside the areas of the portal vein, and stage 4 (F4) 
is evolving of fibrosis into cirrhosis (Cournane et al. 2010). 
The F4 is the advanced pathological stage leading to the 
distortion of hepatic architecture and vasculature (Mueller 
2010). Table 2 shows the liver viscosity at stage F4 might 
reach 3.7Pa.s comparable to 6.7Pa.s at the healthy state (Def-
fieux et al. 2015; Garczyńska et al. 2020; Zhu et al. 2016).

Furthermore, liver viscoelasticity plays a crucial role 
when elastography contrast is insufficient (Gidener et al. 
2021). A proposed approach utilizes liver viscoelasticity to 
separate the severely rejected transplanted livers from the 
non-rejected ones (Ijima et al. 2018). Zhang et al. character-
ized the viscoelastic parameters of the liver without using 
rheological models but computed through the attenuation 
of shear wave elastography (AMUSE) (Zhang et al. 2017). 
The attenuation and shear wave velocity for fifteen trans-
planted livers have diagnosed patients with severe rejection 
and revealed a high agreement with biopsy results (Deffieux 
et al. 2015). Recently, the viscosity biomarker has facili-
tated supersonic shear imaging (SSI) to release its latest and 
advanced characterizing device with novel liver features 
like the viscosity imaging feature (Glińska-Suchocka et al. 

Fig. 4  Effect of different hepatic fibrosis stages on the MRE-meas-
ured liver stiffness. The relative tissue stiffness is shown in the color-
coded elastography on a color scale from 0 kPa (softest with purple 

color) to 8  kPa (hardest with red color) (Akkaya et  al. 2018), with 
permission of PMC Publications, copyright 2018
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2017). Furthermore, utilizing SSI provided more accuracy 
than from shear wave imaging using transient elastography 
(TE) from FibroScan (Glińska-Suchocka et al. 2017). Fig-
ure 5 displays the imaging of healthy and cirrhotic liver with 
real-time viscosity values (Rus et al. 2020).

The lack of practical guidance and agreement among 
the elastography specialist or clinical community on the 
most suitable rheological model to characterize the soft tis-
sue has put an additional focus on dispersion slope meas-
urements (Idilman et al. 2020). The dispersion slope is a 
viscosity-related parameter measured through shear wave 
speed (SWS) imaging to delimit the degree of fibrosis and 
diagnose necroinflammation and steatosis in non-alcoholic 
fatty liver disease (NAFLD) (Imajo et al. 2021). NAFLD 
severe cases might lead to cirrhosis and a vital liver trans-
plant requirement (Hosseini et al. 2019). A set of prelimi-
nary studies based on ex vivo and in vivo liver samples from 
goose, porcine, mouse, and duck have utilized viscoelasticity 
as a potential biomarker in characterizing fatty liver (Wang 
and Shi 2020).

Many current publications have emphasized MRE as a 
technique for detecting and staging liver fibrosis (Gidener 

et al. 2021). A study has inspected the enhanced liver 
fibrosis (ELF) index’s performance features compared 
to MRE and concluded that the ELF index had shown 
specific markers and high sensitivity to cirrhosis com-
pared to MRE (Suh et al. 2014). A posterior study on a 
cohort of 102 patients undergone both liver biopsy and 
MRE (Crescenzi et al. 2019). The study aims to assess 
the association between fibrosis progression in NAFLD 
and increased liver stiffness on MRE. It is concluded that 
the 15% of liver stiffness increase on MRE probably cor-
related to the histological fibrosis progression. Therefore, 
viscosity imaging is a noninvasive and essential biomarker 
for further information on liver pathology (Crescenzi et al. 
2019). However, a precise viscosity quantification is still a 
challenging inquiry, and the viscoelastic model selection 
determines the accuracy of the outcomes.

Table 2  Viscoelastic 
biomarkers of human liver 
tissues in a healthy state and 
different fibrosis states using 
shear wave spectroscopy 
(SWS) and magnetic resonance 
elastography (MRE)

Hepatic tissue state Viscosity (Pa.s) Testing method Ref.

Healthy 7.3 ± 2.3 MRE Idilman et al. (2020)
Healthy 6.7 ± 1.3 Deffieux et al. (2015)
Fibrosis (F0) 2.0 ± 0.8 SWS Lin et al. (2017)
Fibrosis (F1) 2.3 ± 0.7 Lin et al. (2017)
Fibrosis (F2) 2.6 ± 0.5 Pasyar et al. (2020)
Fibrosis (F3) 2.7 ± 1.9 Mazza et al. (2007)
Fibrosis (F4) 3.7 ± 2.5 Seyedpour et al. (2021)

Fig. 5  Real-time viscosity measurements via supersonic shear imaging (SSI) AIXPLORER MACH30® on a healthy volunteer (left) and patient 
volunteer (right) with cirrhotic liver (Rus et al. 2020), with permission of MDPI Publications, copyright 2020
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5  Acoustic impedance and attenuation

The acoustic impedance is the resistance to the ultrasound 
waves’ propagation through the tissues (Zell et al. 2007). 
It results from the speed of sound across the tissue and 
its density, which varies from one tissue type to another, 
giving the unique fingerprint of acoustic impedance (Zell 
et al. 2007). In medical ultrasound, the acoustic impedance 
becomes evident at the interfaces between dissimilar tissue 
types (Cournane et al. 2010). Transferring ultrasound waves 
from one tissue type to another varies depending on the vari-
ation in impedance of the two tissues (Cournane et al. 2010). 
The significant variations in impedance will cause reflection 
of sound. For instance, the passing of an ultrasound beam 
through the muscle tissue coming across the bone causes 
it to reflect off of it due to the differences in tissue density. 
The impedance increases with tissue densities and shows 
less sensitivity to increased speed of sound (Cafarelli et al. 
2017). Therefore, the high acoustic impedance is better as it 
will produce superior sound quality for professional medical 
diagnostics.

In the literature, the acoustic impedance of liver tis-
sues in the human body is around 1.65*106Rayls (Deffieux 
et al. 2015). It is similar to blood and kidney, lower than 
bone with 7.8*106Rayls, and higher than lung and fat with 
0.18*106Rayls and 1.34*106Rayls, respectively (Nava et al. 
2004). Recently reported that liver phantom-mimicking 
materials based on silicone exhibit a close acoustic imped-
ance to the real human liver, as displayed in Table 3 (Afiqah 
Bakri et al. 2019; Cafarelli et al. 2017). This table also shows 
other acoustic properties of the liver and its phantoms as 
sound speed, density, and attenuation. The density of liver 
organs and phantoms is 1060–1080 kg/m3, while the sound 
speed is 1540–1000 m/s, respectively. The attenuation of 
liver phantoms varies widely from the real human liver. The 
hepatic attenuation is influenced mainly by the accumulation 
of intracellular vacuoles of triglycerides as hepatic steatosis 
(Casciaro et al. 2009). Thus, the increased attenuation values 
are associated with cardiac and alcoholic cirrhosis, as well 

as the infusion of the hepatic artery with chemotherapeutic 
agents (Boursier et al. 2016).

The differences in the mechanical properties of silicone-
based phantoms mimicking the real liver organ are due to 
the amount of graphite used to improve the scattering agent 
(Makhamrah et al. 2019; Opik et al. 2012; Rafiq et al. 2018). 
Thus, adding slacker and thinner decreases the viscosity and 
enhances the homogeneity to overcome the mechanical and 
acoustic problems arising from the use of graphite (Zell 
et al. 2007). In addition, the thinner Vaseline oil allows bet-
ter signal transmission (Zell et al. 2007). Figure 6 shows 
natural liver and liver phantom’s anechoic, hyperechoic, 
and hypoechoic lesions (Pacioni et al. 2015). The anechoic 
mass is ascribable to a cyst (Fig. 6, first row), a hyperechoic 
lesion simulates the angioma (Fig. 6, second row), and the 
hypoechoic lesion mimics the real HCC (Fig. 6, last row). 
Silicone-based mixtures develop the patient-specific liver 
phantom for ultrasound and biopsy hybrid simulators based 
on harmless, low-cost, and high-stability materials (Karimi 
and Shojaei 2018). In addition, such mixtures are the better 
3D models to mimic the liver’s different lesions, vessels, and 
parenchyma, as demonstrated in Fig. 6 (Pacioni et al. 2015).

6  Failure properties

Many studies have investigated liver failure properties 
resulting from direct cellular damage, particularly in car 
accidents (Karimi and Shojaei 2018). The data show that 
vehicle crashes led to severe injuries across different liver 
segments requiring considerations in the protection assess-
ments of vehicle passengers, as presented in Fig. 7 (Chenel 
2018). This organ could undergo three types of injuries like, 
vascular, hematoma, and laceration failures, affecting the 
dense vascular network, capsule, and parenchyma, respec-
tively (Chenel 2018; Mannelli et al. 2012). Severe injuries 
occur mainly due to the surface of the parenchyma during 
the accident (Mannelli et al. 2012).

The mechanical properties used to analyze failure involve 
the ultimate tensile strain, true stress, and ultimate load 
per width (Brunon et al. 2010). During the tensile test, the 
mechanical failure mechanism emerged first on the capsule 
and then on the parenchyma, as displayed in Fig. 8I. The 
resultant load–displacement curve until the end of the cap-
sule and parenchyma failures is shown in Fig. 8II. The cap-
sule constitutive law is determined through the bi-material 
model of two parallel springs, as presented in Fig. 8III. The 
model splits the load measurements into capsule load (Fc) 
and parenchyma load (FP) to investigate the sustaining load 
of each separately.

The liver capsule failure parameters are the ultimate load 
per unit width instead of maximum longitudinal stress due 
to its high thickness of 100 µm (Brunon et al. 2010). The 

Table 3  Comparison of mechanical properties of real human liver 
and silicone-based liver phantoms (Afiqah Bakri et al. 2019; Cafarelli 
et al. 2017)

Sample Density (kg/
m3)

Acoustic 
impedance 
(MRayl)

Attenuation 
(dB/cm/
MHz)

Sound 
speed 
(m/s)

Human liver 1060 1.6 0.7 1540
Silicone and 

graphite 
mixture

1080 1.1 2.2 1080

Ecoflex0010 1063 1 1.5 1000
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normalized load is the slope of the load–displacement curve, 
indicating the load per unit width against the longitudinal 
strain (de Jong et al. 2019). The ultimate load is the pro-
portion of sustained load via the liver capsule in the exist-
ing width about the localization area, known as true load 
per width unit (Mazza et al. 2008). Table 4 summarizes the 
mechanical failure properties of liver capsules for humans 
and porcine based on fresh and frozen samples (Brunon 

et al. 2010; Johnson et al. 2021; Opik et al. 2012). Then, 
we calculate the ultimate true stress and true modulus by 
dividing the ultimate load per width and normalized load, 
respectively, with average liver capsule thickness for porcine 
and humans (Basdogan 2012). The ultimate local strain is 
more precise than the global strain measurements due to 
the strain localization (Basdogan 2012). The normalized 
load in human fresh and frozen capsules is 2.02 ± 1.18 N/

Fig. 6  Lesions of anechoic, hyperechoic, and hypoechoic for phan-
tom liver lesions (first column) and real liver organ (second column). 
Compared to the real mass, the anechoic mass ascribable to a cyst 

(first row), angioma (second row), and hypoechoic lesion simulating 
real hepatocellular carcinoma (HCC) (last row) (Pacioni et al. 2015), 
with permission of Springer Nature, copyright 2015
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mm and 3.27 ± 2.70 N/mm, respectively. In contrast, the 
true modulus of the same samples is 16.9 ± 9.9 MPa and 
27.5 ± 22.7  MPa, respectively, compared to frozen and 
fresh porcine capsule samples with 11.6 ± 19.2 MPa and 
7.8 ± 10.5 MPa, respectively.

The principal statistical analysis in the literature of 
human liver capsules’ failure behavior and properties 
shows a strong dependence on the fresh or frozen hepatic 

tissue state. For instance, the ultimate strain of the porcine 
capsule is strongly altered by the freezing as it damages 
its hepatic tissues more than the human capsule, as dis-
played in Table 4. The conclusions in the literature on the 
influence of freezing on mechanical properties vary for 
soft biological tissues such as a capsule, parenchyma, liga-
ments, and muscle (Afiqah Bakri et al. 2019). The cause is 
probably the widely different constitutions and mechanical 

Fig. 7  Injury percentage in the liver by segments due to vehicle accidents (Chenel 2018), with permission of Biomechanics Publications, copy-
right 2018

Fig. 8  Mechanical failure analysis of the human liver. I Tensile test 
on the liver capsule and parenchyma sample leads to capsule failure 
and parenchyma. II The Resultant load–displacement curve and III 

the bi-material model consisting of two parallel springs (Brunon et al. 
2010), with permission of Elsevier Ltd., copyright 2010
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loadings (Afiqah Bakri et al. 2019). Considering the fresh 
or frozen liver status is significant in developing liver 
phantoms investigating the severely rejected transplanted 
livers from the non-rejected ones, which might be frozen 
before being transported.

7  Mechanical modeling and simulation 
of liver tissues to develop mimicking 
phantoms

The liver constitutive formulation anticipates merging the 
polynomial and logarithmic strain energy in modeling united 
elongation and compression experiments on the hepatic tis-
sue (Rethy et al. 2018). The heterogeneous structure of liver 
tissues has caused most of its published mechanical models 
in the literature to be nonlinear tissue constitutive equa-
tions (Capilnasiu et al. 2020; Chatelin et al. 2011). Instead, 
the models attempt to compute the bulk tissue mechanical 
properties and time constants (Yarpuzlu et al. 2014). The 
published data highlight the differences in tissue conditions 
like aging or pathophysiological state (Yarpuzlu et al. 2014). 
Therefore, it is only meaningful to compare parameters from 
the same constitutive model.

The choice of tissue model representing the liver’s 
mechanical behavior still varies among scientists (Lin et al. 
2017). However, due to the prominent viscoelastic behav-
ior, the three standard models are the generalized Maxwell 
(GM), the Kelvin–Voigt fractional derivative (KVFD), and 
the porous visco-hyperelastic models, as illustrated in Fig. 9 
(Mattei and Ahluwalia 2016). The following sections will 
detail each model separately to better visualize their princi-
ple in fitting the liver mechanical data in comparison with 
other common models, namely standard linear solid (SLS).

Table 4  Outcomes of the Mann–Whitney statistical test on failure 
mechanical properties of the liver capsule in human and porcine tis-
sues (Brunon et al. 2010; Johnson et al. 2021; Opik et al. 2012)

Fresh Frozen

Normalized load (N/mm)
Human 2.02 ± 1.18 3.27 ± 2.70
Porcine 1.44 ± 1.76 1.53 ± 2.08
True modulus (MPa)
Human 16.9 ± 9.9 27.5 ± 22.7
Porcine 11.6 ± 19.2 7.8 ± 10.5
Ultimate load per width (N/mm)
Human 0.22 ± 0.14 0.33 ± 0.32
Porcine 0.40 ± 0.48 0.24 ± 0.22
Ultimate true stress (MPa)
Human 1.85 ± 1.18 2.77 ± 2.69
Porcine 2.03 ± 2.44 1.22 ± 1.12
Ultimate strain (%)
Human 32.6 ± 13.8 43.9 ± 24.2
Porcine 43.3 ± 25.4 62.9 ± 35.4

Fig. 9  Basic models describing the mechanical properties of the liver: a generalized Maxwell, b Kelvin–Voigt fractional derivative (KVFD), and 
c porous visco-hyperelastic (Mattei and Ahluwalia 2016), with permission of Elsevier Ltd., copyright 2016
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8  Generalized Maxwell model

By using viscous (dashpots, ηi) and elastic (springs, Ei) 
parts for the most general form utilized in modeling the 
linear viscoelastic behavior of soft tissues like the liver 
based on Maxwell’s arms (n), a spring and dashpot in 
series, in parallel connections with a spring are demon-
strated in Fig. 9a (Mattei and Ahluwalia 2016). The dash-
pot is the energy dissipative element, and the spring is the 
energy storage element. The springs represent the flex-
ible component of the model’s response and obey Hook’s 
law and generate stress (σspring) proportional to strain (ε) 
using Eq. (1) (Evans and Gentleman 2014), while dash-
pots represent the viscous component of the viscoelastic 
hepatic tissues, with stress (σdashpot) being proportional to 
the strain rate ( �̇� ), as shown in Eq. (2) (Zhu et al. 2016).

E and η are Young’s modulus and the viscosity of the 
liver, respectively (Zhu et al. 2016). The total strain of the 
Maxwell model is the sum of the strains in the dashpot and 
spring components. Equation (3) shows the constitutive 
relation of the Maxwell model expressed as a linear first-
order differential equation in a function of the two struc-
tural constituent parameters (E and η) (Pasyar et al. 2020):

A simpler linear form, known as the standard linear 
solid (SLS) or Zener model, simplifies the generalized 
Maxwell model but with only one spring–dashpot branch, 
as illustrated in Fig. 10 (Ganser et al. 2017). The order 
(n) of the generalized Maxwell model indicates the order 
of the resulting differential equation for strain and stress. 
Consequently, the SLS model is a generalized Maxwell 

(1)�spring = E�

(2)�dashpot = �

(3)�(t) +
�

E

��(t)

�t
= �

��(t)

�t

model of order 1 and differential equation (Klatt et al. 
2010):

The SLS model is used to predict the strain curve and the 
behavior for instantaneous loads and, long time, the model 
deficiencies in accurately modeling material systems numer-
ically (Zhu et al. 2014).

9  Kelvin–Voigt fractional derivative (KVFD) 
model

It models the quasi-linear or nonlinear behavior of biologi-
cal tissues, which have a nonlinear stress–strain relation-
ship, as displayed in Fig. 9b (Mattei and Ahluwalia 2016). 
Such nonlinearity could inhibit assessments of various 
studies on living tissue mechanics (Kassner et al. 2009). 
Kelvin–Voigt (KV) model is a two-parameter model involv-
ing a spring with Young’s modulus (E1) and a dashpot ele-
ment with viscosity (η) connected in parallel, as shown in 
Fig. 11a (Poul et al. 2022). The generalization of the KV 
model is the KVFD model, with the stress (σ) in the dash-
pot being equivalent to the fractional derivative of order α 
for the strain (ε) (Mattei and Ahluwalia 2016). A fractional 
derivative approximates the derivative of a function to a real 
number order α,

It is represented by a spring-pot (fractional dashpot), as 
illustrated in Fig. 11b (Poul et al. 2022). When α = 1, the 
spring-pot behaves as a dashpot element; for α = 0, it acts as 
a spring (Hafsah et al. 2014).

The KVFD model is:

(4)�(t) +
�
1

E
1

��(t)

�t
= �

��(t)

�t
+ E∞�(t) +

�
1
E∞

E
1

��(t)
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(5)�(t) = η
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Fig. 10  Comparison between the a standard linear solid (SLS) with 
three parameters and b generalized Maxwell with 2n + 1 parameters 
and order n for modeling the mechanical properties of the liver (Gan-
ser et al. 2017), with permission of the Royal Society of Chemistry, 
copyright 2018

Fig. 11  Comparison between the a Kelvin–Voigt (KV) model with 
two-parameter and b Kelvin–Voigt fractional derivative (KVFD) 
model with three parameters for modeling the mechanical properties 
of the liver (Poul et al. 2022), with permission of Elsevier Ltd., copy-
right 2022
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where α ranges between 0 and 1; the E0 and η are the spring 
elastic constant and viscosity coefficient of the dashpot, 
respectively (Mattei and Ahluwalia 2016). The relaxation 
time constant (τ) is used instead of η by letting η=  E0τα, 
resulting in Eq. (7) (Mattei and Ahluwalia 2016). The form 
of this equation has three constants characterizing the mate-
rials’ mechanical behavior (i.e., E0, τ, and α) (Marchesseau 
et al. 2017).

The KVFD has the following significant differences 
(Poul et al. 2022; Zhu et al. 2016):

 i. KVFD has a continuous and gradual response in creep 
compliance, whereas the SLS has a discontinuous and 
instantaneous response at time zero.

 ii. Stress relaxation varies at t−α for the KVFD model but 
decays exponentially in the SLS model.

 iii. In the KVFD model, the frequency response of the 
complex Young’s modulus is dependent on ωα instead 
of only ω (where ω is the angular frequency).

The frequency response in the KVFD model under-
goes a monotonically increase dissimilar to that in the 
SLS model, attaining a plateau (Glińska-Suchocka et al. 
2017; Pi et al. 2021). In addition, the measured velocity 
during the propagation of shear waves across the liver at 
distinct values ranging from 40 Hz to 14 MHz indicates 
the monotonical increase of shear velocity with frequency 
(Glińska-Suchocka et al. 2017; Pi et al. 2021). Concluding 
from the dynamic testing on tissues of the canine liver, the 
KVFD model exhibited a good fit with the experimental 
data compared to other models, such as the KV model 
(Yeh et al. 2015).

The KVFD model has been used frequently for assess-
ing liver viscoelasticity, as reported in most studies (Evans 
et al. 2013; Untaroiu et al. 2015). A recent study has con-
ducted rheological experiments on rat livers to quantify 

(6)�(t) = E
0
�(t) + η

���(t)

�t�

(7)�(t) = E
0

(

�(t) + ��
���(t)

�t�

)

their mechanical behavior at various steatosis stages 
(Yilmaz 2020). Zener, Maxwell, and Kelvin–Voigt mod-
els have been used to analyze mechanical properties. The 
model has to satisfy both the ex vivo dynamic mechanical 
analysis (DMA) experiment at low frequency (1–41 Hz) 
and the in vivo shear wave elastography (SWE) experi-
ment at high frequency (160–380 Hz) (Pellot-Barakat 
et al. 2016). Table 5 summarizes the fitness profile for 
each of the three models to the shear wave velocity (Lin 
et al. 2017; Pi et al. 2021). The tabulated results reveal 
that the best model characterizing the rats’ mechanical 
properties at every steatosis stage is the Voigt model with 
a determination coefficient (R2) near 1.

10  Porous visco‑hyperelastic model

The liver tissues are modeled frequently as a fluid-filled 
porous matrix. This liver model includes viscosity, poros-
ity, and hyperelasticity, modeled by the Prony series (Payan 
and Ohayon 2017). At the same time, the linear Darcy law 
signifies the mechanical impact of liver perfusion based on 
the porosity model working parallel to visco-hyperelastic 
components, as demonstrated in Fig. 9c (Mattei and Ahlu-
walia 2016). The poro-visco-elasticity (PVE) model extends 
the biphasic theory and describes tissues into two phases of 
immiscible mixtures containing incompressible phases of 
the inviscid fluid and solid elastic phases (Chmarra et al. 
2013). The solid phase has intrinsic viscoelasticity, con-
sidered in the flow-independent viscoelastic behavior. In 
contrast, its solid phase has been modeled as a viscoelas-
tic material using a Prony series with n = 3 Maxwell arms 
(spring–dashpot) parallel to a single spring (Mattei and 
Ahluwalia 2016). The testing of ex vivo porcine liver speci-
mens at different ramp strain rates ranging from 0.001  s−1 to 
0.1  s−1 has shown that the use of the viscoelastic (VE) model 
resulted in an underestimating of the peak force values in 
contrast to the PVE model, which is due to the absence of a 
fluid phase (Chen and Shih 2013).

Investigating the influence of the viscous component 
by adding viscosity to hyperelasticity will increase the 
liver's amplitude as the material's stiffness increases (Rus 
et al. 2020). The final state shows the difference in the final 

Table 5  Fitting effect of 
the three common models 
in dynamic mechanical 
analysis (DMA) and shear 
wave elastography (SWE) 
experiments on normal and 
steatosis liver tissues, with 
n being the number of rat 
samples. (Lin et al. 2017; Pi 
et al. 2021)

Model The determination coefficient (R2)

SWE DMA

Normal (n = 3) Steatosis (n = 3) Normal (n = 6) Steatosis (n = 6)

Generalized 
Maxwell

0.35 0.35 0.52 0.53

KVFD 0.80 0.84 0.89 0.88
Zener 0.54 0.44 0.94 0.92
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state with respect to the visco-hyperelastic compared to 
hyperelastic models, as demonstrated in Fig. 12 (bottom) 
(Marchesseau et al. 2017). Under the action of gravity, the 
liver deforms to overpass the linearity bound of the material 
as a large amount of compression and extension can occur 
due to the liver’s porous component controlling the viscos-
ity quantity (Idilman et al. 2020). The implicit integration 
scheme enables more significant time steps like 0.3s, mak-
ing the real-time interaction probable (Marchesseau et al. 
2017). Figure 12 (top) is a color map of the fluid pressure 
field simulated throughout the deformation, which ranges 
from the initial pressure (dark blue) to the highest pressure 
(red) (Marchesseau et al. 2017). A comprehensive model 
combining porosity and visco-hyperelasticity prevents the 
liver from undergoing unrealistic deformations (Nava et al. 
2008). Consequently, the deformation is not homogenous 
any longer and varies with time.

11  Computational simulation

Finite element (FE) is a method for numerically solving dif-
ferential equations on a structured mesh representing physi-
cal geometries (Brock et al. 2002). The FE modeling has 
been used to aid surgical decisions by providing simulated 
outcomes in real time through augmented reality (Michaël 
Kugler et al. 2018a, b). The real-time organ simulation 
through FE modeling requires precision and time efficiency 

to enhance patient-specific modeling, which could be uti-
lized in surgical environments (Chanthasopeephan et al. 
2007).

Additionally, simulating hyperelastic models is signifi-
cantly cheaper than most viscoelastic models (Hashemi et al. 
2020). The constitutive models of soft tissues rely mainly on 
the homogenized, anisotropic, and hyperelastic model mim-
icking the response of the actual hepatic tissues (Hashemi 
et al. 2020). The heterogeneity of the liver tissue impacts the 
real-time biomechanical response in augmented reality sur-
gery (Kumar 2015). Figure 13a shows the mesh geometry of 
the liver and its vascularization based on its dissimilar seg-
mentations, which demand merging for a complete 3D aniso-
tropic structure (Kugler 2018). Michael Kugler et al. applied 
more complex liver meshes and counted their vasculariza-
tion, as shown in Fig. 13b (Michael Kugler et al. 2018a, 
b). The generated geometries and overlapping meshes are 
from medical images such as CT scan and MRI (Chi et al. 
2011). The vascularization is integrated into a single mesh 
to perform the mechanical simulation (Lauzeral et al. 2019).

Chi et al. considered 20 patient livers and vascularization 
extracted from the IRCAD open database in FE modeling 
(Chi et al. 2011). The complexity of the vascularization 
geometries shows significant variations in the mesh preci-
sion compared to the patient livers and in the vascularization 
density varying from 0.8% to 3.3%, with an average of 1.4% 
of the total liver volume (Chi et al. 2011). Thus, there is a 
need for an intelligent homogenized model considering the 

Fig. 12  (Top) Pressure field of the liver porous component at the 
action of gravity (dotted lines highlight the highest-pressure areas). 
(Bottom) The Counting of viscosity to hyperelasticity with a compar-

ison of the initial/final states and maximum amplitude (Marchesseau 
et al. 2017), with permission of Elsevier Ltd., copyright 2017
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anisotropic and nonlinear behavior of the liver to integrate 
it within real-time computations (Untaroiu and Lu 2013). 
The combination of medical imaging techniques and precise 
quantification of the liver's mechanical properties enables 
accurate patient liver simulations, consideration of the inner 
vascular distributions, and probable tumors utilizing nonin-
vasive in vivo characterization (Cheng and Hannaford 2015).

12  Fabrication materials to develop 
liver‑tissue‑mimicking phantoms

The fabrication material of the liver phantom seeks to 
mimic the structure and morphology of the actual liver 
in the human body. Different materials are developed to 

obtain an ideal liver phantom with long-term stability for 
liver procedures (Ahmad et al. 2020a, b). The fabrication 
materials of the liver's phantom should be safe to prepare 
and handle, stable under different environmental condi-
tions, facile and reproducible in preparation, easy to store 
and transport, and demand low-cost ingredients (Mattei 
et al. 2022). Table 6 displays the mechanical properties 
of the commonly utilized fabrication materials of liver 
phantoms, including styrene-ethylene-butylene-styrene 
(SEBS) copolymer, gelatin, polyvinyl alcohol (PVA), sili-
cone, polyvinyl chloride (PVC), and agar. The mechanical 
properties per material are compared with the hepatic tis-
sues and scored on their closeness. The durability property 
includes shelf life, resistance to deformation/cracking, and 
storage requirements.

Fig. 13  a The FE modeling of liver geometry and its vasculariza-
tion with each cube representing a heterogeneous segment (Kugler 
2018), with permission of HAL archives-ouvertes.fr, copyright 2018. 
b Example of liver and vascularization surface meshes obtained 
through segmentation of CT scan images from IRCAD with light 

mesh corresponding to the liver and other brown, blue-green, and 
green dense meshes corresponding to the vascularization (Michael 
Kugler et  al. 2018a, b), with permission of Elsevier Ltd., copyright 
2018.

Table 6  Mechanical properties of common fabrication materials for phantoms mimicking the human liver

+ = worst;++ = suitable;+++ = best

Fabrication material Speed of sound (m/s) Attenuation (dB/cm/MHz) Young’s modulus (kPa) Durability Refs.

Styrene-ethylene-butyl-
ene-styrene (SEBS) 
copolymer

++(1423–1502) +(0.25–0.42) +(26–70) +++ Ahmad et al. (2021), 
Cabrelli et al. (2017)

Gelatin +++(1510–1590) +++(0.12–1.53) +++(35–58) + Anugrah et al. (2020), 
Kandala et al. (2021)

Polyvinyl alcohol (PVA) +++(1520–1610) +(0.07–0.35) ++(60–125) + Cournane et al. (2010), In 
et al. (2012)

Silicone +(1000–1150) +(1.25–2.63) ++(25–82) +++ Chen and Shih (2013), 
Lamouche et al. (2012)

Polyvinyl chloride (PVC) ++(1400–1420) ++(0.44–0.65) +++(24–123) +++ Chatelin et al. (2020b), 
Rethy et al. (2018)

Agar +++(1540–1600) +++(0.04–1.42) +(105–115) + Ahmad et al. (2022), In 
et al. (2014)



 A. S. Lemine et al.

1 3

The most frequently reported property is the speed of 
sound owing to its significance for ultrasound phantoms 
in calibrating clinical transducers to be close to the typical 
value of hepatic tissues (1540 m/s). Varying the concentra-
tion of backscatter agents can increase the attenuation coef-
ficient with negligible effect on the speed of sound (Ahmad 
et al. 2020a, b). Considering both attenuation and speed of 
sound, gelatin and agar closely mimic biological tissue and 
produce realistic ultrasound images for building anatomical 
structures of varying compositions. The ultrasound scans 
of PVA are reported with pixel intensity close to human 
tissues (Cournane et al. 2010). The fabrication method of 
PVA is long and complex (Cournane et al. 2010). Still, vary-
ing material composition and the number of freeze–thaw 
cycles (FTCs) might tune its acoustic and mechanical prop-
erties to mimic hepatic tissues (de Jong et al. 2019). On 
the other hand, silicone is anechoic on ultrasound due to 
its high attenuation and low speed of sound compared to 
biological tissues (Ansar et al. 2019). PVC also has a speed 
of sound below that of hepatic tissues, which can be notably 
improved with appropriate plasticizer selection and concen-
tration (Chatelin et al. 2020a).

Considering the tactile feedback resulting from a suitable 
mechanical response of the phantom, fabrication materials 
such as PVC, PVA, and gelatin revealed tunability mim-
icking the soft tissues' elasticity (Ahmad et al. 2020a, b). 
Advanced shear wave speed technologies accurately repre-
sent tissue elasticity compared to the longitudinal measure-
ment of Young's modulus, which is limited by tissue anisot-
ropy (Nikolaev and Cotin 2020). An additional advantage 
of silicone, SEBS, and PVC materials is being insoluble 
in water (Mattei et al. 2022). As a result, phantoms fabri-
cated from these materials show more stability and dura-
bility throughout aging (Mattei et al. 2022). In contrast to 
phantoms fabricated from hydrated materials, including 
gelatin and agar, which dehydrate or foster bacterial growth 
(Łabowska et al. 2021). The less traditional tissue-mim-
icking materials such as zerdine, urethane, polyacrylamide 
(PAA), household items (e.g., hair gel, condensed milk, 
wire-pulling lubricant), and foodstuffs (e.g., chicken breast, 
mixed-meat rolls, and tofu) are reported as low-cost vascular 
access phantoms but with limited re-usability, short shelf-
life, and absence of studies onto their mechanical properties 
(McGarry et al. 2020).

Eventually, there might be a need for a compromise 
between the phantom’s requirements in terms of fabrica-
tion, storage, mechanical feedback, and acoustic properties. 
In phantoms’ fabrication, the selection of the tissue-mim-
icking material should be based on carefully considering 
its fabrication purpose. For instance, PVC exhibits good 
shelf-life and mechanical properties suitable for prolonged 
use (Chatelin et al. 2020b). Alternatively, gelatin and agar 
have tissue-like ultrasound compatibility for quantitative 

measurement of attenuation and speed of sound (Chen et al. 
2022). If storage requirements and tedious fabrication meth-
ods can be overcome, PVA is the best option due to its excel-
lent tunability for all demanded properties. Future phantoms 
might mimic the complex structure of human hepatic tissues 
by combining existing tissue-mimicking materials or fabri-
cating multiple tissue layers to investigate spatial control 
of acoustic and mechanical properties (Stengl et al. 2022). 
Additive manufacturing can assist in anatomical landmarks 
and raise the fidelity of phantoms mimicking human hepatic 
tissues (Stengl et al. 2022). For example, 3D-printed phan-
toms based on silicone with additive materials, such as water 
glucose solution and tertbutyl, have been utilized to mimic 
specific tissues like fatty liver tissues (Morr et al. 2021b).

13  Challenges and outlook

Precisely characterizing the liver’s mechanical behavior is 
pertinent in in vitro applications, diagnostic purposes, and 
tissue engineering (Chatelin et al. 2011). The modeling and 
quantifying of materials’ mechanical properties are neces-
sary to understand, monitor, and predict their responses and 
performance under certain loading conditions. The mechani-
cal characterization through constitutive modeling demands 
identifying and controlling environmental and geometric 
testing boundary conditions. For decades, characterizing 
structural materials have been done through different test-
ing approaches. However, reliable data for degradable and 
hydrated soft materials are still deficient, particularly the 
non-load-bearing biological tissues, including the kidney, 
brain, and liver (Afiqah Bakri et al. 2019). The primary rea-
son is their softness, shape, and labile nature (Afiqah Bakri 
et al. 2019). In addition, such materials are biphasic, involv-
ing a solid network being completely swollen and bounded 
with liquid media (Huerta-López and Alegre-Cebollada 
2021).

The mechanical behavior of biological tissues is char-
acterized in vivo or ex vivo through numerous models and 
methods depending on direct tissue specimen measurements 
or image techniques (Mattei and Ahluwalia 2016). The test-
ing of tissue in vivo preserves its status, but it has several 
constraints, including accessibility, subjecting humans to 
potential risks, and ethical issues regarding using animals 
(Alshipli et al. 2018; Makhamrah et al. 2019). Nevertheless, 
systematic studies have described and characterized the tis-
sue mechanical behavior in vivo with datasets frequently 
restricted to minor deformations (Mazza et al. 2007). Fur-
thermore, the in vivo data interpretation is also tricky due 
to the incapability to regulate the internal condition of the 
organ and challenges in finding a suitable arrangement for 
positioning the tested specimen and instrument (Crescenzi 
et al. 2019; Glińska-Suchocka et al. 2017).
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Alternatively, the ex vivo trials are desirable in advancing 
novel testing tools, tissue models, and procedures to permit 
more direct and accessible testing trials fitting regulation 
of boundary conditions and have less ethically problematic 
compared to in vivo measurements (Gerhard et al. 2012; 
Johnson et al. 2021). Though the numerous published meth-
ods and studies in the literature, there still needs to be uncon-
ditional mechanical properties of the liver. The published 
results depend strongly on variations in testing protocols and 
techniques, as well as the differences in sample source, type, 
and status, which rely on the different objectives and needs 
of the researchers. Furthermore, implementing other tissue 
models as purely elastic models instead of poro-viscoelastic 
or viscoelastic models could influence the assessed hepatic 
tissue properties.

Moreover, stress relaxation and creep tests are the wide-
spread measuring techniques for viscoelastic materials’ 
time-dependent behavior of liver tissues (Cai et al. 2017). 
Such tests have been utilized in combination or separately, 
enabling complete and precise data on the time-dependent 
behavior of viscoelastic samples (Bartolini et al. 2018). 
However, these tests demand the formation of initial con-
tact between the testing apparatus and the sample allowing 
the initiation of the measurements (Bartolini et al. 2018). 
Consequently, it could lead to noteworthy pre-loading on 
the highly soft hepatic specimen and then changing its sta-
tus. For instance, in crash simulation, the mechanical out-
comes from impact tests have high strain rates (Untaroiu 
et al. 2015). Therefore, establishing standard protocols and 
tailored guidelines for data analysis, mechanical testing, 
and sample preparation for each application is necessary to 
facilitate comparative studies (Labonte et al. 2017; Mattei 
and Ahluwalia 2016).

Furthermore, there is a need for biomarker assessments in 
the safe and non-invasive characterization to replace the his-
tological analysis relying on liver biopsy in quantifying and 
staging liver diseases and their progression from ongoing 
inflammation to consequent fibrosis. The liver disease stages 
correlate to their mechanical properties, which are sensi-
tive to tissue alterations. Then, their assessment could be 
utilized as an alternative biomarker to the information from 
the liver biopsy test (Wells and Liang 2011). For instance, 
the fibrosis stages are correlated to liver stiffness, while the 
inflammation level is related to liver viscosity (Leitão et al. 
2017). In addition, the diagnosis performance of liver stea-
tosis staging improves by correlating the staging steatosis to 
the liver sound speed and attenuation (Casciaro et al. 2009). 
Thus, the stages of liver inflammation, liver steatosis, and 
liver fibrosis are of significant importance from a clinical 
perspective to monitor the NASH, antiviral, and antifibrotic 
treatments (Gidener et al. 2021), in addition, to follow up 
on the evolution of chronic liver diseases and assess their 
prognosis (Yin et al. 2011).

Additionally, considering liver tissue’s mechanical prop-
erties is an ultimate goal in manufacturing liver phantoms, 
with mechanics recapitulating the qualities of living tissue 
(Afiqah Bakri et al. 2019). Initially, mimicking the stiffness 
or/and softness of native liver structures requires considering 
their static mechanical properties (Rethy et al. 2018). How-
ever, the biological tissues have a dynamic nature leading 
to a necessity to integrate the mechanics’ changes in time/
rate dependent and heterogeneity (Guimarães et al. 2020). 
Considering the time-varying mechanics by adopting mate-
rials from stress-relaxation or stress-stiffening responses 
mimicking the real hepatic tissue response is possible (Rafiq 
et al. 2018). Thus, the material will respond to the increased 
stress or continued duration through relaxation or stiffness, 
respectively (Makhamrah et al. 2019). The lacking mate-
rial for such dynamicity could be overcome through the 
direct application of mechanical deformation on constructs 
to duplicate these properties. The heterogeneity-changing 
mechanics occurs in the tissue interfaces as in areas with 
cartilage turning progressively into bone (Khogalia et al. 
2020). Mimicking these gradually varying structures is via 
gradients of mechanical properties, composition, and design 
(Khogalia et al. 2020).

14  Conclusions

The liver phantoms are artificial structures designed to 
mimic the natural hepatic tissue properties, including their 
mechanical properties. Considering patient safety, these 
phantoms are utilized to fill the gap between theory and 
clinical practice for medical training and simulation. The 
fabrication materials of the liver's phantom should be safe 
to prepare and handle, stable under different environmental 
conditions, facile and reproducible in preparation, easy to 
store and transport, and demand low-cost ingredients. The 
constitutive models of mechanical properties for the viscoe-
lastic hepatic tissues are generalized Maxwell (GM), stand-
ard linear solid (SLS), Kelvin–Voigt (KV), Kelvin–Voigt 
fractional derivative (KVFD), and porous visco-hyperelastic 
models. The finite element (FE) method is used in computa-
tional simulation to aid surgical decisions by providing sim-
ulated outcomes in real time through augmented reality. The 
mechanical properties, including elasticity, viscoelasticity, 
acoustic impedance, and attenuation, are further considered 
critical biomarkers for diagnosing different histopathologic 
scores of hepatic fibrosis, inflammation, and fat content in 
a patient without invasive biopsies. Future phantoms might 
mimic the complex structure of human hepatic tissues by 
combining existing tissue-mimicking materials or fabricat-
ing multiple tissue layers to investigate spatial control of 
acoustic and mechanical properties. Additive manufacturing 
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can assist in anatomical landmarks and raise the fidelity of 
phantoms mimicking human hepatic tissues.

Acknowledgements This work was supported by Qatar University 
Grant no. GTRA-17722. The statements made herein are solely the 
responsibility of the authors. Open Access funding is provided by the 
Qatar National Library. This study was made possible by NPRP grants 
NPRP11S-1211-170083 from the Qatar National Research Fund (a 
member of Qatar Foundation).

Authors’ contribution ASL did conceptualization and writing—origi-
nal draft. JB done writing—review and editing. ZA, AH and NJA-T 
contributed to writing—review and editing. All authors have read and 
agreed to the published version of the manuscript.

Funding Open Access funding provided by the Qatar National Library.

Declarations 

Conflict of interest The authors declare that they have no known com-
peting financial interests or personal relationships that could have ap-
peared to influence the work reported in this paper.

Open Access  This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long 
as you give appropriate credit to the original author(s) and the source, 
provide a link to the Creative Commons licence, and indicate if changes 
were made. The images or other third party material in this article are 
included in the article's Creative Commons licence, unless indicated 
otherwise in a credit line to the material. If material is not included in 
the article's Creative Commons licence and your intended use is not 
permitted by statutory regulation or exceeds the permitted use, you will 
need to obtain permission directly from the copyright holder. To view a 
copy of this licence, visit http:// creat iveco mmons. org/ licen ses/ by/4. 0/.

References

Afiqah Bakri A, Noor N, Nik A, Razak A (2019) Characterization of 
low-cost materials as human tissue equivalent materials. Asian J 
Appl Sci 7:2321–0893. https:// doi. org/ 10. 24203/ ajas. v7i4. 5901

Ahmad M, Suardi N, Shukri A, Mohammad H, Oglat A, Alarab A, 
Makhamrah O (2020a) Chemical characteristics, motivation and 
strategies in choice of materials used as liver phantom: a litera-
ture review. J Med Ultrasound 28:7–16. https:// doi. org/ 10. 4103/ 
JMU. JMU_4_ 19

Ahmad MS, Suardi N, Shukri A, Razak NA, N.N.A., Oglat, A.A., 
Makhamrah, O., Mohammad, H., (2020b) Dynamic hepatocel-
lular carcinoma model within a liver phantom for multimodality 
imaging. Eur J Radiol Open 7:100257. https:// doi. org/ 10. 1016/j. 
ejro. 2020. 100257

Ahmad MS, Makhamrah O, Suardi N, Shukri A, Razak NNANA, 
Mohammad H (2021) Agarose and wax tissue-mimicking phan-
tom for dynamic magnetic resonance imaging of the liver. J Med-
Clin Res Rev. https:// doi. org/ 10. 33425/ 2639- 944x. 1250

Ahmad MS, Suardi N, Shukri A, Razak Ashikin Nik Ab, N.N., 
Makhamrah, O., Mohammad, H., (2022) Gelatin-agar liver phan-
tom to simulate typical enhancement patterns of hepatocellular 
carcinoma for MRI. Adv Res Gastroenterol Hepatol. https:// doi. 
org/ 10. 19080/ argh. 2022. 18. 555998

Akkaya HE, Erden A, Öz DK, Ünal S, Erden İ (2018) Magnetic reso-
nance elastography: basic principles, technique, and clinical 

applications in the liver. Diagnostic Interv Radiol 24:328–335. 
https:// doi. org/ 10. 5152/ dir. 2018. 18186

Alshipli, M., Kabir, N.A., Tajuddin, A.A., Hashim, R.,  Kabir1, N.A., 
 Tajuddin1, A.,  Hashim2, R.,  Marashdeh1’3, M.W., 2018. Evaluat-
ing the Physical Properties of Epoxy Resin as a Phantom Mate-
rial to Mimic the Human Liver in Computed Tomography Appli-
cations. https:// doi. org/ 10. 15242/ IJACE BS. ER121 72013

Ansar A, Tahir D, Abdullah B, Nurhasmi F, Jusmawang S (2019) 
Physical characteristics of soft tissue phantom from silicone rub-
ber based vulcanization system. Mater Sci Forum 966:194–199. 
https:// doi. org/ 10. 4028/ www. scien tific. net/ MSF. 966. 194

Anugrah MA, Suryani S, Ilyas S, Mutmainna I, Fahri AN, Jusmawang 
T, D., (2020) Composite gelatin/Rhizophora SPP particleboards/
PVA for soft tissue phantom applications. Radiat Phys Chem 
173:108878. https:// doi. org/ 10. 1016/j. radph yschem. 2020. 108878

Bartolini L, Iannuzzi D, Mattei G (2018) Comparison of frequency and 
strain-rate domain mechanical characterization. Sci Rep. https:// 
doi. org/ 10. 1038/ s41598- 018- 31737-3

Basdogan C (2012) Dynamic material properties of human and animal 
livers. Soft Tissue Biomech Model Comput Assist Surg 11:229–
241. https:// doi. org/ 10. 1007/ 8415_ 2012_ 122

Bienstock J, Heuer A (2022) A review on the evolution of simula-
tion-based training to help build a safer future. Med (baltimore) 
101:e29503. https:// doi. org/ 10. 1097/ MD. 00000 00000 029503

Boursier J, Vergniol J, Guillet A, Hiriart JB, Lannes A, Le Bail B, 
Michalak S, Chermak F, Bertrais S, Foucher J, Oberti F, Char-
bonnier M, Fouchard-Hubert I, Rousselet MC, Calès P, de 
Lédinghen V (2016) Diagnostic accuracy and prognostic sig-
nificance of blood fibrosis tests and liver stiffness measurement 
by FibroScan in non-alcoholic fatty liver disease. J Hepatol 
65:570–578. https:// doi. org/ 10. 1016/j. jhep. 2016. 04. 023

Brock KK, Hollister SJ, Dawson LA, Balter JM (2002) Technical 
note: creating a four-dimensional model of the liver using finite 
element analysis. Med Phys 29:1403–1405. https:// doi. org/ 10. 
1118/1. 14850 55

Brunon A, Bruyère-Garnier K, Coret M (2010) Mechanical characteri-
zation of liver capsule through uniaxial quasi-static tensile tests 
until failure. J Biomech 43:2221–2227. https:// doi. org/ 10. 1016/j. 
jbiom ech. 2010. 03. 038

Cabibi D, Bronte F, Porcasi R, Ingrao S, Giannone AG, Maida M, 
Grazia Bavetta M, Petta S, Di Marco V, Calvaruso V (2015) 
Comparison of histochemical stainings in evaluation of liver 
fibrosis and correlation with transient elastography in chronic 
hepatitis. Anal Cell Pathol. https:// doi. org/ 10. 1155/ 2015/ 431750

Cabrelli LC, Grillo FW, Sampaio DRT, Carneiro AAO, Pavan TZ 
(2017) Acoustic and elastic properties of glycerol in oil-based 
gel phantoms. Ultrasound Med Biol 43:2086–2094. https:// doi. 
org/ 10. 1016/j. ultra smedb io. 2017. 05. 010

Cafarelli A, Verbeni A, Poliziani A, Dario P, Menciassi A, Ricotti L 
(2017) Tuning acoustic and mechanical properties of materials 
for ultrasound phantoms and smart substrates for cell cultures. 
Acta Biomater 49:368–378. https:// doi. org/ 10. 1016/j. actbio. 
2016. 11. 049

Cai C, Yu Q, Li W, Zheng J, Zhou Z (2017) Experimental creep behav-
ior of porcine liver under indentation with laparoscopic grasper 
for MIS applications. Biosurface and Biotribology 3:56–65. 
https:// doi. org/ 10. 1016/j. bsbt. 2017. 06. 002

Capilnasiu A, Bilston L, Sinkus R, Nordsletten D (2020) Nonlinear 
viscoelastic constitutive model for bovine liver tissue. Biomech 
Model Mechanobiol 19:1641–1662. https:// doi. org/ 10. 1007/ 
s10237- 020- 01297-5

Casciaro S, Conversano F, Musio S, Casciaro E, Demitri C, Sannino 
A (2009) Full experimental modelling of a liver tissue mimick-
ing phantom for medical ultrasound studies employing different 
hydrogels. J Mater Sci Mater Med 20:983–989. https:// doi. org/ 
10. 1007/ s10856- 008- 3644-6

http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.24203/ajas.v7i4.5901
https://doi.org/10.4103/JMU.JMU_4_19
https://doi.org/10.4103/JMU.JMU_4_19
https://doi.org/10.1016/j.ejro.2020.100257
https://doi.org/10.1016/j.ejro.2020.100257
https://doi.org/10.33425/2639-944x.1250
https://doi.org/10.19080/argh.2022.18.555998
https://doi.org/10.19080/argh.2022.18.555998
https://doi.org/10.5152/dir.2018.18186
https://doi.org/10.15242/IJACEBS.ER12172013
https://doi.org/10.4028/www.scientific.net/MSF.966.194
https://doi.org/10.1016/j.radphyschem.2020.108878
https://doi.org/10.1038/s41598-018-31737-3
https://doi.org/10.1038/s41598-018-31737-3
https://doi.org/10.1007/8415_2012_122
https://doi.org/10.1097/MD.0000000000029503
https://doi.org/10.1016/j.jhep.2016.04.023
https://doi.org/10.1118/1.1485055
https://doi.org/10.1118/1.1485055
https://doi.org/10.1016/j.jbiomech.2010.03.038
https://doi.org/10.1016/j.jbiomech.2010.03.038
https://doi.org/10.1155/2015/431750
https://doi.org/10.1016/j.ultrasmedbio.2017.05.010
https://doi.org/10.1016/j.ultrasmedbio.2017.05.010
https://doi.org/10.1016/j.actbio.2016.11.049
https://doi.org/10.1016/j.actbio.2016.11.049
https://doi.org/10.1016/j.bsbt.2017.06.002
https://doi.org/10.1007/s10237-020-01297-5
https://doi.org/10.1007/s10237-020-01297-5
https://doi.org/10.1007/s10856-008-3644-6
https://doi.org/10.1007/s10856-008-3644-6


Mechanical properties of human hepatic tissues to develop liver‑mimicking phantoms for medical…

1 3

Chanthasopeephan T, Desai JP, Lau ACW (2007) Modeling soft-tis-
sue deformation prior to cutting for surgical simulation: finite 
element analysis and study of cutting parameters. IEEE Trans 
Biomed Eng 54:349–359. https:// doi. org/ 10. 1109/ TBME. 2006. 
886937

Chatelin S, Oudry J, Périchon N, Sandrin L, Allemann P, Soler L, 
Willinger R (2011) In vivo liver tissue mechanical properties 
by transient elastography: comparison with dynamic mechani-
cal analysis. Biorheology 48:75–88. https:// doi. org/ 10. 3233/ 
BIR- 2011- 0584

Chatelin S, Breton E, Arulrajah A, Giraudeau C, Meylheuc L, Vap-
pou J, Chatelin S, Breton E, Arulrajah A, Giraudeau C, Wach B 
(2020a) Investigation of PVC plastisol tissue-mimicking phan-
toms for MR-and ultrasound-elastography. Front Phys 8:577358. 
https:// doi. org/ 10. 3389/ fphy. 2020. 577358

Chatelin S, Breton E, Arulrajah A, Giraudeau C, Wach B, Meylheuc 
L, Vappou J (2020) Investigation of polyvinyl chloride plastisol 
tissue-mimicking phantoms for MR- and ultrasound-elastog-
raphy. Front Phys. https:// doi. org/ 10. 3389/ fphy. 2020. 577358

Chen RK, Shih AJ (2013) Multi-modality gellan gum-based tissue-
mimicking phantom with targeted mechanical, electrical, and 
thermal properties. Phys Med Biol 58:5511–5525. https:// doi. 
org/ 10. 1088/ 0031- 9155/ 58/ 16/ 5511

Chen P, Pollet AMAO, Panfilova A, Zhou M, Turco S, den Toonder 
JMJ, Mischi M (2022) Acoustic characterization of tissue-
mimicking materials for ultrasound perfusion imaging 
research. Ultrasound Med Biol 48:124–142. https:// doi. org/ 
10. 1016/j. ultra smedb io. 2021. 09. 004

Chenel, A., 2018. Morphological and mechanical characterization 
of the human liver to improve a finite element model. Doctoral 
dissertation, Universite d’Aix-Marseille.

Cheng L, Hannaford B (2015) Finite element analysis for evaluating 
liver tissue damage due to mechanical compression. J Biomech 
48:948–955. https:// doi. org/ 10. 1016/j. jbiom ech. 2015. 02. 014

Chi Y, Liu J, Venkatesh SK, Huang S, Zhou J, Tian Q, Nowinski 
WL (2011) Segmentation of liver vasculature from contrast 
enhanced CT images using context-based voting. IEEE Trans 
Biomed Eng 58:2144–2153. https:// doi. org/ 10. 1109/ TBME. 
2010. 20935 23

Chmarra MK, Hansen R, Mårvik R, Langø T (2013) Multimodal phan-
tom of liver tissue. PLoS One. https:// doi. org/ 10. 1371/ journ al. 
pone. 00641 80

Cournane S, Cannon L, Browne JE, Fagan AJ (2010) Assessment of 
the accuracy of an ultrasound elastography liver scanning sys-
tem using a PVA-cryogel phantom with optimal acoustic and 
mechanical properties. Phys Med Biol 55:5965–5983. https:// 
doi. org/ 10. 1088/ 0031- 9155/ 55/ 19/ 022

Cournane S, Browne JE, Fagan AJ (2012) The effects of fatty deposits 
on the accuracy of the Fibroscan®liver transient elastography 
ultrasound system. Phys Med Biol 57:3901–3914. https:// doi. 
org/ 10. 1088/ 0031- 9155/ 57/ 12/ 3901

Crescenzi L, Pecoraro A, Fiorentino A, Poto R, Varricchi G, Rispo 
A, Morisco F, Spadaro G (2019) Liver stiffness assessment by 
transient elastography suggests high prevalence of liver involve-
ment in common variable immunodeficiency. Dig Liver Dis 
51:1599–1603. https:// doi. org/ 10. 1016/j. dld. 2019. 05. 016

de Jong TL, Moelker A, Dankelman J, van den Dobbelsteen JJ 
(2019) Designing and validating a PVA liver phantom with 
respiratory motion for needle-based interventions. Int J Com-
put Assist Radiol Surg 14:2177–2186. https:// doi. org/ 10. 1007/ 
s11548- 019- 02029-6

Deffieux T, Gennisson JL, Bousquet L, Corouge M, Cosconea S, 
Amroun D, Tripon S, Terris B, Mallet V, Sogni P, Tanter M, Pol 
S (2015) Investigating liver stiffness and viscosity for fibrosis, 
steatosis and activity staging using shear wave elastography. J 
Hepatol 62:317–324. https:// doi. org/ 10. 1016/j. jhep. 2014. 09. 020

Estermann SJ, Förster-Streffleur S, Hirtler L, Streicher J, Pahr DH, 
Reisinger A (2021) Comparison of Thiel preserved, fresh human, 
and animal liver tissue in terms of mechanical properties. Ann 
Anat. https:// doi. org/ 10. 1016/j. aanat. 2021. 151717

Evans ND, Gentleman E (2014) The role of material structure and 
mechanical properties in cell-matrix interactions. J Mater Chem 
B 2:2345–2356. https:// doi. org/ 10. 1039/ c3tb2 1604g

Evans DW, Moran EC, Baptista PM, Soker S, Sparks JL (2013) Scale-
dependent mechanical properties of native and decellularized 
liver tissue. Biomech Model Mechanobiol 12:569–580. https:// 
doi. org/ 10. 1007/ s10237- 012- 0426-3

Fu YB, Chui CK, Teo CL (2013) Liver tissue characterization from 
uniaxial stress-strain data using probabilistic and inverse finite 
element methods. J Mech Behav Biomed Mater 20:105–112. 
https:// doi. org/ 10. 1016/j. jmbbm. 2013. 01. 008

Ganser C, Czibula C, Tscharnuter D, Schöberl T, Teichert C, Hirn U 
(2017) Combining adhesive contact mechanics with a viscoelas-
tic material model to probe local material properties by AFM. 
Soft Matter 14:140–150. https:// doi. org/ 10. 1039/ c7sm0 2057k

Garczyńska K, Tzschätzsch H, Kühl AA, Morr AS, Lilaj L, Häckel 
A, Schellenberger E, Berndt N, Holzhütter HG, Braun J, Sack I, 
Guo J (2020) Changes in liver mechanical properties and water 
diffusivity during normal pregnancy are driven by cellular hyper-
trophy. Front Physiol. https:// doi. org/ 10. 3389/ fphys. 2020. 605205

Gerhard A, Holzapfel R, Kuhl E (2012) Computer models in biome-
chanics: from nano to macro. Springer, Berlin. https:// doi. org/ 10. 
1007/ 978- 94- 007- 5464-5

Gidener T, Ahmed OT, Larson JJ, Mara KC, Therneau TM, Venkatesh 
SK, Ehman RL, Yin M, Allen AM (2021) Liver stiffness by mag-
netic resonance elastography predicts future cirrhosis, decom-
pensation, and death in NAFLD. Clin Gastroenterol Hepatol 
19:1915-1924.e6. https:// doi. org/ 10. 1016/j. cgh. 2020. 09. 044

Glińska-Suchocka K, Kubiak K, Spuzak J, Jankowski M, Borusewicz 
P (2017) Accuracy of real-time shear wave elastography in 
the assessment of normal liver tissue in the Guinea pig (cavia 
porcellus). Pol J Vet Sci 20:51–56. https:// doi. org/ 10. 1515/ 
pjvs- 2017- 0008

Greenbaum L, Burns P, Copel J, Cosgrove D, Fowlkes JB, Goldberg 
B, Mattrey R, Merton D, Robbin M, Wilson S (2007) American 
institute of ultrasound in medicine recommendations for contrast-
enhanced liver ultrasound imaging clinical trials. J Ultrasound 
Med 26:705–716. https:// doi. org/ 10. 7863/ jum. 2007. 26.6. 705

Guimarães CF, Gasperini L, Marques AP, Reis RL (2020) The 
stiffness of living tissues and its implications for tissue engi-
neering. Nat Rev Mater 5:351–370. https:// doi. org/ 10. 1038/ 
s41578- 019- 0169-1

Hafsah T, Rosnani H, Zurida I, Kamaruzaman J, Yin KY (2014) The 
influence of students’ concept of mole, problem representation 
ability and mathematical ability on stoichiometry problem solv-
ing. Scottish. J Arts Soc Sci Sci Stud 21:3–21

Hashemi MS, Baniassadi M, Baghani M, George D, Remond Y, Shei-
daei A (2020) A novel machine learning based computational 
framework for homogenization of heterogeneous soft materi-
als: application to liver tissue. Biomech Model Mechanobiol 
19:1131–1142. https:// doi. org/ 10. 1007/ s10237- 019- 01274-7

Hoodeshenas S, Welle CL, Navin PJ, Dzyubak B, Eaton JE, Ehman 
RL, Venkatesh SK (2019) Magnetic resonance elastography 
in primary sclerosing cholangitis: interobserver agreement for 
liver stiffness measurement with manual and automated meth-
ods. Acad Radiol 26:1625–1632. https:// doi. org/ 10. 1016/j. acra. 
2019. 02. 004

Hosseini V, Maroufi NF, Saghati S, Asadi N, Darabi M, Ahmad SNS, 
Hosseinkhani H, Rahbarghazi R (2019) Current progress in 
hepatic tissue regeneration by tissue engineering. J Transl Med 
17:1–24. https:// doi. org/ 10. 1186/ s12967- 019- 02137-6

https://doi.org/10.1109/TBME.2006.886937
https://doi.org/10.1109/TBME.2006.886937
https://doi.org/10.3233/BIR-2011-0584
https://doi.org/10.3233/BIR-2011-0584
https://doi.org/10.3389/fphy.2020.577358
https://doi.org/10.3389/fphy.2020.577358
https://doi.org/10.1088/0031-9155/58/16/5511
https://doi.org/10.1088/0031-9155/58/16/5511
https://doi.org/10.1016/j.ultrasmedbio.2021.09.004
https://doi.org/10.1016/j.ultrasmedbio.2021.09.004
https://doi.org/10.1016/j.jbiomech.2015.02.014
https://doi.org/10.1109/TBME.2010.2093523
https://doi.org/10.1109/TBME.2010.2093523
https://doi.org/10.1371/journal.pone.0064180
https://doi.org/10.1371/journal.pone.0064180
https://doi.org/10.1088/0031-9155/55/19/022
https://doi.org/10.1088/0031-9155/55/19/022
https://doi.org/10.1088/0031-9155/57/12/3901
https://doi.org/10.1088/0031-9155/57/12/3901
https://doi.org/10.1016/j.dld.2019.05.016
https://doi.org/10.1007/s11548-019-02029-6
https://doi.org/10.1007/s11548-019-02029-6
https://doi.org/10.1016/j.jhep.2014.09.020
https://doi.org/10.1016/j.aanat.2021.151717
https://doi.org/10.1039/c3tb21604g
https://doi.org/10.1007/s10237-012-0426-3
https://doi.org/10.1007/s10237-012-0426-3
https://doi.org/10.1016/j.jmbbm.2013.01.008
https://doi.org/10.1039/c7sm02057k
https://doi.org/10.3389/fphys.2020.605205
https://doi.org/10.1007/978-94-007-5464-5
https://doi.org/10.1007/978-94-007-5464-5
https://doi.org/10.1016/j.cgh.2020.09.044
https://doi.org/10.1515/pjvs-2017-0008
https://doi.org/10.1515/pjvs-2017-0008
https://doi.org/10.7863/jum.2007.26.6.705
https://doi.org/10.1038/s41578-019-0169-1
https://doi.org/10.1038/s41578-019-0169-1
https://doi.org/10.1007/s10237-019-01274-7
https://doi.org/10.1016/j.acra.2019.02.004
https://doi.org/10.1016/j.acra.2019.02.004
https://doi.org/10.1186/s12967-019-02137-6


 A. S. Lemine et al.

1 3

Huerta-López C, Alegre-Cebollada J (2021) Protein hydrogels: the 
Swiss army knife for enhanced mechanical and bioactive prop-
erties of biomaterials. Nanomaterials 11:1656. https:// doi. org/ 
10. 3390/ nano1 10716 56

Idilman IS, Li J, Yin M, Venkatesh SK (2020) MR elastography of 
liver: current status and future perspectives. Abdom Radiol 
45:3444–3462. https:// doi. org/ 10. 1007/ s00261- 020- 02656-7

Ijima H, Nakamura S, Bual R, Shirakigawa N, Tanoue S (2018) Physi-
cal properties of the extracellular matrix of decellularized por-
cine liver. Gels. https:// doi. org/ 10. 3390/ gels4 020039

Imajo K, Honda Y, Kobayashi T, Nagai K, Ozaki A, Iwaki M, Kessoku 
T, Ogawa Y, Takahashi H, Saigusa Y, Yoneda M, Kirikoshi H, 
Utsunomiya D, Aishima S, Saito S, Nakajima A (2021) Direct 
comparison of US and MR elastography for staging liver fibrosis 
in patients with nonalcoholic fatty liver disease. Clin Gastroen-
terol Hepatol. https:// doi. org/ 10. 1016/j. cgh. 2020. 12. 016

In E, Naguib HE, Haider M (2012) Fabrication and characterization of 
polymer gel for MRI phantom with embedded lesion particles. 
Heal Monit Struct Biol Syst 2012(8348):83480V. https:// doi. org/ 
10. 1117/ 12. 915034

In E, Naguib H, Haider M (2014) Mechanical stability analysis of 
carrageenan-based polymer gel for magnetic resonance imaging 
liver phantom with lesion particles. J Med Imaging 1:035502. 
https:// doi. org/ 10. 1117/1. jmi.1. 3. 035502

Johnson B, Campbell S, Campbell-Kyureghyan N (2021) Character-
izing the material properties of the kidney and liver in uncon-
fined compression and probing protocols with special reference 
to varying strain rate. Biomechanics 1:264–280. https:// doi. org/ 
10. 3390/ biome chani cs102 0022

Kandala SK, Sharma A, Mirpour S, Liapi E, Ivkov R, Attaluri A (2021) 
Validation of a coupled electromagnetic and thermal model for 
estimating temperatures during magnetic nanoparticle hyperther-
mia. Int J Hyperth 38:611–622. https:// doi. org/ 10. 1080/ 02656 
736. 2021. 19132 44

Karimi A, Shojaei A (2018) An experimental study to measure the 
mechanical properties of the human liver. Dig Dis 36:150–155. 
https:// doi. org/ 10. 1159/ 00048 1344

Kassner S, Rausch J, Kohlstedt A, Werthschützky R (2009). Analysis 
of mechanical properties of liver tissue as a design criterion for 
the development of a haptic laparoscopic tool. In: 4th European 
conference of the international federation for medical and bio-
logical engineering vol 22, pp 2248–2251. https:// doi. org/ 10. 
1007/ 978-3- 540- 89208-3_ 538

Khogalia EH, Choo HL, Yap WH (2020) Performance of triply peri-
odic minimal surface lattice structures under compressive load-
ing for tissue engineering applications. AIP Conf Proc. https:// 
doi. org/ 10. 1063/5. 00016 31

Kim Y, Hong JW, Kim J, Shin JH (2013) Comparative study on the dif-
ferential mechanical properties of human liver cancer and normal 
cells. Animal Cells Syst (seoul) 17:170–178. https:// doi. org/ 10. 
1080/ 19768 354. 2013. 789452

Klatt D, Friedrich C, Korth Y, Vogt R, Braun J, Sack I (2010) Viscoe-
lastic properties of liver measured by oscillatory rheometry and 
multifrequency magnetic resonance elastography. Biorheology 
47:133–141. https:// doi. org/ 10. 3233/ BIR- 2010- 0565

Kugler M, Hostettler A, Soler L, Remond Y, George D (2018a) A new 
algorithm for volume mesh refinement on merging geometries: 
application to liver and vascularisation. J Comput Appl Math 
330:429–440. https:// doi. org/ 10. 1016/j. cam. 2017. 09. 012

Kugler M, Lauzeral N, Borzacchiello D, Baniassadi M, Hoarau Y, 
Chinesta F, Hosttetler A, Soler L, Rémond Y, George D (2018) 
Homogenization and model reduction of a numerical liver model 
for real-time application: validation on free-breathing. In: 8th 
World Congress of Biomechanics, Dublin.

Kugler M (2018) Simulation du mouvement des organes de l’abdomen : 
Application aux déformations du foie et de ses vascularisations 

en vue de d’une reconstitution en temps réel lors d’une chirurgie 
mini- invasive. Doctoral dissertation, Université de Strasbourg.

Kumar N, Kishore KAKR (2015) Modeling and analysis of human 
liver by using finite element analysis. Int J Sci Res 4:1426–1430

Labonte D, Lenz AK, Oyen ML (2017) On the relationship between 
indentation hardness and modulus, and the damage resistance of 
biological materials. Acta Biomater 57:373–383. https:// doi. org/ 
10. 1016/j. actbio. 2017. 05. 034

Łabowska MB, Cierluk K, Jankowska AM, Kulbacka J, Detyna J, 
Michalak I (2021) A review on the adaption of alginate-gelatin 
hydrogels for 3D cultures and bioprinting. Materials (basel) 
14:1–28. https:// doi. org/ 10. 3390/ ma140 40858

Lamouche G, Kennedy BF, Kennedy KM, Bisaillon C-E, Curatolo 
A, Campbell G, Pazos V, Sampson DD (2012) Review of tissue 
simulating phantoms with controllable optical, mechanical and 
structural properties for use in optical coherence tomography. 
Biomed Opt Express 3:1381. https:// doi. org/ 10. 1364/ boe.3. 
001381

Lauzeral N, Borzacchiello D, Kugler M, George D, Rémond Y, Hostet-
tler A, Chinesta F (2019) A model order reduction approach to 
create patient-specific mechanical models of human liver in com-
putational medicine applications. Comput Methods Programs 
Biomed 170:95–106. https:// doi. org/ 10. 1016/j. cmpb. 2019. 01. 003

Leitão HS, Doblas S, Garteiser P, d’Assignies G, Paradis V, Mouri F, 
Geraldes CFGC, Ronot M, Van Beers BE (2017) Hepatic fibro-
sis, inflammation, and steatosis: influence on the MR viscoelastic 
and diffusion parameters in patients with chronic liver disease. 
Radiology 283:98–107. https:// doi. org/ 10. 1148/ radiol. 20161 
51570

Lemine AS, Fayyaz O, Yusuf M, Shakoor RA, Ahmad Z, Bhadra J, 
Al-Thani NJ (2022) Microstructure and mechanical properties of 
aluminum matrix composites with bimodal-sized hybrid NbC-
B4C reinforcements. Mater Today Commun 33:104512. https:// 
doi. org/ 10. 1016/j. mtcomm. 2022. 104512

Lin H, Zhang X, Shen Y, Zheng Y, Guo Y, Zhu Y, Diao X, Wang T, 
Chen S, Chen X (2017) Model-dependent and model-independ-
ent approaches for evaluating hepatic fibrosis in rat liver using 
shearwave dispersion ultrasound vibrometry. Med Eng Phys 
39:66–72. https:// doi. org/ 10. 1016/j. meden gphy. 2016. 10. 007

Maccabi A, Shin A, Namiri NK, Bajwa N, John MS, Taylor ZD, 
Grundfest W, Saddik GN (2018) Quantitative characterization of 
viscoelastic behavior in tissue-mimicking phantoms and ex vivo 
animal tissues. PLoS One. https:// doi. org/ 10. 1371/ journ al. pone. 
01919 19

MacManus DB, Maillet M, O’Gorman S, Pierrat B, Murphy JG, Gil-
christ MD (2019) Sex- and age-specific mechanical properties 
of liver tissue under dynamic loading conditions. J Mech Behav 
Biomed Mater 99:240–246. https:// doi. org/ 10. 1016/j. jmbbm. 
2019. 07. 028

Makhamrah O, Ahmad MS, Hjouj M (2019) Evaluation of liver phan-
tom for testing of the detectability multimodal for hepatocellular 
carcinoma. In: Proceedings of the 2019 2nd international confer-
ence on digital medicine and image processing, pp 17–21. https:// 
doi. org/ 10. 1145/ 33792 99. 33793 07

Mannelli L, Godfrey E, Graves MJ, Patterson AJ, Beddy P, Bowden D, 
Joubert I, Priest AN, Lomas DJ (2012) Magnetic resonance elas-
tography: feasibility of liver stiffness measurements in healthy 
volunteers at 3 T. Clin Radiol 67:258–262. https:// doi. org/ 10. 
1016/j. crad. 2011. 08. 022

Marchesseau S, Chatelin S, Delingette H (2017) Nonlinear biomechani-
cal model of the liver. In: Biomechanics of living organs: hyper-
elastic constitutive laws for finite element modeling. Elsevier, pp. 
243–265. https:// doi. org/ 10. 1016/ B978-0- 12- 804009- 6. 00011-0

Mattei G, Ahluwalia A (2016) Sample, testing and analysis variables 
affecting liver mechanical properties: a review. Acta Biomater 
45:60–71. https:// doi. org/ 10. 1016/j. actbio. 2016. 08. 055

https://doi.org/10.3390/nano11071656
https://doi.org/10.3390/nano11071656
https://doi.org/10.1007/s00261-020-02656-7
https://doi.org/10.3390/gels4020039
https://doi.org/10.1016/j.cgh.2020.12.016
https://doi.org/10.1117/12.915034
https://doi.org/10.1117/12.915034
https://doi.org/10.1117/1.jmi.1.3.035502
https://doi.org/10.3390/biomechanics1020022
https://doi.org/10.3390/biomechanics1020022
https://doi.org/10.1080/02656736.2021.1913244
https://doi.org/10.1080/02656736.2021.1913244
https://doi.org/10.1159/000481344
https://doi.org/10.1007/978-3-540-89208-3_538
https://doi.org/10.1007/978-3-540-89208-3_538
https://doi.org/10.1063/5.0001631
https://doi.org/10.1063/5.0001631
https://doi.org/10.1080/19768354.2013.789452
https://doi.org/10.1080/19768354.2013.789452
https://doi.org/10.3233/BIR-2010-0565
https://doi.org/10.1016/j.cam.2017.09.012
https://doi.org/10.1016/j.actbio.2017.05.034
https://doi.org/10.1016/j.actbio.2017.05.034
https://doi.org/10.3390/ma14040858
https://doi.org/10.1364/boe.3.001381
https://doi.org/10.1364/boe.3.001381
https://doi.org/10.1016/j.cmpb.2019.01.003
https://doi.org/10.1148/radiol.2016151570
https://doi.org/10.1148/radiol.2016151570
https://doi.org/10.1016/j.mtcomm.2022.104512
https://doi.org/10.1016/j.mtcomm.2022.104512
https://doi.org/10.1016/j.medengphy.2016.10.007
https://doi.org/10.1371/journal.pone.0191919
https://doi.org/10.1371/journal.pone.0191919
https://doi.org/10.1016/j.jmbbm.2019.07.028
https://doi.org/10.1016/j.jmbbm.2019.07.028
https://doi.org/10.1145/3379299.3379307
https://doi.org/10.1145/3379299.3379307
https://doi.org/10.1016/j.crad.2011.08.022
https://doi.org/10.1016/j.crad.2011.08.022
https://doi.org/10.1016/B978-0-12-804009-6.00011-0
https://doi.org/10.1016/j.actbio.2016.08.055


Mechanical properties of human hepatic tissues to develop liver‑mimicking phantoms for medical…

1 3

Mattei G, Ahluwalia A, Hacker L, Wabnitz H, Pifferi A, Pfefer TJ, 
Pogue BW, Bohndiek SE, Chatelin S (2022) Criteria for the 
design of tissue-mimicking phantoms for the standardization 
of biophotonic instrumentation. Nat Biomed Eng 6:541–558. 
https:// doi. org/ 10. 1038/ s41551- 022- 00890-6

Mazza E, Nava A, Hahnloser D, Jochum W, Bajka M (2007) The 
mechanical response of human liver and its relation to histol-
ogy: an in vivo study. Med Image Anal 11:663–672. https:// doi. 
org/ 10. 1016/j. media. 2007. 06. 010

Mazza E, Grau P, Hollenstein M, Bajka M (2008) Constitutive mod-
eling of human liver based on in vivo measurements. Int Conf 
Med Image Comput Comput Interv 5242:726–733. https:// doi. 
org/ 10. 1007/ 978-3- 540- 85990-1_ 87

McGarry CK, Grattan LJ, Ivory AM, Leek F, Liney GP, Liu Y, Miloro 
P, Rai R, Robinson AP, Shih AJ, Zeqiri B, Clark CH (2020) 
Tissue mimicking materials for imaging and therapy phantoms: 
a review. Phys Med Biol 65:23. https:// doi. org/ 10. 1088/ 1361- 
6560/ abbd17

Morr AS, Herthum H, Schrank F, Görner S, Anders MS, Lerchbaumer 
M, Müller HP, Fischer T, Jenderka K-V, Hansen HHG, Jan-
mey PA, Braun J, Sack I, Tzschätzsch H (2021a) Liquid-liver 
phantom: mimicking the viscoelastic dispersion of human liver 
for elastography in ultrasound and MRI. arXiv Prepr. arXiv. 
2109.07352

Morr AS, Herthum H, Schrank F, Görner S, Anders MS, Lerchbaumer 
M, Müller HP, Fischer T, Jenderka K-V, Hansen HHG, Jan-
mey PA, Braun J, Sack I, Tzschätzsch H (2021b) Liquid-liver 
phantom: mimicking the viscoelastic dispersion of human liver 
for elastography in ultrasound and MRI. arXiv Prepr. arXiv 
2109.07352. https:// doi. org/ 10. 48550/ arXiv. 2109. 07352

Mueller S (2010) Liver stiffness: a novel parameter for the diagnosis 
of liver disease. Hepatic Med Evid Res. https:// doi. org/ 10. 2147/ 
hmer. s7394

Mulabecirovic A, Mjelle AB, Gilja OH, Vesterhus M, Havre RF (2018) 
Repeatability of shear wave elastography in liver fibrosis phan-
toms—Evaluation of five different systems. PLoS One. https:// 
doi. org/ 10. 1371/ journ al. pone. 01896 71

Mulabecirovic A, Mjelle AB, Gilja OH, Vesterhus M, Havre RF (2018) 
Liver elasticity in healthy individuals by two novel shear-wave 
elastography systems-Comparison by age, gender, BMI and num-
ber of measurements. PLoS One. https:// doi. org/ 10. 1371/ journ 
al. pone. 02034 86

Nava A, Mazza E, Kleinermann F, Avis NJ, Mcclure J, Bajka M (2004) 
Evaluation of the mechanical properties of human liver and kid-
ney through aspiration experiments. Technol Heal Care 12:269–
280. https:// doi. org/ 10. 3233/ THC- 2004- 12306

Nava A, Mazza E, Furrer M, Villiger P, Reinhart WH (2008) In vivo 
mechanical characterization of human liver. Med Image Anal 
12:203–216. https:// doi. org/ 10. 1016/j. media. 2007. 10. 001

Nikolaev S, Cotin S (2020) Estimation of boundary conditions for 
patient-specific liver simulation during augmented surgery. Int 
J Comput Assist Radiol Surg 15:1107–1115. https:// doi. org/ 10. 
1007/ s11548- 020- 02188-x

Opik R, Hunt A, Ristolainen A, Aubin PM, Kruusmaa M (2012) 
Development of high fidelity liver and kidney phantom organs 
for use with robotic surgical systems. In: 2012 4th IEEE RAS 
EMBS international conference on biomedical robotics and bio-
mechatronics (BioRob) pp 425–430. https:// doi. org/ 10. 1109/ 
BioRob. 2012. 62908 31

Pacioni A, Carbone M, Freschi C, Viglialoro R, Ferrari V, Ferrari M 
(2015) Patient-specific ultrasound liver phantom: materials and 
fabrication method. Int J Comput Assist Radiol Surg 10:1065–
1075. https:// doi. org/ 10. 1007/ s11548- 014- 1120-y

Pasyar P, Masjoodi S, Montazeriani Z, Makkiabadi B (2020) A digi-
tal viscoelastic liver phantom for investigation of elastographic 

measurements. Comput Biol Med. https:// doi. org/ 10. 1016/j. 
compb iomed. 2020. 104078

Payan Y, Ohayon J (2017) Non linear biomechanical model of the 
liver. Biomech Living Organs. https:// doi. org/ 10. 1016/ B978-0- 
12- 804009- 6. 00011-0

Pellicer-Valero OJ, Rupérez MJ, Martínez-Sanchis S, Martín-Guerrero 
JD (2020) Real-time biomechanical modeling of the liver using 
machine learning models trained on finite element method simu-
lations. Expert Syst Appl. https:// doi. org/ 10. 1016/j. eswa. 2019. 
113083

Pellot-Barakat C, Chami L, Correas JM, Lefort M, Lucidarme O (2016) 
Does motion affect liver stiffness estimates in shear wave elastog-
raphy? Phantom and clinical study. Eur J Radiol 85:1645–1650. 
https:// doi. org/ 10. 1016/j. ejrad. 2016. 07. 001

Pi Z, Wang M, Lin H, Guo Y, Chen S, Diao X, Xia H, Liu G, Zeng 
J, Zhang X, Chen X (2021) Viscoelasticity measured by shear 
wave elastography in a rat model of nonalcoholic fatty liver dis-
ease: comparison with dynamic mechanical analysis. Biomed 
Eng Online. https:// doi. org/ 10. 1186/ s12938- 021- 00879-3

Poul SS, Ormachea J, Ge GR, Parker KJ (2022) Comprehensive 
experimental assessments of rheological models’ performance 
in elastography of soft tissues. Acta Biomater 146:259–273. 
https:// doi. org/ 10. 1016/j. actbio. 2022. 04. 047

Rafiq A, Arrah MA, Faisal A, Cahyani D, Sari R (2018) An eas-
ily made, low-cost, bone equivalent material used in phantom 
construction of computed tomography. Int J Appl Eng Res 
13(7604–7609):0973–4562

Rethy A, Sæternes JO, Halgunset J, Mårvik R, Hofstad EF, Sánchez-
Margallo JA, Langø T (2018) Anthropomorphic liver phantom 
with flow for multimodal image-guided liver therapy research 
and training. Int J Comput Assist Radiol Surg 13:61–72. 
https:// doi. org/ 10. 1007/ s11548- 017- 1669-3

Rus G, Faris IH, Torres J, Callejas A, Melchor J (2020) Why are 
viscosity and nonlinearity bound to make an impact in clinical 
elastographic diagnosis? Sensors (Switzerland). https:// doi. org/ 
10. 3390/ s2008 2379

Saraf H, Ramesh KT, Lennon AM, Merkle AC, Roberts JC (2007) 
Mechanical properties of soft human tissues under dynamic 
loading. J Biomech 40:1960–1967. https:// doi. org/ 10. 1016/j. 
jbiom ech. 2006. 09. 021

Seyedpour SM, Nabati M, Lambers L, Nafisi S, Tautenhahn HM, 
Sack I, Reichenbach JR, Ricken T (2021) Application of mag-
netic resonance imaging in liver biomechanics: a systematic 
review. Front Physiol. https:// doi. org/ 10. 3389/ fphys. 2021. 
733393

Sorrentino G, Rezakhani S, Yildiz E, Nuciforo S, Heim MH, Lutolf 
MP, Schoonjans K (2020) Mechano-modulatory synthetic niches 
for liver organoid derivation. Nat Commun. https:// doi. org/ 10. 
1038/ s41467- 020- 17161-0

Stengl C, Ghafoory S, Weidner A, Murphy B, Wölfl S (2022) Develop-
ment of an artificial 3D liver phantom for analysis of radiothera-
peutic effects in vitro. Appl Sci. https:// doi. org/ 10. 3390/ app12 
21108 67

Sugiura R, Kuwatani M, Nishida M, Hirata K, Sano I, Kato S, 
Kawakubo K, Nakai M, Sho T, Suda G, Morikawa K, Ogawa 
K, Sakamoto N (2019) Correlation between liver elasticity by 
ultrasound elastography and liver functional reserve. Ultrasound 
Med Biol 45:2704–2712. https:// doi. org/ 10. 1016/j. ultra smedb io. 
2019. 06. 407

Suh CH, Kim SY, Kim KW, Lim YS, Lee SGSJ, Lee MG, Lee JB, Lee 
SGSJ, Yu E (2014) Determination of normal hepatic elasticity 
by using real-time shear-wave elastography. Radiology 271:895–
900. https:// doi. org/ 10. 1148/ radiol. 14131 251

Tan X, Li D, Jeong M, Yu T, Ma Z, Afat S, Grund KE, Qiu T (2021) 
Soft liver phantom with a hollow biliary system. Ann Biomed 
Eng 49:2139–2149. https:// doi. org/ 10. 1007/ s10439- 021- 02726-x

https://doi.org/10.1038/s41551-022-00890-6
https://doi.org/10.1016/j.media.2007.06.010
https://doi.org/10.1016/j.media.2007.06.010
https://doi.org/10.1007/978-3-540-85990-1_87
https://doi.org/10.1007/978-3-540-85990-1_87
https://doi.org/10.1088/1361-6560/abbd17
https://doi.org/10.1088/1361-6560/abbd17
https://doi.org/10.48550/arXiv.2109.07352
https://doi.org/10.2147/hmer.s7394
https://doi.org/10.2147/hmer.s7394
https://doi.org/10.1371/journal.pone.0189671
https://doi.org/10.1371/journal.pone.0189671
https://doi.org/10.1371/journal.pone.0203486
https://doi.org/10.1371/journal.pone.0203486
https://doi.org/10.3233/THC-2004-12306
https://doi.org/10.1016/j.media.2007.10.001
https://doi.org/10.1007/s11548-020-02188-x
https://doi.org/10.1007/s11548-020-02188-x
https://doi.org/10.1109/BioRob.2012.6290831
https://doi.org/10.1109/BioRob.2012.6290831
https://doi.org/10.1007/s11548-014-1120-y
https://doi.org/10.1016/j.compbiomed.2020.104078
https://doi.org/10.1016/j.compbiomed.2020.104078
https://doi.org/10.1016/B978-0-12-804009-6.00011-0
https://doi.org/10.1016/B978-0-12-804009-6.00011-0
https://doi.org/10.1016/j.eswa.2019.113083
https://doi.org/10.1016/j.eswa.2019.113083
https://doi.org/10.1016/j.ejrad.2016.07.001
https://doi.org/10.1186/s12938-021-00879-3
https://doi.org/10.1016/j.actbio.2022.04.047
https://doi.org/10.1007/s11548-017-1669-3
https://doi.org/10.3390/s20082379
https://doi.org/10.3390/s20082379
https://doi.org/10.1016/j.jbiomech.2006.09.021
https://doi.org/10.1016/j.jbiomech.2006.09.021
https://doi.org/10.3389/fphys.2021.733393
https://doi.org/10.3389/fphys.2021.733393
https://doi.org/10.1038/s41467-020-17161-0
https://doi.org/10.1038/s41467-020-17161-0
https://doi.org/10.3390/app122110867
https://doi.org/10.3390/app122110867
https://doi.org/10.1016/j.ultrasmedbio.2019.06.407
https://doi.org/10.1016/j.ultrasmedbio.2019.06.407
https://doi.org/10.1148/radiol.14131251
https://doi.org/10.1007/s10439-021-02726-x


 A. S. Lemine et al.

1 3

Tian M, Li Y, Liu W, Jin L, Jiang X, Wang X, Ding Z, Peng Y, Zhou J, 
Fan J, Cao Y, Wang W, Shi Y (2015) The nanomechanical sig-
nature of liver cancer tissues and its molecular origin. Nanoscale 
7:12998–13010. https:// doi. org/ 10. 1039/ c5nr0 2192h

Umale S, Deck C, Bourdet N, Dhumane P, Soler L, Marescaux J, Will-
inger R (2013) Experimental mechanical characterization of 
abdominal organs: liver, kidney & spleen. J Mech Behav Biomed 
Mater 17:22–33. https:// doi. org/ 10. 1016/j. jmbbm. 2012. 07. 010

Untaroiu CD, Lu YC (2013) Material characterization of liver paren-
chyma using specimen-specific finite element models. J Mech 
Behav Biomed Mater 26:11–22. https:// doi. org/ 10. 1016/j. jmbbm. 
2013. 05. 013

Untaroiu CD, Lu YC, Siripurapu SK, Kemper AR (2015) Modeling the 
biomechanical and injury response of human liver parenchyma 
under tensile loading. J Mech Behav Biomed Mater 41:280–291. 
https:// doi. org/ 10. 1016/j. jmbbm. 2014. 07. 006

Wang Q, Shi Y (2020) Photoacoustic viscoelasticity imaging for the 
detection of acute hepatitis: a feasibility study. Biophys Reports 
6:1–8. https:// doi. org/ 10. 1007/ s41048- 020- 00104-z

Wells PNT, Liang HD (2011) Medical ultrasound: imaging of soft tis-
sue strain and elasticity. J R Soc Interface 8:1521–1549. https:// 
doi. org/ 10. 1098/ rsif. 2011. 0054

Yarpuzlu B, Ayyildiz M, Tok OE, Aktas RG, Basdogan C (2014) Cor-
relation between the mechanical and histological properties of 
liver tissue. J Mech Behav Biomed Mater 29:403–416. https:// 
doi. org/ 10. 1016/j. jmbbm. 2013. 09. 016

Yeh W, Jeng Y, Hsu H, Kuo P, Yang P, Huang Lee P (2002) Elas-
tic modulus measurements of human liver and correlation with 
pathology. Ultrasound Med Biol 28:467–474. https:// doi. org/ 10. 
1016/ S0301- 5629(02) 00489-1

Yeh CL, Chen BR, Tseng LY, Jao P, Su TH, Li PC (2015) Shear-wave 
elasticity imaging of a liver fibrosis mouse model using high-fre-
quency ultrasound. IEEE Trans Ultrason Ferroelectr Freq Control 
62:1295–1307. https:// doi. org/ 10. 1109/ TUFFC. 2014. 006953

Yilmaz T (2020) Multiclass classification of hepatic anomalies with 
dielectric properties: from phantom materials to rat hepatic tis-
sues. Sensors (Switzerland). https:// doi. org/ 10. 3390/ s2002 0530

Yin M, Talwalkar JA, Glaser KJ, Venkatesh SK, Chen J, Manduca 
A, Ehman RL (2011) Dynamic postprandial hepatic stiffness 
augmentation assessed with MR elastography in patients with 
chronic liver disease. Am J Roentgenol 197:64–70. https:// doi. 
org/ 10. 2214/ AJR. 10. 5989

Zell K, Sperl JI, Vogel MW, Niessner R, Haisch C (2007) Acoustical 
properties of selected tissue phantom materials for ultrasound 
imaging. Phys Med Biol. https:// doi. org/ 10. 1088/ 0031- 9155/ 52/ 
20/ N02

Zhang X, Gao X, Zhang P, Guo Y, Lin H, Diao X, Liu Y, Dong C, 
Hu Y, Chen S, Chen X (2017) Dynamic mechanical analysis to 
assess viscoelasticity of liver tissue in a rat model of nonalco-
holic fatty liver disease. Med Eng Phys 44:79–86. https:// doi. org/ 
10. 1016/j. meden gphy. 2017. 02. 014

Zhu Y, Zheng Y, Shen YY, Chen X, Zhang XY, Lin HM, Guo YR, 
Wang TF, Chen SP (2014) Analyzing and modeling rheological 
behavior of liver fibrosis in rats using shear viscoelastic moduli. 
J Zhejiang Univ Sci B 15:375–381. https:// doi. org/ 10. 1631/ jzus. 
B1300 121

Zhu Y, Chen X, Zhang X, Chen S, Shen Y, Song L (2016) Modeling 
the mechanical properties of liver fibrosis in rats. J Biomech 
49:1461–1467. https:// doi. org/ 10. 1016/j. jbiom ech. 2016. 03. 013

Publisher's Note Springer Nature remains neutral with regard to 
jurisdictional claims in published maps and institutional affiliations.

https://doi.org/10.1039/c5nr02192h
https://doi.org/10.1016/j.jmbbm.2012.07.010
https://doi.org/10.1016/j.jmbbm.2013.05.013
https://doi.org/10.1016/j.jmbbm.2013.05.013
https://doi.org/10.1016/j.jmbbm.2014.07.006
https://doi.org/10.1007/s41048-020-00104-z
https://doi.org/10.1098/rsif.2011.0054
https://doi.org/10.1098/rsif.2011.0054
https://doi.org/10.1016/j.jmbbm.2013.09.016
https://doi.org/10.1016/j.jmbbm.2013.09.016
https://doi.org/10.1016/S0301-5629(02)00489-1
https://doi.org/10.1016/S0301-5629(02)00489-1
https://doi.org/10.1109/TUFFC.2014.006953
https://doi.org/10.3390/s20020530
https://doi.org/10.2214/AJR.10.5989
https://doi.org/10.2214/AJR.10.5989
https://doi.org/10.1088/0031-9155/52/20/N02
https://doi.org/10.1088/0031-9155/52/20/N02
https://doi.org/10.1016/j.medengphy.2017.02.014
https://doi.org/10.1016/j.medengphy.2017.02.014
https://doi.org/10.1631/jzus.B1300121
https://doi.org/10.1631/jzus.B1300121
https://doi.org/10.1016/j.jbiomech.2016.03.013

	Mechanical properties of human hepatic tissues to develop liver-mimicking phantoms for medical applications
	Abstract
	1 Introduction
	2 Mechanical testing of liver tissues to develop mimicking phantoms
	3 Mechanical properties of liver tissues to develop mimicking phantoms in hepatic diseases diagnosis and treatment
	3.1 Elasticity

	4 Viscoelasticity
	5 Acoustic impedance and attenuation
	6 Failure properties
	7 Mechanical modeling and simulation of liver tissues to develop mimicking phantoms
	8 Generalized Maxwell model
	9 Kelvin–Voigt fractional derivative (KVFD) model
	10 Porous visco-hyperelastic model
	11 Computational simulation
	12 Fabrication materials to develop liver-tissue-mimicking phantoms
	13 Challenges and outlook
	14 Conclusions
	Acknowledgements 
	References


