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Abstract. The largest articulation inside human body is the knee joint which is composed by hard
components, soft tissues and surrounded muscles. The knee is a mobile hinge, and it permits
flexion, extension, slight internal and external rotation of the leg. The knee joint is vulnerable to
both sharp injury and chronic osteoarthritis. Once have been injured, the knee joint is not easily
restored. This study employs separately the experimental measurement, reverse engineering and
finite element analysis to investigate the dynamic characteristics of intricate knee joint. The
three-dimensional geometric model of each component of knee joint includes hard tissues and soft
tissues. The hard tissues have femur, tibia, fibula, patella and the soft tissues have meniscus,
patellar ligament, medial and lateral collateral ligament, a pair of cruciate ligaments, etc. Then the
model is imported into ANSY'S software. Via modal, periodic excitation and impact analysis, the
dynamic characteristics of each component and the whole knee model are received. The
fundamental mode shapes, natural frequencies and stresses of all the components of knee are also
obtained. These normal modes are essential when investigating the dynamic motion of the whole
knee. The results show that after impact, the soft tissues have larger displacement than that of the
hard tissues. Consequently, the fracture occurs when the stretch which is caused by external force
excess ultimate strength of the component. It also explains why the athletes frequently injure the
ligaments and tendons of the knee or ankle during the intensive exercise. Therefore, by reducing
the motion of articulation, the professional player could not only reduce the generated internal
stresses in the tissue but also consequently lessen the chance of injury.
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1. Introduction

The knee is the largest, complicated mobile hinge joint of human structure as shown in Fig. 1.
Three functional components compose the knee joint. They are the patellofemoral articulation, the
slidable patellar groove on the front of the femur and the medial and lateral tibiofemoral
articulations connecting the femur and the tibia. Knee problem is mostly caused by misalignment,
degeneration such as arthritis and trauma. Knee injuries happen very often since it supports
static/dynamic human body weight and provides a great range of activities. For instance, a lateral
force or torque applied to the knee can cause torn medical collateral ligaments, cruciate ligament
injury as well as meniscus injury. The posterolateral corner of the knee has been investigated
mostly in the recent years.

Collins et al. [1] conducted a systematic review and meta-analysis to synthesize evidence
regarding measurement properties of the Knee injury and Osteoarthritis Outcome Score (KOOS).
They concluded that KOOS demonstrates adequate content validity, internal consistency,
test-retest reliability, construct validity and responsiveness for age- and condition-relevant
subscales.

Parker et al. [2] evaluated knee dislocation and vascular injury from the Department of Trauma
and Orthopaedics patient database across a 4 year period from 2010 to 2014. They concluded that
the rates of vascular injury are in line with other studies. Also, safety and consistency could be
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improved with the introduction of a formalized evidence-based protocol for the initial evaluation
of knee dislocation and vascular injury.

Hoffmann et al. [3] illustrated the case of a direct knee impact against a reinforced knee brace
causing a severe fracture of the tibial plateau. They concluded that even if it may be small, the use
of functional knee braces may cause a real risk of injury for adverse players.

Fig. 1. Lateral aspct of right knee (Wikipedia)

Guler et al. [4] evaluated the relationship between medial collateral ligament (MCL) injury
and degree of internal tibial torsion in patients who had undergone arthroscopic resection due to
tears in the posterior one third of the medial meniscus. They concluded that foot femur angle
(FFA) and transmalleolar angle (TMA), indicators of internal tibial torsion, may serve as markers
for foreseeing clinical improvement and complications following arthroscopic surgery.

Kumar et al. [5] used Solid Edge V19 to model a three dimensional virtual femur bone which
is then analyzed for hip contact stresses/forces during normal walking, standing, running and
jumping activities. The stress analyses were carried out using ANSYS 14.0 for the femur bone
during those activities. The stress results obtained are compared with the previous studies and
were found to be optimized.

Shah et al. [6] generated a 3D model of knee joint including bones, ligaments and tendons.
The stress, strain, safety factors, safety margins and life of the model are obtained under varying
loads by using ANSY'S software.

Ishikawa et al. [7] compared the kinematics and contact stresses of mechanically and
kinematically aligned total knee arthroplasty (TKA). They suggested that kinematically aligned
TKA produces near-normal knee kinematics, but that concerns for long term outcome might arise
because of high contact stresses.

Lian et al. [8] developed a bipolar hemi-knee prosthesis with two flexion stages according to
a healthy male’s knee morphological profile. It will provide better biotribological performances
because it can reduce stresses and potentially wear on the opposing contacting surface during a
gait cycle, providing a promising treatment strategy in future joint repair and replacement.

Chen et al. [9] used the finite element method to compare the prosthesis construct behavior
subject to the variations of three internal fixations, two loading conditions, two fracture patterns,
and four bony strengths. They provided biomechanical information about the differences among
retrograde intramedullary nail (RIMN), locking plate (LP), and LP/allograft, and point to which
one should be indicated individually for various types of periprosthetic fractures following total
knee arthroplasty (TKA).

Beidokhti et al. [10] compare static, dynamic implicit and dynamic explicit solutions in
analyses of the knee joint to assess the prediction of dynamic effects, potential convergence
problems, the accuracy and stability of the calculations, the difference in computational time, and
the influence of mass-scaling in the explicit formulation. They concluded that the computationally
less expensive explicit analyses can be used as a diagnostic tool to investigate the effect of various
orthopedic interventions in the knee joint.
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Huang et al. [11] employed reverse engineering, Noble CFI method and finite element method
(FEM) to obtain the outer geometry, to excavate the cancellous bone according to inner canal
shape, and to mesh the model of the hollow femur. They concluded that the comparison of natural
frequencies, stress, strain, and displacement of both solid and hollow femur are matched to the
physical rules.

Ramaniraka et al. [12] developed a numerical model, which is able to evaluate the effect of
posterior cruciate ligament (PCL) resection and the different PCL reconstruction techniques on
the biomechanics of the knee. They found that a resected PCL induced high compressive forces
in the medial tibiofemoral and patellofemoral compartments.

Tanska et al. [13] used multiscale modeling to study how forces are transferred from joint
surfaces through tissues to chondrocytes. They found that a medial meniscectomy caused
substantially larger (up to 60 %) changes in maximum principal strains in the chondrocyte
compared to those in the peri or extracellular matrices.

Walker et al. [14] studied the combined role of the medial meniscus in distributing load and
providing stability. The results showed that the posterior horn carried the highest percentage of
the shear load when a posterior shear force was applied.

Knee [15] damage or degradation of joint tissue due to improper movement or aging,
respectively, will affect the joints activities. Once injured the knee joint is not easy to recover.
Therefore, understanding the dynamic characteristics of the knee structure will help to identify the
stress distribution of the compartment in moving situation. Although lots of researches have
discussed the knee joint problem from medical, clinical, or biomechanical point of view, only a
few of them have study them from normal mode, impact, to injury related stress analysis. This
study emphasizes the simulation of normal mode, periodic excitation and impact analysis in the
knee joint model combined by femur, tibia, fibula, patella, meniscus, and ligaments. The reactions
of knee and ankle excited periodically are compared by experimental and simulated results,
respectively. The injury is also evaluated through stress analysis.

A2 v
Experiment Reverse Engineering
Use vibration platform, Scan the geometry of each
accelerator and wireless component of knee joint to
transmitters to measure build the knee model
vibration characteristics of ¥
real human’s ankle and knee. FEM
Import the 3D knee model to
perform finite element analysis

s the mode N,
converged?

Use ANSYS to execute modal,
impact and stress analysis of
the knee model

Are the experimental
data match FEM results?

Fig. 2. The flow chart of the study

2. Methodology

The flow chart of the study includes two parts shown as in Fig. 2. One is to measure the
vibration response of real human ankle and knee on a frequency adjustable vibration platform.
The other one used reverse engineering technique to scan the geometry of each component of knee
joint to build the knee model. Then, it is imported into ANSYS software. The parameters including
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meshing, boundary conditions, force constraints are set up and the mesh convergence test is
performed. The frequency converged mesh will be used to proceed modal analysis, transient
(impact) analysis, etc. The experimental data of periodic excitation are compared with
FEM results.

3. Experimental analysis

The purpose of measuring vibration responses at knee and ankle from a real person is to
compare with the FEM results and verify that the knee model is correct and acceptable. The
experimental setup is shown in Fig. 3. One minute measurement is proceeded by a person standing
on the vibration platform, Provibe, with two biaxial accelerometers attached on his knee and ankle,
respectively. The examinee has 10 minutes rest after each one minute test. The platform is excited
with 5 different frequencies from 10 to 50 Hz by incrementing 10 Hz each time. The signals
measured by the accelerometers are transferred to PC servo by TeleMyoTM2400T wireless data
transmit system (DTS).

Biaxial accelerometer

N N

TeleMyoTM2400T DTS

I PoVibe vibration platform

1

Fig. 3. The experimental set up
4. Finite element analysis
4.1. Geometric model construction

This study employs reverse engineering equipment 3D optical scanner to capture the geometry
of each component of knee joint from a human skeleton model including femur, tibia, fibula,
patella, meniscus, and ligaments, respectively. Five major ligaments are built in the model
including anterior cruciate ligament (ACL), posterior cruciate ligament (PCL), patellar ligament
(PL), lateral collateral ligament (LCL) and medial collateral ligament (MCL).

After smoothing the surface by Geomagic Studio software, the knee joint model is built and
imported into ANSYS software, as shown in Fig. 4-5. A higher order 3-D 10-node element,
Solid187, and a higher order 3-D 20-node solid element, Solid186, are chosen for bones and
ligaments, respectively. Each adjacent surface of the knee joint component is set to be bonded
contact to each other. It should be noted that the size, shape, and coarseness of the mesh can affect
the analysis accuracy of the knee model. ANSYS Workbench intelligent mesh technology can
establish and strengthen the capacity of grid elements. It is effective in ensuring the accuracy of
analysis. After meshing the model, the boundary conditions, force constraints, material parameters
are set before running the program. The boundary condition of the whole model is set to be
clamped at the end of hip joint to simulate the standing position or at the instant of impact with
hip joint fixed.

Real human material parameters are used for hard bones and soft tissues [10, 16-18] as shown
in Table 1. Normal mode, periodic excitation and impact analysis are performed to understand the
acceleration and stress variation for different components of the knee model.
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Table 1. Real human material parameters

Material | Young’s modulus | Poisson’s Ratio Density
Bone 17,600 MPa 0.3 2132.6 kg/m’
Meniscus 112 MPa 0.49 0.75 kg/m’
ACL 366 MPa 0.45 1.1 kg/m?
PCL 131.5 MPa 0.45 1.1 kg/m?
PL 50 MPa 0.45 1.1 kg/m’?
LCL/MCL 400 MPa 0.45 1.1 kg/m?

4.2. Finite element convergence analysis

The assembled model of the knee joint includes ten parts: femur, tibia, fibula, patella,
meniscus, ACL, PCL, PL, LCL and MCL. It is a very complicated model and lots of contact
problems need to be solved before performing the analysis. In FEM, a finer mesh typically results
in a more accurate solution but it will increase the computational time. Therefore, one needs to
perform a convergence study to get a mesh that balances the accuracy and computing resources.
For this complex knee model, the fundamental natural frequency is observed for the convergence
study. One can easily find in Fig. 6 that the first natural frequency stops decreasing after the mesh
of knee model reaches 35.000 elements. Hence, the meshed knee model with 40.000 elements is
chosen for modal, periodic excitation and impact analysis.

18.8

)

Frequency(Hz
3

25,000 30,000 35,000 40,000 45,000
Elements

Fig. 6. Mesh convergence analysis
5. Results and discussions
This study is to investigate the stress characteristics of the dynamic coupled ten pieces of hard

bones and soft tissues via modal, periodic excitation and transient (impact) analysis as described
in the following sections.
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5.1. Modal analysis of knee model

The modal analysis of knee model is performed and the fundamental four natural frequencies
(Table 2) and mode shapes are obtained. The first mode (17.2 Hz) is a swing mode in x-y plane.
The second mode (19.1 Hz) is a sliding mode in y-z plane. The third mode (51.3 Hz) is a bending
mode around z axis. The fourth mode (83.9 Hz) is a bending mode around x axis. These four
mode shapes are shown in Fig. 7 to 10, respectively. The red color represents highest amount of
deformation in each mode while the blue color represents the lowest one. The natural frequencies
of the knee model are lower than that of each single component, namely femur, tibia and fibula.
This is because they are connected only by soft tissue ligaments which are flexible but not firmly
stable. If the muscles were added into the knee model, the stiffness and frequency would definitely
be increased accordingly.

Table 2. The first four natural frequencies

Mode | Natural frequency (Hz)
1 17.2
2 19.1
3 51.3
4 83.9

000 15000 300,00 (mm) 000 300,00 (mmy
]

7500 22500 150.00

Fig. 7. Mode 1 (17.2 Hz): swing mode in x-y plane Fig. 8. Mode 2 (19.1 Hz): sliding mode in y-z plane

/.
000 40000 (mem) Ow—:)NNM
20000 15000
Fig. 9. Mode 3 (51.3 Hz): bending Fig. 10. Mode 4 (83.9 Hz): bending
mode around z axis mode around x axis

© JVE INTERNATIONAL LTD. JOURNAL OF VIBROENGINEERING. AUG 2017, VOL. 19, ISSUE 5. ISSN 1392-8716 3 83 7



2570. INJURY ASSESSMENT VIA STRESS ANALYSIS OF THE HUMAN KNEE JOINT.
PU-PIN YU, JUNG-GE TSENG, MING-YUAN HUANG, BO-WUN HUANG

5.2. Comparison of the reactions of knee and ankle via experimental and simulated results

The reactions of knee and ankle excited periodically are compared by experimental and
simulated results, respectively. The measured response acceleration of a person’s ankle is around
0.8 g (acceleration of gravity) which is larger than that of the knee, 0.6 g, as shown in Fig. 11.
Similarly, the simulated response acceleration of the ankle of the complete knee model is around
1.7 g which is also larger than that of the knee, 0.8 g as shown in Fig. 12. The results are reasonable
since the soft tissues, such as meniscus, ligaments, etc., actually absorb the excitation forces and
reduce the response. The trend of energy absorption from ankle to knee through measurements
and simulations are matched with each other.

¢ (AN
2 AN ,’\,‘/,’U‘M/\}\/‘ /\/M/
= VUV
SRR AR L | ¢
| .:’ i | | Vi in’ Il | I‘ \n 24
T ,I, -I. T .l .l' 0 01 02 03 04 05
TIME(s) ) h TIME(s)
Fig. 11. Measurement results of the vibration Fig. 12. Simulation results of the vibration
response on ankle and knee excited by ProVibe response on ankle and knee excited by ANSYS
at 30 Hz periodically at 30 Hz periodically

5.3. Impact analysis of Knee model

Human fully uses his lower limbs to walk, run and fulfill all kinds of sports. Wherein, the knee
carries both static weight of human body and the load generated by the acceleration of gravity
during movement. Usually, a person’s knee will bear twice of his own weight during walk. In
other words, the knee will sustain 1000-1800 N (Newtons) for a person weighted 50 to 90 kg.
These forces were used as the excitation of periodic impact to the distal tibia with the duration of
0.1 second each in order to simulate normal gait process. The maximum stress and strain of
different component of the knee model with the excitation forces from 1000-1800 N are listed in
Table 3. Both stress and strain are increasing with the excitation forces accordingly.

Table 3. The maximum stress and strain of different component
of the knee model with different excitations

Excitation force Femur Max. stress Meniscus Max. strain Meniscus Max. stress
N) (MPa) (mm/mm) (MPa)
1000 120 0.74 47.0
1200 147 0.71 57.3
1400 169 0.86 65.4
1600 197 0.88 76.1
1800 226 0.88 86.3

For hard bone components of the knee joint model, maximum stress 226 MPa occurred at
femur head when applying 1.800 N impact force on distal tibia, as shown in Fig. 13. The femur
head is most easily fractured when impact occurred and the response maximum stress is larger
than its ultimate strength.

Seen from the point of soft tissue, impact loading produces axial forces across the knee, which
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compresses the meniscus, resulting in circumferential stresses and converted to tensile stresses
along the circumferential direction of the meniscus.

If more serious movement or collision happened, the impact force will apparently higher than
1800 N which will increase maximum stress sharply. Once the maximum stress exceeds the
ultimate tensile strength of the collagen fibers, the meniscus will be torn and injured [20].

Maximum stress and strain occurred at both medial and lateral meniscus when applying
1.800 N impact force on distal tibia, as shown in Fig. 14-15, respectively.

B:Model, Transient 3 8:Model, Translent 3
. e T jwalent (von-Mises) Stress
Tyme Equivshent tvon-Muses) Stress st
Unit: MPa Time: 015
Time: 015 2012/5/14 F% 1039

2012/5n4 T 0821

27644 M3
20028
17612
15096
1258
10068
75481
s032
7516
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. - S 60,00 (men)

4500

Fig. 13. Maximum stress occurred at femur head when Fig. 14. Maximum stress occurred at both medial
applying 1.800 N impact force on distal tibia and lateral meniscus when applying 1.800 N impact
force on distal tibia
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Fig. 15. Maximum strain occurred at both medial and Fig. 16. Deformation variations of ankle and knee

lateral meniscus when applying 1.800 N impact force when applying 1.800 N impact force on distal tibia
on distal tibia

The deformation of knee is smaller than that of the ankle due to energy absorption ability of
the menisci, as shown in Fig. 16. Damaged or degraded menisci result in narrowing joint space,

decreasing energy absorption, and accelerating cartilage degradation, which are the major
hallmarks of osteoarthritis.

6. Conclusions

This paper employs both experimental and FEM analysis to explore the stress characteristics
of the dynamic coupled ten pieces of hard bones and soft tissues via modal, periodic excitation
and transient (impact) analysis. The result of this research is concluded as follows:

1. 3D complex knee joint model of dynamic coupled ten pieces of hard bones and soft tissues
are first built to evaluate the stress variation of the system.

2. The trend of energy absorption from ankle to knee through periodic excitation of both
measurements and simulations are matched with each other.
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3. Maximum stress occurred at femur head of the hard bone and menisci of the soft tissue.
When the stress exceeds the ultimate strength, the component will be damaged and injured. Hence,
the injury criterion is to evaluate whether the response stress is higher than the ultimate stress of
the component or not.

4. From impact analysis, the deformation of knee is smaller than that of the ankle due to energy
absorption ability of the menisci.
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