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Background

Researchers commonly use sheep and mini-pigs as animal 
models of human diseases because of their similarities to hu-
mans [1]. In particular, mini-pigs have physiological and serum 
biochemical parameters that are similar to those of humans, 
and their peripheral bone deposition rate and trabecular den-
sity are also similar to those of humans [2]. Moreover, the ar-
rangement of the collagen fibers of cartilage tissue is similar 
in mini-pigs and humans, in contrast to the columnar arrange-
ment pattern present in other common experimental animals, 
such as rats, rabbits, and dogs [3]. Therefore, researchers have 
increasingly used mini-pigs for experimental animal research 
since the 1970s [4].

Researchers presently use mini-pigs as models for research on 
many topic, such as the cardiovascular system, the digestive 
system, the urinary system, skin burns, stomatology, pharma-
cology, and toxicology [5]. In the past decade, numerous pre-
clinical studies in orthopedics have used mini-pigs as animal 
models for bone research. The orthopedic properties of mini-
pigs are similar to those of humans in terms of gross mor-
phology [6], composition [7], microstructure [8], and remodel-
ing characteristics [9].

However, it is unknown whether the knee of the mini-pig is bio-
mechanically similar to the human knee. Our literature search 
indicated that no previous studies have established a digital 
geometric model for analysis of the biomechanical properties 
of the intact mini-pig knee joint, including the meniscus, artic-
ular cartilage, and peripheral ligaments, such as the anterior 
and posterior cruciate ligaments, medial and lateral collateral 
ligaments, and other tissues.

Finite element analysis is a mathematical technique that can 
be used to simulate biomechanical properties, such as differ-
ent loads and stresses experienced by the body, by use of a 
digital geometric model. In particular, three-dimensional finite 
element analysis [10–12] can accurately control for variations 
of experimental conditions, in contrast to traditional experi-
mental methods with living animals, and thereby provide more 
accurate characterizations of body mechanics. Researchers 
first applied this method in 1972 to perform a stress analysis 
of bones, and this initial research pioneered its application to 
the field of medical research [13,14]. In recent years, with im-
provements of computer technologies, three-dimensional fi-
nite element analysis has rapidly developed due to its unpar-
alleled advantages in the examination of three-dimensional 
structural mechanics, and has received increasing attention 
from researchers. Researchers are currently using this tech-
nology for analysis of the biomechanical properties of bone, 
cartilage, and ligaments [15–17].

In this study, we first obtained image data by scanning the 
knee joints of mini-pigs using micro-computed tomography 
(micro-CT), and then used finite element analysis software, 
including Mimics and Nastran, to establish a high-quality three-
dimensional digital geometric model of the knee. We then ap-
plied this model to assess the biomechanical load distribution 
under conditions of 30° flexion and 60° flexion, angles at which 
the anterior cruciate ligament is in a relaxed state and more 
vulnerable to external forces. We used sheep, another com-
monly used animal model, as a control species.

Material and Methods

All procedures used for animal surgery and pre- and post-opera-
tive care were approved by the Ethics Committee of the Second 
Hospital of Shanxi Medical University (no. 2017046). All rele-
vant animal protection agreements and regulations were fol-
lowed. The adult mini-pigs (18 months old, female) and sheep 
(8 months old, female) were purchased from Beijing Shichuang 
Century Breeding Base. High-resolution micro-CT (Viva CT 80, 
Scanco Medical AG, Switzerland) was used for imaging.

Establishment of geometric models of the mini-pig and 
sheep knee joints

3D reconstruction

The specific procedure used for three-dimensional reconstruc-
tion of the knee joints of the mini-pig and sheep had 4 gen-
eral steps. First, a tomographic image (DICOM format) was 
obtained by micro-CT of the posterior right knee joints of a 
mini-pig and a sheep. Neither animal had knee joint disease, 
trauma, or a history of surgery.

Second, Mimics software (version 16.0) was used to transform 
and process the data of the two-dimensional tomographic im-
ages to reconstruct geometric models of the knee joints and 
to export these 3D files in STL format. In this process, DICOM 
data were imported into Mimics software, and the view di-
rection was set. The coronal, sagittal, and cross-sections were 
defined, and the DICOM image data were arrayed in order. 
Grayscale images of the knee joints and background were ob-
tained from the interface.

Gray values were derived from tissues with different densi-
ties. According to the different gray values (tissue density), 
the “threshold” command was used to set the correspond-
ing gray threshold interval, and the structural tissues of each 
knee joint were extracted. The rough geometric model of the 
knees was saved as STL files.
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Third, the STL files were processed using Geomagic Studio 2014 
software by use of subdivided noise reduction and smoothing. 
Then, a series of processes was used to fit the surface. Finally, 
three-dimensional solid models of the intact knee joints were 
obtained and saved as STP files.

Fourth, the knee joint models were supplemented in struc-
ture and reconstructed using Pro/Engineer 5.0 software. These 
models included the femur, tibia, fibula, patella, articular car-
tilage, meniscus, and other key tissues. The surrounding lig-
aments (anterior and posterior cruciate ligaments, the medi-
al lateral collateral ligaments, and the patellar tendons) were 
one-dimensional models and considered as nonlinear spring 
elements. Finally, the intact knee joint models were exported 
as IGES files (Figures 1–4).

Finite element meshing

The IGES files for the knee joints were then analyzed using 
Hypermesh 13.0 software. This software provided 29 393 
nodes with 136 143 tetrahedral units for the mini-pig knee, 
and 42 702 nodes with 199 909 tetrahedral units for the sheep 
knee. The solid skeleton mesh was used for the knee joint struc-
ture, articular cartilage, and meniscus, and a one-dimensional 

nonlinear spring element mesh was used for the surround-
ing ligament. The resulting BDF files were ultimately export-
ed (Figures 5–8). Eventually, finite element analysis was per-
formed using MSC Nastran 2012 software.

Material parameter settings

Results from previous studies [18,19] were used to estab-
lish the material properties of each structure or tissue of the 
mini-pig and sheep knee joints. The load frequency of artic-
ular cartilage, meniscus, and other tissues is generally great-
er than 0.1 Hz during daily activities (e.g., walking and going 
up and down stairs), and their structure remains in the elas-
tic phase, so they were all considered to be elastic materi-
als [20] (Table 1). Compared with the three-dimensional solid 
element, the one-dimensional spring unit better characteriz-
es the biomechanical properties of each ligament. Hence, the 
surrounding ligaments in this study model were simplified as 
a one-dimensional nonlinear spring element (Table 2). In ad-
dition, the frictional contact mode was used between the me-
niscus and the articular cartilage, and the friction coefficient 
was set to 0.2 [21]. The counterparts of the other structures 
were common node contacts.

Figure 1. �Geometric model of the mini-pig knee in posterior (top) and lateral (bottom) views, showing the bone (left), articular 
cartilage (middle), and peripheral ligament and meniscus (right).
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Figure 2. �Overall geometric model (left) and shadow map (right) of the mini-pig knee in posterior and lateral views.

Figure 3. �Geometric model of the sheep knee in posterior and lateral views, showing the bone (left), articular cartilage (middle), and 
peripheral ligament and meniscus (right).
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Figure 5. �Finite element mesh model of the mini-pig knee joints in posterior and lateral views, showing the bone (left), articular 
cartilage (middle), and peripheral ligament and meniscus (right).

Figure 4. �Overall geometric model (left) and shadow map (right) of the sheep knee in posterior and lateral views.
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Figure 6. �Overall mesh model of the mini-pig knee joints (left) and shadow map (middle) in posterior and lateral views, and local grid 
details (right).

Figure 7. �Finite element mesh model of the sheep knee joints in posterior and lateral views, showing the bone (left), articular cartilage 
(middle), and peripheral ligament and meniscus (right).
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Boundary conditions

There were several boundary conditions used for modeling the 
mini-pig and sheep knee joints (Figure 9). First, the cross-sec-
tions of the tibia and fibula were fixed, then all nodes on the 
lower surface of the tibia and fibula were constrained, thus 
limiting the degrees of freedom (DOF) to 6 directions. However, 

Structure 
Modulus of 

elasticity (MPa)
Poisson’s 

ratio

Femur 3883.4 0.30

Patella 3883.4 0.30

Humerus 4184.6 0.30

Fibula 4184.6 0.30

Articular cartilage 5 0.46

Meniscus 59 0.49

Table 1. �Material parameters of the mini-pig knee joint struc-
tures, articular cartilage, and meniscus.

Structure Bulk modulus, K (N/mm)

Anterior cruciate ligament 125

Posterior cruciate ligament 125

Medial collateral ligament 27.9

Lateral collateral ligament 91.3

Patellar ligament 300

Table 2. �Material parameters of the mini-pig knee joint 
ligaments as a nonlinear spring unit.

Figure 8. �Overall mesh model of the sheep knee joints (left) and shadow map (middle) in posterior and lateral views, and local grid 
details (right).

the upper end of the femur was unconstrained. Second, the 
skeletal structure, articular cartilage, and meniscus were as-
sumed to be isotropic, homogeneous, and continuous elastic 
materials because of the complex nature of the skeletal tis-
sue and the limitations of the experimental conditions. Third, 
all ligaments were assumed to be one-dimensional nonlinear 
spring units and were defined as elastoplastic materials. Fourth, 
because the upper end of the femur is cut off, all nodes of the 
femoral section were coupled to a reference point when the 
load was applied. The moment load was directly applied to 
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the reference point (torque=30 N·m for 30° flexion; torque=43 
N·m for 60° flexion [22]), which made the load transfer more 
uniform and reliable, and also simulated changes in the bio-
mechanical properties of the knee joint tissues under differ-
ent flexion angles.

Biomechanical study and finite element analysis of mini-
pig and sheep knees

Finite element analysis provided a von Mises stress map 
for the different tissues of the knee joints of the mini-pigs 
(Figures 10, 11) and the sheep (Figures 12, 13) at flexion an-
gles of 30° and 60°.

Results

We used finite element analysis to determine the von Mises 
stress peaks for the different parts of the knee joints of the 
mini-pig and sheep under conditions of flexion of 30° and 

60° (Table 3, Figure 14). Used finite element analysis to de-
termine the von Mises stress peaks for the medial and later-
al meniscus, internal and external femoral cartilage, medial 
and lateral cartilage of the tibial plateau, anterior and poste-
rior cruciate ligament, and medial lateral collateral ligament 
and iliac crest ligament in sheep knee joints with knee flex-
ion 30°and knee flexion 60° moment load, (Table 3). In par-
ticular, the stress peaks of the meniscus and the femoral and 
tibial articular cartilage of the mini-pig knee joints were be-
tween 11.1 and 20.2 MPa at 30° flexion and between 15.9 and 
28.9 MPa at 60° flexion, respectively. The stress on each tis-
sue structure increased as flexion increased. Thus, compared 
with flexion of 30°, the structural stress of the meniscus and 
cartilage was approximately 43% greater at a flexion of 60°. 
A histogram is drawn based on the data in the table to com-
pare the stress in knee joints of mini-pigs and sheep in every 
structure, as shown in Figure 14.

Figure 9. �Posterior views of the knee of the mini-pig (left) and sheep (right), showing boundary conditions and load application.
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Figure 10. �Stress diagrams of each structure of the mini-pig knee joints at 30° flexion. From left to right: small (top) and medium 
(bottom) internal meniscus; internal (top) and external (bottom) femoral cartilage; medial and lateral cartilage of the tibial 
plateau, patellar tendon, anterior cruciate ligament, posterior cruciate ligament, the medial collateral ligament and the 
lateral side.
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Figure 11. �Stress diagrams of each structure of the mini-pig knee joints at a 60° flexion. See Figure 10 for further details.

Discussion

It is well known that the ligaments of the knee joint play a more 
critical role in maintaining joint stability than does the skele-
tal structure. The knee is the joint that has the largest volume 
and bears the most weight in the human body. However, due 
to its morphological and structural characteristics, knee joints 
are unstable, and knee joint damage, especially ligament injury, 

is a very common clinical condition [23,24]. Therefore, many 
researchers of knee biomechanics have focused their studies 
on the surrounding ligaments of the knee.

Three-dimensional finite element analysis has developed rap-
idly due to its unparalleled advantages in characterizing struc-
tural mechanics in 3 dimensions. The use of finite element 
analysis for biomechanical simulation can characterize load 
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and stress by establishing a digital geometric model. Finite 
element analysis, especially three-dimensional finite element 
analysis [25,26], can also more accurately control for variations 
that normally occur during traditional experimental conditions, 
and therefore provides a more accurate characterization of 
the mechanics of the body. This method was first applied to 
the stress analysis of bones in 1972, and it has subsequently 
transformed the field of biomechanics [27]. Improvements in 
computing hardware and software have enabled the rapid de-
velopment of three-dimensional finite element analysis, and 
this method now has unparalleled advantages in examining 

three-dimensional structural biomechanics. Thus, this technol-
ogy is now widely used for the analysis of the biomechanical 
properties of bone, cartilage, and ligaments [28–30].

It is important to have an animal model for studies of ACL in-
jury and reconstruction that is similar to humans. Thus, pre-
vious studies have examined mini-pigs and sheep. We per-
formed a qualitative and quantitative biomechanical study of 
the knees of the mini-pig and sheep using three-dimensional 
finite element analysis, and then applied mechanical principles 
and structural engineering theory to conduct three-dimensional 
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Figure 12. �Stress diagrams of each structure of the sheep knee joints at 30° flexion. See Figure 10 for further details.

4.35+001
4.08+001
3.80+001
3.53+001
3.26+001
2.98+001
2.71+001
2.44+001
2.16+001
1.89+001
1.62+001
1.34+001
1.07+001
7.97+000
5.23+000
2.50+000

2.71+001
2.53+001
2.35+001
2.17+001
1.99+001
1.81+001
1.63+001
1.45+001
1.27+001
1.09+001
9.05+000
7.24+000
5.43+000
3.62+000
1.81+000
6.64–005

2.40+001
2.24+001
2.08+001
1.92+001
1.76+001
1.60+001
1.44+001
1.28+001
1.12+001
9.60+000
8.01+000
6.41+000
4.81+000
3.22+000
1.62+000
2.19–002

2.93+001
2.75+001
2.58+001
2.40+001
2.22+001
2.04+001
1.86+001
1.68+001
1.51+001
1.33+001
1.15+001
9.72+000
7.93+000
6.15+000
4.37+000
2.69+000

5.97+000
5.42+000
4.87+000
4.33+000
3.78+000
3.23+000
2.69+000
2.14+000
1.59+000
1.04+000
4.97–001
–5.00–002
–5.97+001
–1.14+000
–1.69+000
–2.24+000

6.73–001
5.82–001
4.91–001
4.00–001
3.08–001
2.17–001
1.26–001
3.52–001
–5.59–001
–1.47–001
–2.38–001
–3.29–000
–4.20–000
–5.11–000
–6.03–000
–6.94–000

2.31+000
2.12+000
1.92+000
1.72+000
1.52+000
1.32+000
1.12+000
9.26–001
7.28–001
5.29–001
3.31–001
1.33–001
–6.51–002
–2.63–001
–4.62–001
–6.60–001

9.37–001
8.42–001
7.47–001
6.53–001
5.58–001
4.64–001
3.69–001
2.74–001
1.80–001
8.52–002
–9.43–003
–1.04–001
–1.99–001
–2.93–001
–3.88–001
–4.82–001

Figure 13. �Stress diagrams of each structure of the sheep knee joints at 60° flexion. See Figure 10 for further details.
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simulations of these 2 animal knee joints. Finally, we com-
pared our animal results with the results of previous stud-
ies of human knee joints to identify the animal model that is 
most similar to humans.

We first used micro-CT image reconstruction technology to 
develop models of the skeletal structure of the knees of the 
mini-pig and sheep in 3 dimensions. We then added soft tis-
sue structures (articular cartilage, meniscus, anterior and pos-
terior cruciate ligament, medial lateral collateral ligament, and 
patella ligament) using a reverse processing technique, and fi-
nite element analysis for analysis at 30° and 60° flexion. Finally, 
our data indicated that the outer structure of the knee joint of 
the mini-pig was generally more stressed than the inner struc-
ture under conditions of different flexion.

Structure 
Mini-pig knee stress (MPa) Sheep knee stress (MPa)

Flexion 30° Flexion 60° Flexion 30° Flexion 60°

Medial meniscus 13.2 19.0 30.4 43.5

Lateral meniscus 20.2 28.9 26.6 38.1

Cartilage of medial femoral condyle 11.5 16.4 19.0 27.1

Cartilage of lateral femoral condyle 17.2 24.6 15.2 21.7

Cartilage of medial tibial plateau 11.1 15.9 16.8 24.0

Cartilage of lateral tibial plateau 14.4 20.7 12.5 17.9

Anterior cruciate ligament 1.19 1.71 4.17 5.97

Posterior cruciate ligament 2.71 3.88 0.47 0.67

Medial collateral ligament 0.39 0.55 1.62 2.31

Lateral collateral ligament 2.98 4.27 0.66 0.94

Patellar ligament 15.3 22.0 20.5 29.3

Table 3. Structural stress peaks of the knee joints of the mini-pig and sheep at flexions of 30° and 60°.
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Figure 14. �Structural stress peaks of the knee joints of the mini-pig and sheep at flexions of 30° and 60°. (A) Meniscus/cartilage 
stress, (B) ligament stress.

We also determined the peak stress of the surrounding liga-
ments of the mini-pig knee joints. The results indicated that 
the stress of the patella ligament was much greater than that 
of other ligaments, thus reflecting the stiffness of the patel-
la ligament itself and the large stretch of this ligament during 
flexion. In particular, the stress peak of the patella ligament 
was 15.3 MPa at 30° flexion and 22 MPa at 60° flexion, simi-
lar to the values reported for human knees; the stress peaks 
of the remaining ligaments were between 0.39 and 2.98 MPa 
at 30° flexion and between 0.55 and 4.27 MPa at 60° flexion. 
The posterior cruciate ligament had greater stress than the an-
terior cruciate ligament, and the lateral collateral ligament had 
greater stress than the medial collateral ligament.

In contrast, our data for sheep knee joints indicated that the 
medial structure was more stressed than the lateral structure 
at different flexion angles. The stress peaks of the meniscus 
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and the femoral and the tibial articular cartilage of the sheep 
knee joints were between 12.5 and 30.4 MPa at 30° flexion 
and between 17.9 and 43.5 MPa at 60° flexion. Thus, for the 
same flexion angle, the stress peaks were greater for the var-
ious structures of the knee joints of sheep than the mini-pig. 
Although the stress on the lateral cartilage of the femoral con-
dyle and the lateral cartilage of the tibial plateau were less 
than in the mini-pig, this difference was below 13%. For differ-
ent flexion angles, except for the patella ligament, the stress 
peaks of the peripheral ligaments of the sheep knee joints 
were between 0.47 and 4.17 MPa at 30° flexion and between 
0.67 and 5.97 MPa at 60° flexion. In addition, the sheep knee 
had much greater stress on the anterior cruciate and medial 
collateral ligaments than on the posterior cruciate and later-
al collateral ligaments.

Conclusions

We compared the biomechanics of the knees of sheep and mini-
pigs by systematic development of tissue structural models, 
followed by calculations from finite element analysis. Our re-
sults verified that the stress values of the cartilage, meniscus, 
and peripheral ligaments in the knee joint of the mini-pig were 
more similar to those of human knees [31,32]. The differences 
in stress peaks and changes under conditions of flexion in the 
sheep and mini-pig knees are mainly caused by inter-species 
differences, but intra-species differences may also be present.
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