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Construction of finite element model and stress analysis
of anterior cruciate ligament tibial insertion

Can Dai’, Liu Yang?, Lin Guo®, Fuyou Wang?*,
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ABSTRACT

Objective: The aim of the present study was to develop a more realistic finite element (FE) model of the
human anterior cruciate ligament (ACL) tibial insertion and to analyze the stress distribution in the ACL
internal fibers under load.

Methods: The ACL tibial insertions were processed histologically. With Photoshop software, digital images
taken from the histological slides were collaged, contour lines were drawn, and different gray values were
filled based on the structure. The data were exported to Amira software and saved as “.hmascii” file.
This document was imported into HyperMesh software. The solid mesh model generated using HyperMesh
software was imported into Abaqus software. The material properties were introduced, boundary conditions
were set, and load was added to carry out the FE analysis.

Results: The stress distribution of the ACL internal fibers was uneven. The lowest stress could be observed
in the ACL lateral fibers under tensile and shear load.

Conclusion: The establishment of ACL tibial insertion FE model and mechanical analysis could reveal the
stress distribution in the ACL internal fibers under load. There was greater load carrying capacity in the ACL
lateral fibers which could sustain greater tensile and shear forces.
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region-dependent matrix organization and the
interface subdivision into uncalcified and calcified
regions caused a gradual increase in mechanical
properties across the interface regions and
minimized the stress levels, enabling effective
load transfer from ligament to bone.” Each of
inserted tissues played a different role in the force
transmission from ACL to tibia, which would
obviously influence the stress distribution of the
ACL internal fibers. The aim of the present study
was to develop a more realistic FE model of the
human ACL tibial insertion and to analyze the
stress distribution in the ACL internal fibers under
load.

METHODS

Specimen Preparation: The right knee joint
was obtained from our hospital’'s Bone Tissue
Engineering Center (body height was 169 cm and
body weight was 61 kg). The subject had died in
a traffic accident and was judged as having no
signs of gross bony deformity, previous fractures,
or degenerative diseases in the knee by X-ray and
magnetic resonance imaging (MRI). The ACL
was not divided into the anteromedial (AM) and
posterolateral (PL) bundles macroscopically.
The ACL tibial insertion was identified and
removed from the fresh knee joint within 48 hour
after subject’s death. The sample contained the
distal part of the ligament (4mm) and its insertion
together with the bone (4mm). The block was fixed
in 10% neutral buffered formalin, decalcified with
5% nitric acid, dehydrated through a graded alcohol
series, cleared in xylene, and embedded in paraffin
wax. Serial 5-pm thick transverse sections were cut
and mounted on glass slides at 50-pm intervals.
The present study complied with the Helsinki
Declaration.

Two-Dimensional Image Processing: The sections
were stained with hematoxylin for 3 minutes,
differentiatedin1% acid alcoholfor15s, stained again
with 0.02% aqueous fast green for 3 minutes,, and
counterstained with 0.1% Safranin O for 3 minutes,
as described previously." Finally, the sections were
dehydrated through a graded alcohol series, cleared
in xylene, and mounted onto glass slides using
neutral gum. Each stained section was observed
under light microscope and photographed using a
photomicroscope equipped with a charge-coupled
device video camera. With the use of Photoshop 8.0
software (Adobe Company, San Jose, CA, USA),
the serial digital images taken from each transverse
histological slide were automatically collaged to
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obtain the total image. The four zones including
fibrous tissue, UF, CF, and subchondral bone, were
distinguished according to their histomorphology
and the staining. The fibrous tissue region was
characterized by the presence of spindle-shaped
fibroblasts lying between the collagen fibers, and
this region was stained as green in color (Fig.1a).
The UF range was estimated from the tidemark to
the furthest recognizable chondrocyte within the
ligament, as described previously," and this area
was stained in red through Safranin O staining
(Fig.1b). The CF zone was defined as the area
between the tidemark and the subchondral bone
and the subchondral bone zone had organized
lamellar bones. The bone zone was stained blue or
green (Fig.1c and Fig.1d). The contour lines of four
zones were drawn manually (Fig. 1e), and then the
two-dimensional images were filled with different
gray values manually using the Photoshop 8.0
software (Fig.1f).

Fig.1: (a) There were fusiform and spindle-shape
fibroblasts and a high-density collagen bundles in
ligaments, which was stained as green. Safranin O/fast
green staining. Scale bars = 0.02 mm. (b) The fibrocartilage
cells were round and ovoid in the UF region, and the area
was stained as red. Safranin O/fast green staining. Scale
bars = 0.02 mm. (c) and (d) The junction between the CF
and the subchondral bone was highly irregular in contrast
to the junction between UF and CF. There was a jigsaw-like
interlocking of CF pieces and bone. Safranin O/fast green
staining. Scale bars = 0.1 mm. (e) The contour lines of four
zones were drawn manually. (f) The two-dimensional
images were filled with different gray values.
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Fig.2: (a) The .hmascii file appeared an originally
enveloped mesh model in HyperMesh software. (b) The
original meshes sizes were variance. (c) The high-order
surfaces which matched originally enveloped meshes
were generated. (d) The originally enveloped meshes
were deleted. (e) The high-order surfaces had many folds.
(f) The high-order surfaces had been smoothed to get rid
of the folds. (g) The model was filled with tetrahedron
elements manually. (h) The meshes filled manually were
a consistent size. (i) A solid mesh model was obtained.

FE Model and Stress Analysis: All the transverse
gray images were fed into Amira 5.2.0 software (VSG
Company, Richmond VIC, Australia) and saved as
“ hmascii” file. The .hmascii file was imported into
HyperMesh 12.0 software (Altair Company, Troy,
MI, USA) and appeared an originally enveloped
mesh model of four segments. The original meshes
sizes were variance. After the high-order surfaces
which matched originally enveloped meshes
were generated, the originally enveloped meshes
were deleted. There were many folds in the high-
order surfaces, so that it had been smoothed. The
segments were filled with tetrahedron elements
which were linked by nodes, and then a solid mesh
model was obtained (Fig.2). The solid mesh model
generated using HyperMesh 12.0 was imported into
Abaqus 6.10 software (Dassault Systemes Simulia
Company, Providence, RI, USA). Different material

properties were introduced in various segments
(Table-I). The material constants were obtained
from the literature.””?> The bottom of the bone
completely fixed in the model. The tensile force (134
N) was loaded uniformly onto the proximal part of
the ligament in the direction of long axis of ACL.
The shear force (134 N) was loaded uniformly on
all four directions, likely from anterior to posterior,
posterior to anterior, medial to lateral, and lateral
to medial.

RESULTS

Model Establishment: A FE model of tibial insertion
involving the ligament, UF, CF, and subchondral
bone was established and developed using the
HyperMesh 12.0 and Abaqus 6.10 software’s. The
ligament segment contained 53,567 nodes and
249,959 elements. The UF segment contained 50,879
nodes and 233,765 elements. The CF segment
contained 29,757 nodes and 111,759 elements. The
subchondral bone segment contained 69,303 nodes
and 330,769 elements.

Tensile Load: A stress nephogram indicated that the
ACL internal fibers tensile stress was distributed
unevenly. The lowest von Mises stress was seen in
the ACL lateral fibers (0.081-4 MPa). The stress was
gradually increased towards radial direction. The
von Mises stress was higher in ACL medial fibers
(4-8.7 MPa) than in ACL lateral fibers (Fig.3).

Shear Load: A stress nephogram indicated that the
ACL internal fibers shear stress was distributed
unevenly. Under the anterior-posterior direction
shear load, stress nephograms suggested that
the lowest von Mises stress was seen in the ACL
lateral fibers (5-11.6 MPa). The stress was gradually
increased towards radial direction, and the ACL
medial fibers stress value reached 11.6-18.1 MPa.
The highest stress was found in the posterior region
(18.1-28 MPa). Under the medial-lateral direction
shear load, the lowest von Mises stress was seen
in the ACL lateral fibers (5-11.6 MPa). The stress

Table-I: Material properties of each type of tissues in the current model
(E: Young’s modulus; pu: Poisson’s ratio)

Material

Constitutive model

Model parameters

Ligament

Uncalcified fibrocartilage
Calcified fibrocartilage
Subchondral bone

Hyperelastic

Isotropic elastic
Isotropic elastic
Isotropic elastic

C10=2.951 MPa
C20=16.74693 MPa
C30=63.3592 MPa
C01=-1.49 MPa
E=572 MPa, p=0.432
E=976 MPa, n1=0.366
E=2780 MPa, 1=0.300
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Fig.3: (a) Schematic drawing of the proximal insertion
perspective. (A, anterior; P, posterior; M, medial; L,
lateral). (b) Stress nephogram indicated that the ACL
internal fibers tensile stress was distributed unevenly. The
lowest von Mises stress was seen in the ACL lateral fibers.

was gradually increased towards radial direction.
Multiple stress concentration areas were formed in
the medial region, and the von Mises stress value
reached 18.1-28 MPa (Fig.4).

DISCUSSION

In the present study, the authors have focused
on three aspects on considering the available data
from previous reports. Firstly, different modeling
data differ substantially in modeling complex
contours, and it directly influences the quality of
geometric models. Traditional geometric modeling
methods of biological tissues including frozen
sectioning, MRI scanning, direct modeling, and
three-dimensional laser scanning methods could
not accurately distinguish the four distinct tissues,
especially the ligament, UF, and CF. In the present
study, the four distinct tissues were distinguished
by histological method. The precise identification
of the tissues in all two-dimensional images would
ensure the geometric accuracy of the FE model.

Secondly, in the present study, the ACL tibial
insertion was regarded as a functionally graded
material with different elastic moduli. The
mechanical properties of fibrocartilage (UF and
CF) differed from ligament fibers. The presence
of fibrocartilage between the ligament and the
subchondral bone suggested a need for gradual
change in the mechanical properties between the
hard and soft tissues. This would dissipate stress
concentration at the bony interface by promoting
a gradual bending of collagen fibers. The existence
of UF zone may be related to the shear stress and
the CF zone may be related to the tensile stress
of the tendon or ligament.” In the present study,
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Fig.4: Stress nephogram indicated that the ACL internal
fibers shear stress was distributed unevenly. The stress
nephograms suggested that the lowest von Mises
stress was seen in the ACL lateral fibers. (a) Schematic
drawing of the proximal insertion perspective. (A,
anterior; P, posterior; M, medial; L, lateral). The shear
force was loaded from (b) anterior to posterior direction,
(c) posterior to anterior direction, (d) medial to lateral
direction and (e) lateral to medial direction.

the authors viewed each tissue as an independent
element and introduced different material
properties in the FE model. It would reflect the
stress distribution of the ACL internal fibers more
accurately under loading conditions. In defining
the material properties of ligament, the polynomial
strain potential energy function model was used to
simulate the ligament material, and the ligament
was defined with the parameters of the three-
order polynomial, and thus vividly reflecting ACL
hyperelastic characteristics.” The isotropic elastic
model was used to simulate the other three tissues
material including UF, CF, and subchondral bone at
the ACL insertion. The material properties of these
tissues have been reported in the literature.'
Finally, the kinematic characteristics of the knee
joint such as tibial anterior/posterior translation,
varus/valgus, and external/internal rotation
were not defined in the present study. Regardless
of kinematic state of knee joint, tensile and shear
forces were directly loaded to tibial insertion in
the FE model to analyze the stress distribution of
the ACL internal fibers. The ACL played a key role
against the anterior tibial force, which was regarded
as 134 N by mechanical tests in previous studies.>®
Hence, in the present study, the same tensile and
shear force (134 N) was used in the FE model. The
results revealed the lowest stress distribution in the
ACL lateral fibers under tensile and shear load. It
meant that there was greater load carrying capacity
in ACL lateral fibers which could sustain greater
tensile and shear forces and they played a more
important role in the knee joint movement.
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Although only one subject was used in this
study, it was aimed to develop a more realistic FE
model of the human ACL tibial insertion and to
analyze the stress distribution in the ACL internal
fibers under shear and tensile load. This goal was
accomplished with the methodology developed
in this study. Meanwhile, the classical mechanical
testing methods were challenging, especially the
structural complexity and the relatively small scale
of the interface, which averaged from 100 um to
1 mm in length,'*'"® so traditional biomechanical
measurement could not validate the efficacy of the
FE model. Further studies are required to validate
the efficacy of proposed FE model.

ACKNOWLEDGEMENTS

This work is supported by grants from the
National Natural Science Foundation of China
(31070837 and 31130021).

Declaration of interest: None of the authors has
any potential financial conflict of interest related to
this manuscript.

REFERENCES

1. Kanamori A, Woo SL, Ma CB, Zeminski J, Rudy TW, Li G,
et al. The forces in the anterior cruciate ligament and knee
kinematics during a simulated pivot shift test: A human
cadaveric study using robotic technology. Arthroscopy.
2000;16(6):633-639.

2. Moglo KE, Shirazi-Adl A. Biomechanics of passive knee
joint in drawer: load transmission in intact and ACL-
deficient joints. Knee. 2003;10(3):265-276.

3. Mesfar W, Shirazi-Adl A. Biomechanics of changes
in ACL and PCL material properties or prestrains in
flexion under muscle force-implications in ligament
reconstruction. Comput Methods Biomech Biomed
Engin. 2006;9(4):201-209.

4. Pena E, Calvo B, Martinez MA, Doblaré M. A three-
dimensional finite element analysis of the combined
behavior of ligaments and menisci in the healthy human
knee joint. ] Biomech. 2006;39(9):1686-1701.

5. Gabriel MT, Wong EK, Woo SL, Yagi M, Debski RE.
Distribution of in situ forces in the anterior cruciate ligament
in response to rotatory loads. ] Orthop Res. 2004;22(1):85-89.

6. Song Y, Debski RE, Musahl V, Thomas M, Woo SL. A
three-dimensional finite element model of the human
anterior cruciate ligament: a computational analysis with
experimental validation. ] Biomech. 2004;37(3):383-390.

636 Pak J Med Sci 2015 Vol. 31 No.3  www.pjms.com.pk

7. XieF,YangL, GuoL, Wang Z], DaiG. A study on construction
three-dimensional nonlinear finite element model and stress
distribution analysis of anterior cruciate ligament. ] Biomech
Eng. 2009;131(12):121007. doi: 10.1115/1.4000167

8. Wan C, Hao Z, Wen S. The effect of the variation in ACL
constitutive model on joint kinematics and biomechanics
under different loads: a finite element study. ] Biomech Eng.
2013;135(4):041002. doi: 10.1115/1.4023696

9. Moffat KL, Sun WH, Pena PE, Chahine NO, Doty
SB, Ateshian GA, et al. Characterization of the structure-
function relationship at the ligament-to-bone interface. Proc
Natl Acad Sci U S A. 2008;105(23):7947-7952. doi: 10.1073/
pnas.0712150105

10. Zhang Y, Wang F, Tan H, Chen G, Guo L, Yang L. Analysis
of the mineral composition of the human calcified cartilage
zone. Int ] Med Sci. 2012;9(5):353-360. doi: 10.7150/ijms.4276

11.ToumiH, LarguechG, FilaireE, PintiA, LespessaillesE.Regional
variations in human patellar trabecular architecture and
the structure of the quadriceps enthesis: a cadaveric
study. ] Anat. 2012;220(6):632-637. doi: 10.1111/j.1469-
7580.2012.01500.x

12. Sano H, Wakabayashi I, Itoi E. Stress distribution in the
supraspinatus tendon with partial-thickness tears: An
analysis using two-dimensional finite element model. ]
Shoulder Elbow Surg. 2006;15(1)0:100-105

13. Benjamin M, Ralphs JR. Fibrocartilage in tendons
and ligaments--an adaptation to compressive load. ]
Anat. 1998;193(4):481-494.

14. Cooper RR, Misol S. Tendon and ligament insertion: A
light and electron microscopic study. ] Bone Joint Surg Am.
1970;52(1):1-20.

15. Wang IE, Mitroo S, Chen FH, Lu HH, Doty SB. Age-
dependent changes in matrix composition and organization
at the ligament-to-bone insertion. ] Orthop Res.
2006,24(8):1745-1755.

Authors Contributions:

Can Dai and Fuyou Wang conducted histological
processing and image processing.

Can Dai, Jingyue Gou, and Zhilong Deng
conducted modeling and finite element analysis.
Can Dai, Liu Yang, Lin Guo and Fuyou Wang
participated in experimental design.

Can Dai wrote the paper. All authors read and
approved the final manuscript.



