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Abstract 
 

This paper proposes a self-expansion type anterior cruciate ligament fixation device. The proposed fixation de-
vice provides graft fixation force by maintaining contact with the bone tunnel. Since the device maintains contact 
with the bone tunnel by the force that expands by the self-driven elastic force of the device, the main design pa-
rameters that determine the performance of this device are the ring thickness and expansion angle. This paper 
develops the three-dimensional finite element models of the fixation device and bone. By simulation with the de-
veloped finite element model, this paper studies the influence of the main design parameters of the device on the 
maximum stress around the ring when grasping the fixation device. Through the analysis of the stress on the bone 
tunnel wall when the fixation device comes in contact with the bone tunnel, this paper shows the influence of the 
main design parameters of the fixation device on the contact condition. In addition, through the analysis of the 
migration that occur upon application of the pull-out force, this paper studies the influence of the main design 
parameters on the initial fixation stability of the fixation device. 
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1. Introduction 

In the reconstruction of an anterior cruciate liga-
ment damaged by excessive sports activity or a traffic 
accident, various kinds of graft and fixation devices 
have been used. The bone-patellar tendon-bone and 
hamstring tendon are widely used as grafts for recon-
structing an anterior cruciate ligament [1, 2, 5]. Since 
the bone-patellar tendon-bone causes high morbidity 
on the donor site and can raise pain or functional in-
stability after operation, the hamstring tendon has 

been used increasingly [1, 2, 5]. 
Various kinds of fixation devices have been de-

veloped to fix a hamstring tendon to the femur [4, 6, 
8, 9, 17]. An interference screw type fixation device 
sticks the hamstring tendon directly to the bone by 
using screws. Such a fixation device initially pro-
vides high fixation strength after operation. How-
ever, it has been reported that the divergence of the 
screw from the longitudinal axis of the femur tunnel 
can cause the decline of fixation strength, pull-out 
of graft or tear of graft by threads. Also, the device 
can lead to inflammation on the synovium [2, 5, 16]. 

Some devices that suspend the graft on a button 
or post have also been frequently used [2, 5, 8, 17]. 
These fixation devices provide easy biological 
bonding because they allow the hamstring tendon to 
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come in contact with the bone all around the cir-
cumference of the bone tunnel wall [13]. However, 
these devices have the disadvantages of requiring a 
second incision and prolonging the healing time 
due to the movement of the graft in the longitudinal 
and sagittal directions within the femur tunnel [2, 5]. 

The recent trend in rehabilitation after operation 
is the adoption of the “accelerated rehabilitation” 
method [14]. This method emphasizes the full-
range motion of the knee joint and early weight 
bearing. In order to carry out this rehabilitation 
program, the fixation device used in the reconstruc-
tion of an anterior cruciate ligament must stand 
against the pull-out force of 500N at the early stage 
after operation [10]. Accordingly, it is required to 
develop a fixation device that has high initial fixa-
tion stability, causes minimum graft damage and 
allows simple operation. 

This paper introduces an alternative fixation de-
vice for an anterior cruciate ligament reconstruction. 
The new fixation device maintains contact with the 
femur tunnel by its self-driven elastic force after 
operation. This paper develops the finite element 
models of the fixation device and femur to study 
the influence of the main design parameters of the 
device on the contact condition and the initial fixa-
tion stability.  
 

2. Structure of the proposed fixation device  

This paper proposes the self-expansion type fixa-
tion device consisting of three parts, as shown in 
Fig. 1. Since A-part of Fig. 1 is ring-shaped, it can 
deform elastically in the tangential direction. The 
elastic deformation of the ring part allows the part 
to act as a coil spring by providing elastic force in 
the tangential direction. B-part of Fig. 1 is the part 
of the fixation device that comes in contact with the 
femur tunnel. B-part has sharp wedges, as shown in 
Fig. 1. The upper side of the wedge is inclined at a 
constant angle and the lower side of it is at a right 
angle to the body. When the gap between the fixa-
tion device and bone is filled after operation, this 
arrangement of the wedge can significantly reduce 
the migration. C-part of Fig. 1 is the link part for 
suspending the graft.  

Since this device maintains contact with the bone 
tunnel by the force that expands by the self-driven 
elastic force of the device, the main design parame-
ters that determine the performance of the device 

 
 
Fig.  1.  A three-dimensional view of a self-expansion type 
anterior cruciate ligament fixation device. 
 
 

 
 
Fig. 2. Main design parameters and applied forces. 

 
are the ring thickness (tR) and expansion angle (θ). 
Fig. 2 shows the main design parameters and the 
locations where the grabbing force is applied to 
insert the device into the femur tunnel.   

If the grabbed force is released after insertion, 
the ring-shaped part A of Fig. 1, which deforms 
elastically, tries to return to its original shape. Then, 
the wedges come in contact with the bone after 
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operation. This contact force initially fixes the graft 
after operation. 

Therefore, the proposed device can reduce graft 
damage because the graft does not come in direct 
contact with the sharp wedges. The device can sig-
nificantly shorten operation time because coercive 
pushing force is not required to insert it into the 
bone tunnel, unlike an interference screw type de-
vice. The device does not require a second incision 
or a subordinate work for prevention of divergence 
of fixation device. 

The most important issue of the proposed device 
is to design it in such a way as to secure the initial 
fixation stability through sufficient and uniform 
contact force with the bone. In order to maintain 
sufficient contact force, it is desirable that the elas-
tic force provided by the elastic deformation of the 
ring part is sufficiently large and that the wedge 
uniformly contacts the bone tunnel wall as much as 
possible. If the elastic deformation of the ring part 
is enlarged to increase the elastic force, the stress in 
the central area of the ring part can exceed the yield 
strength of the device. In addition, if the ring thick-
ness becomes too thick, the surgical operation can 
become difficult because huge amount of force 
would be needed to grab the fixation device for 
insertion. 
 

3. Finite element modeling  

This paper studies the influence of the main de-
sign parameters on the contact condition and the 
initial fixation stability by simulation. This paper 
developed the finite element models of the fixation 
device and the bone for the simulation. 

The ring part A of Fig. 1 and the wedge part B 
are geometrically symmetrical with respect to the 
sagittal plane and coronal plane. The three-
dimensional femur model provided on the internet 
was used as the geometry model of the femur [12]. 
The fixation device is inserted into a tunnel made in 
the femur model. Therefore, the part that is me-
chanically influenced by the fixation device is con-
sidered axisymmetric. Accordingly, this paper de-
veloped the quarter finite element model of the 
fixation device and the femur, as shown in Fig. 3. 
The finite element modeling and analysis of the 
fixation device and the femur were performed by 
using ABAQUS 6.5-1. 

For the finite element modeling of the wedge part  

  
Fig. 3. The quarter finite element model of fixation device 
and femur. 

 
of the fixation device, 20-node quadratic brick 
(C3D20) elements were used. For the finite element 
modeling of the ring and link part, 10-node quad-
ratic tetrahedron (C3D10) elements were used. For 
the finite element modeling of the femur that con-
tacts the wedge of the fixation device, 20-node 
quadratic bricks (C3D20) were used. For the finite 
element modeling of the remaining part of the fe-
mur, 10-node quadratic tetrahedrons (C3D10) were 
used. The number of finite elements used in the 
finite element modeling of the fixation device and 
the femur differed slightly according to the ring 
thickness and expansion angle.  

To determine the proper number of elements for 
the fixation device and the femur modeling, stress 
convergence analyses were performed. Six finite 
element models of the fixation device were selected 
for the convergence analysis. The number of ele-
ments of those six models ranged from about 4,200 
elements to about 110,000 elements. The analysis 
results showed that the maximum stress was not 
affected by the number of elements when more than 
4,200 elements were used for the modeling of the 
fixation device. In addition, six finite element mod-
els of the femur were selected for the convergence 
analysis. The number of elements of those six mod-
els ranged from about 7,200 elements to about 
100,000 elements. The analysis results showed that 
the maximum stress was not affected by the number 
of elements if more than 7,200 elements were used 
for the modeling of the femur. Thus, about 6,400 
elements were used for the fixation device model-
ing, and about 8,300 elements were used for the 
femur modeling. 

All materials were assumed to be linear, elastic, 
homogeneous and isotropic. Generally, an implant 
inserted within a human body is made of titanium 
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alloy. Therefore, the fixation device proposed in 
this paper is assumed to be made of titanium alloy 
(Ti6Al4V). The elastic modulus and Poisson's ratio 
of the fixation device were set to 110GPa and 0.3, 
respectively [7, 15]. The elastic modulus and Pois-
son's ratio of the femur were set to 2,130MPa and 
0.3, respectively [11]. 

The frictional coefficient defined between a bone 
and an implant significantly affects the simulation 
result. It is not easy to define a frictional coefficient 
for the simulation of the relative motion between an 
implant with sharp edges and a bone. The frictional 
coefficient between a bone and an implant has been 
tuned by comparing experiment values and simula-
tion values or assigned a value arbitrarily [3, 18]. 
This paper intends to examine the effects of the ring 
thickness and the expansion angle on the contact 
condition and initial fixation stability of the pro-
posed fixation device. Thus, this paper performed 
simulation for many combinations of design pa-
rameters and various frictional coefficients. Then, 
the frictional coefficient of 3.0, which gave stable 
convergence in all cases, was selected. 

This paper carried out three kinds of simulation 
to emulate the three steps of the actual operation. 
The first simulation intended to analyze the stress 
applied on the ring part of the fixation device as 
grabbing the fixation device until the wedge is not 
touching the femur tunnel wall. The second simula-
tion intended to examine the condition in which the 
wedge of the fixation device contacts the bone tun-
nel wall at removal of the grabbing force. The third 
simulation intended to examine the initial fixation 
stability by applying the pull-out force to the fixa-
tion device.  

In the first and the second simulation, the dis-
placements of parts E and A of Fig. 3 were con-
strained in all directions. The displacements of parts 
F and C of Fig. 3 were constrained in the direction 
of 1. The displacement of part B of Fig. 3 was con-
strained in the direction of 2. In the third simulation, 
the pull-out force was applied along the longitudi-
nal axis (direction of 3). Therefore, part E of Fig. 3 
constrained the displacement in the directions of 1 
and 2. The same boundary condition as that of the 
first simulation was applied for the rest of the parts 
of Fig. 3. In the following second and the third 
simulation, the contact between the fixation device 
and bone was defined by using the surface-to-
surface contact condition. The bone tunnel wall 

functioned as a master surface, while the wedges of 
the fixation device were set as a slave surface.  
 

4. Simulation results 

Three ring thicknesses of 1.0mm, 1.2mm and 
1.4mm, and three expansion angles of 6˚, 8˚ and 10˚ 
were considered. Table 1 shows the maximum 
Mises stress that occurred on the ring part when the 
fixation device was grabbed to insert it in the bone 
tunnel. As the ring thickness and expansion angle 
increased, the maximum Mises stress increased. 
The ring thickness influenced more the maximum 
Mises stress than the expansion angle did. The yield 
strength of the material of this fixation device was 
800MPa [7]. The yield strength was not exceeded 
for all ring thickness for the expansion angles of 6˚ 
and 8˚. However, when the expansion angle of the 
fixation device was 10˚, the maximum stress ex-
ceeded the yield strength for the ring thickness of 
1.4mm. Therefore, the ring thickness should be less 
than 1.4mm when the expansion angle is 10˚. 

When the grabbing force is removed after insert-
ing the fixation device in the bone tunnel, the fixa-
tion device expands to its original position by the 
elastic force of the ring part. The wedge maintains 
contact with the bone tunnel wall by the self-
expanding force. Figs. 4-12 show the stress distri-
bution of the bone tunnel that is in contacts with the 
first, third and fifth wedges of the fixation device. 
The horizontal axis of Figs. 4-12 represents the 
normalized distance along the circumferential di-
rection of a wedge. The point at that the bone tun-
nel begins to contact a wedge is set as the origin. 

All maximum Mises stresses in Figs. 4-12 oc-
curred at the first wedge. Table 2 summarizes the 
maximum Mises stresses that occurred on the bone 
tunnel wall. 

 
 

Table 1. Maximum Mises stress on the ring part (unit: MPa). 
 

tR

θ 1.00mm 1.20mm 1.40mm 

6.00˚ 368.60 450.80 564.60 

8.00˚ 485.60 602.40 734.40 

10.00˚ 605.60 735.00 882.50 
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Fig. 4. Stress distribution of the bone tunnel wall; the first 
wedge and θ=6°. 
 
 

 
Fig. 5. Stress distribution of the bone tunnel wall; the third 
wedge and θ=6°. 
 
 

 
Fig. 6. Stress distribution of the bone tunnel wall; the fifth 
wedge and θ=6°. 

 
Fig. 7. Stress distribution of the bone tunnel wall; the first 
wedge and θ=8°. 
 
 
 

 
Fig. 8. Stress distribution of the bone tunnel wall; the third 
wedge and θ=8°. 
 
 

 
Fig. 9. Stress distribution of the bone tunnel wall; the fifth 
wedge and θ=8°. 



2306  J.-D. Kim et al. / Journal of Mechanical Science and Technology 22 (2008) 2301~2309 
 

 
Fig. 10. Stress distribution of the bone tunnel wall; the first 
wedge and θ=10°. 
 
 

 
Fig. 11. Stress distribution of the bone tunnel wall; the third 
wedge and θ=10°. 
 

 
Fig. 12. Stress distribution of the bone tunnel wall; the fifth 
wedge and θ=10°. 

Table 2. Maximum Mises stresses on the bone tunnel wall 
(unit: MPa). 
 

tR

θ 
1.00mm 1.20mm 1.40mm 

6.00˚ 7.98 6.77 27.80 

8.00˚ 11.21 16.58 34.55 

10.00˚ 16.82 22.26 - 

 

 

 
Fig. 13. Contact length between the first wedge and bone 
tunnel wall. 

 

 

 
Fig. 14. Contact length between the third wedge and bone 
tunnel wall. 

 
This paper considered the point at which the bone 

tunnel stress falls below 1MPa as the point of losing 
contact with the fixation device. Figs. 13-15 show the 
contact length between the first, third and fifth 
wedges and the bone tunnel, respectively. 
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Fig. 15. Contact length between the fifth wedge and bone 
tunnel wall. 

 
From Figs. 4-12 and Figs. 13-15 it is found that, 

as the ring thickness and the expansion angle in-
creased, the maximum stress on the bone tunnel 
increased. For all ring thickness and all expansion 
angles, the contact stress and contact length rapidly 
decreased as the wedge number increased. 

Especially, when the ring thickness increased, the 
contact length rapidly decreased as the wedge num-
ber increased. When the ring thickness was 1.4mm, 
the fifth wedge hardly contacted the bone tunnel. 

The stress distribution of the device with expan-
sion angle of 6˚ and ring thickness of 1.2mm was 
almost identical for all wedges. As the expansion 
angle increased, the contact length extended in the 
first and the third wedge. Especially, when the ring 
thickness was 1.4mm, this tendency was remark-
able. 

When the expansion angle was small, the maxi-
mum stress and contact length did not show a big 
difference in the first wedge for the ring thickness 
of 1.0mm and 1.2mm. However, as the expansion 
angle increased, they showed a large difference. In 
the third wedge, the stress distribution and contact 
length for all ring thickness were similar to each 
other. In the fifth wedge, the wedge barely con-
tacted the bone tunnel as the expansion angle in-
creased. Thus, according to the selections of ring 
thickness and expansion angle, all five wedges of 
the fixation device may not perform their own roles, 
appropriately, for the initial stability after operation. 

To determine the influence of the ring thickness 
and expansion angle on the initial stability of the 
device after operation, a simulation was performed. 
The simulation computed the migration of the fixa- 

 
Fig. 16. Migration as according to the pull-out force applied 
to the fixation device. 

 
tion device upon application of the pull-out force of 
500N to the fixation device, which is the force ap-
plied at the time of rehabilitation after operation. 
Fig. 16 shows the migration of the fixation device 
for all ring thickness and for all expansion angles. 

As the ring thickness increased, the migration 
decreased. When the ring thickness was 1.4mm and 
the expansion angle was 6°, the migration was the 
smallest. When the ring thickness was 1.0mm, the 
migration decreased as the expansion angle in-
creased. However, when the ring thickness was 
1.2mm, the migration increased as the expansion 
angle increased. This tendency became more seri-
ous when the ring thickness was 1.4mm. This ten-
dency resulted because the fifth wedge maintained 
contact with the bone and resisted the pull-out force 
in the case of a smaller ring thickness. However, as 
the ring thickness increased, a higher number 
wedge, especially the fifth wedge, and the bone 
hardly maintained contact (Fig. 15) and could not 
resist against the pull-out force. 
 

5. Conclusions  

This paper proposed the self-expansion type an-
terior cruciate ligament fixation device. The device 
provided graft fixation force by maintaining contact 
with the bone tunnel through its elastic force after 
operation. The device consisted of the ring part, the 
wedge part and the link part. In order to study the 
influence of the main design parameters on the con-
tact condition and the initial fixation stability of the 
device, the three-dimensional finite element models 
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of the fixation device and the bone were developed. 
In this paper, three ring thicknesses of 1.0mm, 
1.2mm and 1.4mm, and three expansion angles of 
6˚, 8˚ and 10˚ were considered. The ring thickness 
had more influence on the maximum Mises stress 
of the ring part than the expansion angle did. This 
paper showed that when the expansion angle was 
10˚, the ring thickness must be less than 1.4mm 
because the maximum Mises stress was exceeded. 
As the expansion angle increased, the contact 
lengths of the first and third wedges were extended. 
However, as the wedge number increased, the con-
tact length decreased. This tendency was remark-
able as the ring thickness increased. This paper 
showed that all five wedges may not perform their 
own roles appropriately for obtaining initial stabil-
ity after operation according to the selection of the 
main design parameters. The migration decreased 
as the ring thickness increased at the same expan-
sion angle. However the migration increased as the 
expansion angle increased at the same ring thick-
ness. This paper showed that it is desirable to de-
sign the fixation device so that all wedges uni-
formly maintain contact with bone to obtain initial 
stability after operation. 
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