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Human liver tissue often suffers extensive damage during impact-based 
trauma injuries, such as those that happen in vehicle accidents. However, it is 
challenging to study the biomechanics of human liver tissue under different 
loading situations through experiments in a clinical context due to ethical and 
biosafety concerns. In this work, biofidelic liver tissue surrogates, which 
exhibit realistic mechanical characteristics, have been developed for the first 
time. The tissue surrogates were made using a four-part elastomer material 
that could be cast to any size or form, mimicking the mechanical behavior of 
the liver tissue. The tissue's behavior was tested under six different strain 
rates, ranging from low to high, and its non-linear mechanical behavior was 
characterized using the Yeoh hyperelastic curve fit model. To the best of our 
knowledge, no liver tissue surrogates have been developed which possess the 
same biomechanical properties as real liver tissue. The use of precisely 
developed tissue simulants can be beneficial for surgical training, trauma 
research, and the development of medical models for different liver disorders 
such as liver cirrhosis, fatty liver, and liver fibrosis.  
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1. Introduction 

Damage to the abdominal organs has been a pioneering topic of study in the field of biomedical 
engineering. This is because automobile accidents can cause tension and compression impact loads, 
which can lead to severe damage to the abdominal organs. The liver tissue, the second largest organ 
in the abdominal cavity after the skin, is often affected in such accidents [1,2]. As one of the visceral 
organs in the human body, the liver is responsible for various functions, including the storage of 
minerals and vitamins, the absorption of bile into the small intestine, and many other vital functions. 
Therefore, it is important to determine the strength of the liver tissue under a wide range of 
compressive and tensile loading circumstances, which can help biomedical engineers to better 
understand the mechanical characteristics of the liver tissue and develop effective treatments for 
liver damage caused by accidents and explosions [3]. 
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There are two types of collagen, I and III, found in the liver [4]. When subjected to shear or tensile 
loading, these collagen fibers show great mechanical strength. Therefore, it's important to 
understand the tasks they perform in the liver tissue when it's under strain [5]. When the liver tissue 
is under stress, it's crucial to know whether the load is aligned with the fiber orientation. If the load 
is in the same direction as the collagen fibers, the tensile strength of the tissue will be higher than 
against the orientation of the fibers. This is because the fibers move in the same direction. The 
mechanical characteristics of liver tissue have not yet been fully understood. Researchers have used 
different approaches to determine the in vivo mechanical properties of human liver tissue under 
single-axis loading, such as aspiration tests and optical approaches [6]. They have also used transient 
elastography and dynamic mechanical analysis to determine the elastic modulus of porcine and 
human liver tissues [7,8]. Sakuma et al., [9] calculated the stress-strain diagrams of pig liver tissue 
when it was subjected to tensile and compressive loadings. The mechanical characteristics of liver 
tissue have been studied using animal models such as pig and bovine [10,11]. Stingl et al., [12] 
conducted the first research to test human liver tissue, which was undertaken a few decades ago. 
Recently, Karimi et al., [13] evaluated fresh cadaveric samples to determine the mechanical 
characteristics of human liver tissue for a wide range of objectives, such as research on trauma, 
diagnostics, surgical planning, damage biomechanics, and more [14]. 

Experimental tests on liver tissue in a clinical setting to determine its mechanical properties are 
difficult due to ethical and biosafety concerns. Moreover, the mechanical properties of the liver 
tissue vary significantly due to tissue dehydration that occurs after death, which increases with the 
time elapsed since death [15]. To overcome these challenges, an elastomer-based material system 
was used to simulate the mechanical properties of liver tissue. The fabricated liver tissue surrogates 
are easy to use, can be cast into any desired geometry, and do not raise any ethical or biosafety 
issues. The non-linear behavior of the liver tissue surrogates was analyzed using the Yeoh 
hyperelastic curve fit model. These precisely developed liver tissue surrogates with realistic 
mechanical characteristics can be used for a wide range of applications, including liver biomechanics, 
trauma research, surgical planning, and diagnostic purposes. Section 2 covers the fabrication of 
sample coupons for potential liver tissue surrogates, mechanical testing of the generated samples, 
and hyperelastic material modeling for liver tissue surrogates. Section 3 presents the results and 
discussion of the pioneering work, followed by conclusions, limitations, and future scope of the 
reported work in Section 4. 
 
2. Methodology 
 2.1 3D Printed Mold for the Fabrication of Sample Coupons 

SolidWorks (Dassault Systèmes, Vélizy-Villacoublay, France) was used to design a mold with the 
dimensions of 15cm × 11cm × 0.5cm for fabricating test coupon samples. The mold was 3D printed 
using polylactic acid (PLA) on a Voxelab Aquila printer manufactured by Zhejiang Flashforge 3D 
Technology Co., Ltd. in China. The mold was designed to produce 15 coupons, each measuring 5cm 
in length, 1cm in width, and 0.3cm in thickness. A four-part elastomer-based material was poured 
into the mold and cured for five to six hours. Figure 1 shows both the 3D mold and the test coupons 
made using the four-part elastomers for the tests. 
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Fig. 1. Schematic of the designed mold for fabricating sample coupons in (A) and fabricated 

test coupons in (B) 

 
2.2 Candidate Test Coupon Samples for the Liver Tissue Surrogates  

The candidate test coupons for liver tissue surrogates were fabricated using a four-part 
elastomer-based material system. The elastomer material of different shore hardness, namely shore 
5A, 15A, and 30A, was supplied by Chemzest Enterprises in Chennai, India. To ensure the material's 
hardness complied with the American Society for Testing and Materials (ATSM) D2240 standards, the 
shore durometer was used to check it [16]. To fabricate sample coupons with different shore 
hardness ranging from 5A to 15A, the two-part elastomer with shore 5A was mixed with the two-part 
elastomer with shore 15A in the specified ratios to make a four-part elastomer solution. The same 
process was used to create sample coupons with shore hardness ranging from 16A to 30A, using the 
four-part elastomer with shore 15A (two-part) and shore 30A (two-part). The four-part mixture was 
weighed, mixed homogeneously, and poured into the 3D mold for curing. The material compositions 
used in the fabrication of the sample coupons for the experimental trials conducted to determine 
liver tissue surrogates are included in Table 1. To make it easier to refer to the different parts, part A 
and part B of the 5A shore hardness material were referred to as 1A and 1B, respectively. Similarly, 
parts A and B of the 15A shore hardness were referred to as 2A and 2B, while parts A and B of 30A 
were referred to as 3A and 3B.  
 
                           Table 1 

Material composition for fabricating the sample coupons (by wt. %) 
Sample coupon for 
uniaxial testing 

Composition of the elastomer 
material 

Shore hardness of 
sample coupon 

Test 1 50%1A-50%1B 5A 
Test 2 45%1A-45%1B-5%2A-5%2B 6A 
Test 3 35%1A-35%1B-15%2A-15%2B 8A 
Test 4 25%1A-25%1B-25%2A-25%2B 10A 
Test 5 15%1A-15%1B-35%2A-35%2B 12A 
Test 6 5%1A-5%1B-45%2A-45%2B 14A 
Test 7 50%2A-50%2B 15A 
Test 8 47%2A-47%2B-3%3A-3%3B 16A 
Test 9 40%2A-40%2B-10%3A-10%3B 18A 
Test 10 33%2A-33%2B-17%3A-17%3B 20A 
Test 11 27%2A-27%2B-23%3A-23%3B 22A 
Test 12 20%2A-20%2B-30%3A-30%3B 24A 
Test 13 13%2A-13%2B-37%3A-37%3B 26A 
Test 14 7%2A-7%2B-43%3A-43%3B 28A 
Test 15 50%3A-50%3B 30A 

1A and 1B represent the two-part elastomer of shore 5A 



Spectrum of Mechanical Engineering and Operational Research 

Volume 1, Issue 1 (2024) 121-130 

124 
 

 

2A and 2B represent the two-part elastomer of shore 15A 
3A and 3B represent the two-part elastomer of shore 30A 

 

2.3 Mechanical Testing of the Candidate Liver Tissue Surrogates 
In order to record the force versus displacement data of each sample, a universal testing machine 

was used to test the test coupon samples for liver tissue surrogates. When conducting uniaxial tensile 
testing on soft materials, a few things need to be considered [15,17,18]. Firstly, specific grips are 
required to prevent the sample from sliding around while the test is being performed. Secondly, the 
difference in strain rates substantially impacts the stress versus strain responses of the soft materials 
being tested mechanically. These materials have to be assessed at a certain strain rate to evaluate 
the results from testing human tissues. Thirdly, the response values of the tensile test may also be 
affected by the dimensional geometry of the test sample [19]. Each of these aspects was taken into 
consideration in the current work, and the experimental trials were conducted accordingly. During 
the studies, the potential test coupon samples for the surrogates were carefully held, and specified 
sample dimensions were determined to prevent slippage.  

For each specimen, six different strain rates were applied: 0.16mm/sec, 0.4mm/sec, 0.5mm/sec, 
0.8mm/sec, 1mm/sec, and 2.5mm/sec. All of the 15 samples were tested at each of these strain rates, 
resulting in a total of 90 tests (15 samples × 6 strain rates). The range of strain rates was selected 
based on previous studies where these were used to investigate the mechanical characteristics of 
different cadaveric tissue samples [13,20–26]. The chosen range had a minimum strain rate of 
0.16mm/s and a maximum strain rate of 2.5mm/s. Before each trial, an initial load of 0.1N was 
applied to ensure that there was no slack in the system. To ensure the accuracy and reproducibility 
of the results, each sample was tested three times at each strain rate simultaneously. After the 
sample was clamped in the UTM grips, it had dimensions of 30mm × 10mm × 3mm, which matched 
the dimensions reported in previous research [27,28]. To create an engineering stress-engineering 
strain plot, the force-displacement data obtained during each experimental test was converted. 
Several stages were involved in processing the force-displacement data. First, negative force-
displacement values were removed from the curves. Second, the graphs were shifted to the origin, 
and negative load values present at the beginning of the tensile test due to positive displacements 
were excluded from consideration. The initial slack of the sample material may have caused both 
these values to be insignificant for the analysis of results. Figure 2 shows the experimental setup for 
the uniaxial testing of liver tissue surrogate test coupons. 

 

 
Fig. 2. (A) Tensile testing setup for the candidate liver tissue surrogates, (B) Sample coupon 

before the test, and (C) after the test 
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2.4 Hyperelastic Material Modeling for the Liver Tissue Surrogates 
Human soft tissues, as well as materials based on elastomers, exhibit non-linear mechanical 

behavior [29]. In this study, liver tissue surrogates were developed, and their non-linear behavior was 
described using the Yeoh hyperelastic curve fit model. The Yeoh hyperelastic material model is a 
model for the deformation of nearly incompressible, nonlinear elastic materials such as elastomers. 
It is a 3rd-order reduced polynomial model that exhibited a good convenience to fit the Test Data 
curve. The Yeoh model was also used to estimate the non-linear properties of several soft tissues, 
including tongue and tonsils tissue, stomach tissue, brain tissue, etc. [28,30,31]. It is important to 
note that hyperelastic material models depend on the strain energy function, known as 'Ψ', and the 
type of material [17]. Moreover, any hyperelastic model is dependent on either the invariants of 
Cauchy-Green tensors (I1, I2, and I3) or on the primary stresses (λ1, λ2, λ3), as seen in Eq. 1-4. Eq. 5 
shows the strain energy function (Ψ) of the hyperelastic curve fit model used in this investigation. 
 
𝜓 = 𝜓(𝐼1, 𝐼2, 𝐼3)           (1) 

𝐼1 = ∑ 𝜆𝑖
23

𝑖=1             (2) 

𝐼2 = ∑ 𝜆𝑖
2𝜆𝑗

23
𝑖,𝑗=1 , i ≠ j           (3) 

𝐼3 = ∏ 𝜆𝑖
23

𝑖=1             (4) 

𝜓𝑌𝑒𝑜ℎ = ∑ 𝑐𝑖
3
𝑖=1 (𝐼1 − 3)𝑖           (5) 

Eq. 6 expresses the primary Cauchy stress using the stretch energy function and the strain energy 
function. To calculate and curve-fit the non-linear stress versus strain behavior of a uniaxially tested 
sample, Eq. 7 can be used [32]. This involves making use of Eq. 5 for the strain energy function of the 
Yeoh hyperelastic model and Eq. 6 for the primary Cauchy stress. 
 

𝜎1 =  𝜆1
𝜕𝜓

𝜕𝜆1
− 𝜆3

𝜕𝜓

𝜕𝜆3
 , 𝜎2 = 𝜎3 = 0          (6) 

𝜎𝑌𝑒𝑜ℎ = 2 (𝜆2  −  
1

𝜆
) (𝑐1  +  2𝑐2(𝐼1 − 3) + 3𝑐3(𝐼1 − 3)2)      (7) 

In Section 3, we discussed the results obtained from the Yeoh hyperelastic curve fit model for 
liver tissue surrogates. To evaluate the accuracy of the chosen curve fit model in predicting the non-
linear behavior of the liver tissue surrogates, we used the R2 correlation approach. The R2 value 
ranges from 0 to 1, where 0 indicates the least satisfactory fit, and 1 indicates the most satisfactory 
match. Previous research literature suggested that liver tissue behaves either isotropically or 
transversely isotropically under uniaxial testing and tensile loading conditions [32–34]. Therefore, 
our assumption of isotropic material behavior for liver tissue surrogates is reasonable. 
 
3. Results and Discussion 
3.1 Mechanical Behavior of the Liver Tissue Surrogates 

To fabricate the test coupons for the liver tissue surrogates, the elastomer material's composition 
was mixed to develop a range of samples (as detailed in section 2). The samples were then subjected 
to uniaxial testing to evaluate their mechanical properties. Figure 3 shows the stress versus strain 
plots for all the trials, along with the stress versus strain range of the human liver tissue, as reported 
in the literature [13]. The stress versus strain curves were plotted using the mean stress values of 
each test coupon (i.e., test 1 to test 15). Error bars were added to represent the range of stresses 
observed across all the strain rates. 
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Fig. 3. Comparison of stress versus strain plot of the candidate liver tissue surrogates with the 

literature [13] 

 
3.2 Repeatability Test with Controlled Samples 

Fourteen out of the fifteen test coupon samples, liver tissue surrogates showed significant results, 
except for test 15. The stress-strain curves of these test coupons were consistent with the literature 
on cadaveric human liver tissue [13], and they were able to imitate the mechanical properties of 
human tissue, as shown in Figure 4. The stress values calculated for each of the six strain rates, as the 
average plus or minus the standard deviation, were either lower or very close to the literature limit 
[13].  

 
Fig. 4. Stress versus strain plot of the tested samples mimicking the mechanical behavior of 

liver tissue [13] 

At low strain rates (0.16mm/s, 0.4mm/s, and 0.5mm/s), the predicted stress values were below 
the literature limit, while at high strain rates (0.8mm/s, 1mm/s, and 2.5mm/s), they exceeded the 
literature bound [13]. The sample with shore hardness 28A (i.e., test 14) closely resembled the 
mechanical characteristics of liver tissue and was selected as the controlled liver tissue surrogate for 
the repeatability test. Three specific samples of the controlled specimen were fabricated for the 
repeatability test, and five different sets of tests were conducted to confirm the findings. Figure 5 
displays the mean values of the results, the error bars of the five sets for the repeatability test, and 
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the literature limit for liver tissue [13]. The controlled sample (i.e., test 14) was not labeled to limit 
the findings but to perform a comparative analysis with the experimental results on the cadaveric 
liver tissue from the literature. 

 
Fig. 5. Control specimen (mean ±S.D.) mimicking the mechanical behavior of liver tissue [13], 

tested for repeatability 

 
3.3 Hyperelastic Curve Fitting of Liver Tissue Surrogates 

The non-linear hyperelastic characterization is commonly used to study the non-linear behavior 
of soft materials, such as elastomers and human soft tissues [15,27,28]. Eq. 7 was used to fit curves 
to the stress versus strain graphs obtained from the experimental testing. Table 2 summarizes the 
estimated values of c1, c2, and c3 for the analyzed samples. All of the experimental tests showed an 
R2 value of more than 0.97, and the Yeoh model showed an average R2 value of 0.983, based on the 
recorded data. 

 
Table 2 

Coefficients of hyperelastic curve fit model for developed 
liver tissue simulants 

Experimental tests 
Yeoh hyperelastic model coefficients 

1c 2c 3c 

Test 1 0.00607 0.000004 0.0000119 
Test 2 0.01019 0.000006 0.0000291 
Test 3 0.00958 0.000011 0.0000604 
Test 4 0.01434 0.000014 0.0000378 
Test 5 0.01353 0.000017 0.0000471 
Test 6 0.01278 0.000019 0.0000515 
Test 7 0.01385 0.000023 0.0000565 
Test 8 0.01396 0.000026 0.0000657 
Test 9 0.02267 0.000028 0.0000854 
Test 10 0.02559 0.000031 0.0000907 
Test 11 0.02872 0.000037 0.0001250 
Test 12 0.03184 0.000040 0.0001403 
Test 13 0.04126 0.000043 0.0001417 
Test 14 0.04358 0.000059 0.0001988 
Test 15 0.04961 0.000065 0.0002115 
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4. Conclusions 
In the reported work, a four-part elastomer material system was used to mimic the biomechanical 

behavior of human liver tissue. The fabricated test coupon samples for potential candidate of liver 
tissue surrogates were uniaxially tested under six different strain rates. A total of ninety experimental 
trials, consisting of fifteen coupons and six strain rates, with each test performed thrice to ensure 
precision. The mechanical behavior of the fabricated liver tissue samples was compared to existing 
literature on cadaveric tissue samples, and a non-linear hyperelastic curve fit model was used to 
predict the mechanical behavior of the fabricated tissue surrogates. The four-part elastomer-based 
material system has some limitations that should be considered for future work. Firstly, the used 
material system exhibited isotropic behavior and could not include anisotropic properties. Soft 
tissues exhibit isotropic and transversely isotropic properties when subjected to uniaxially tensile 
testing [15]. It was observed that there was no significant variation in the results at low strain rates 
(i.e., <1). However, for the cadaveric tissue samples, strain rates significantly affect the stress versus 
strain plots even at very low strains. 

The fabricated liver tissue surrogates do not have any ethical or biosafety problems related to the 
experimental handling of cadaveric samples in laboratory settings. The use of such precisely 
developed tissue surrogates in the clinical setting would benefit surgical training, educational 
purposes, injury biomechanics, and the research of a wide variety of liver disorders, including liver 
cirrhosis, fatty liver, and liver fibrosis. Such tissue surrogates are also expected to be beneficial in 
investigating liver biomechanics and researching a variety of trauma scenarios. 
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