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Abstract—We used finite element (FE) method to investigate
the effect of the drilling number and entry location of holes
used in the multiple drilling technique on the stress and strain
state in femur. Different three-dimensional FE models of a
human hip joint with or without multiple drilling were
fabricated using computed tomographic images obtained
from the hip joint of a cadaver. The analysis technique was
evaluated in a compression test using the cadaver specimen
and FE analysis for the test using an FE model of the
specimen. Von Mises stresses, principal stresses, and princi-
pal strains in the cancellous and cortical bone were calculated
by using the different models, and changes in these values in
relation to drilling number and entry hole locations were
evaluated. Calculated peak values were much smaller than
the yield strength, tensile strength, and yield strain of the
cancellous and cortical bone for all cases of multiple drilling.
Our results support that the multiple drilling technique for
osteonecrosis of the femoral head is a stable operation
technique.

Keywords—Core decompression, Multiple drilling, Early

stage osteonecrosis, Finite element analysis, Femoral failure.

INTRODUCTION

Osteonecrosis of the femoral head is a recalcitrant
disease. Although its pathogenesis is not completely
understood, vascular occlusion and ischemia leading
to osteocyte necrosis is a central concept. Vascular
occlusion and ischemia can occur through three
mechanisms: vascular interruption, extravascular
compression, and thrombotic occlusion. These condi-

tions eventually lead to the death of osteocytes, sub-
sequent collapse of the femoral head, and secondary
hip joint osteoarthritis.1

There are two surgical strategies for the treatment of
osteonecrosis of the femoral head, depending on dis-
ease progression: femoral head preservation and fem-
oral head replacement. Typically, operations on the
femoral head in Ficat–Arlet stage I or II use femoral
head preservation surgery,28 such as core decompres-
sion,5,11,17,26 porous tantalum implants,25 osteot-
omy,16,33 and bone grafting.34 Operations on the
femoral head in Ficat–Arlet stage III or IV use femoral
head replacement,28 such as total hip arthroplasty.18,21

Of the preservation surgeries, the core decompression
technique, which can reduce intraosseous pressure and
restore blood flow, is widely used due to its relative
simplicity, short hospitalization period, and good
clinical results.27,30

Conventional core decompression has been con-
ducted through a subtrochanteric approach with a
single channel drilled by a large diameter (8–11 mm)
trephine. However, this large channel can induce
weakness of the femoral head and subtrochanteric
region of the femur and thus lead to structural insta-
bility of the hip joint.5 As femoral fractures have been
reported due to this instability, the multiple drilling
technique for early stage osteonecrosis (Ficat–Arlet
stage I, small lesions) has been proposed in order to
reduce this risk. This technique uses multiple small
diameter holes in contrast to the conventional tech-
nique.

Numerical studies for calculating principal stresses
in femurs after core decompression by multiple
small drilling holes showed that the multiple drilling
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technique provided a lower risk of bone fracture
compared to conventional core decompression and
core decompression with a tantalum osteonecrosis
intervention implant.9,15 Clinical follow-up results
have shown that the technique provides a successful
treatment for osteonecrosis of the femoral head with-
out serious complications.17,26 Nevertheless, also the
multiple drilling technique presents risks of femoral
failure, such as yield and fracture, due to stress con-
centration around the entry holes in the femoral sub-
trochanteric region. In order to decrease the risks from
multiple drilling, minimization of the damage by dril-
ling on the subtrochanteric region of the femur and
drilling the overlapped entry hole has been recom-
mended.5,26

In this research, we used the finite element (FE)
method to investigate the effects of drilling number and
entry hole locations used in the multiple drilling tech-
nique on the von Mises stress, principal stress, and
principal strain in the femur. Using the results, femoral
failure after multiple drillings was evaluated. The suit-
ability of FE models to evaluate human femur fractures
has been investigated byDerikx et al.8 andTanck et al.31

They compared FE analyses with experimental test re-
sults and concluded that the experimental load to failure
for the intact and drilled femur could be predicted by the
FEmodels.We also carried out a compression test using
the intact hip joint and a 3D FE analysis of the com-
pression test to evaluate our analysis technique. The aim
of this study was to show that the multiple drilling
technique for osteonecrosis of the femoral head is a
stable operation technique.

MATERIALS AND METHODS

Three-Dimensional Reconstruction of a Hip Joint

We prepared a fresh cadaver without lesions or
deformities of a 67-year-old male. It was a donated
cadaver to the Catholic University of Korea, and we
observed the guideline of Catholic Institute for
Applied Anatomy for usage of donated cadavers. The
femur of the cadaver had geometry (126.6� of the
Caput–collum–diaphyseal angle and 13.7� of the fem-
oral anteversion) and bone quality (1.060 g/cm3 of
bone mineral density and a T score of 20.2). CT
images were taken at intervals of 1 mm in the axial
plane at a neutral anatomical orientation using a 128-
channel volume CT scanner (Definition AS+; Sie-
mens, Germany). We used a field of view of
250 9 250 mm, an optimal pixel size of 0.49 mm, and
a resolution of 512 9 512 pixels as acquisition
parameters for the CT images. We used the commer-
cial software MIMICS (v10.1; Materialise, Belgium)
with the CT images to reconstruct the sacroiliac joint

and hip joint including the sacrum, coxal bone, femur,
sacroiliac cartilage, acetabular cartilage, and femoral
head cartilage. The articular cartilages were manually
reconstructed using the gaps between the sacrum and
the coxal bone and between the coxal bone and the
femoral head in the CT images because the detailed
structure of soft tissue cannot be determined with X-
ray CT system.

Geometric Modeling and Necrotic Region Definition

A geometric solid model using each reconstructed
model of the intact hip joint was fabricated using the
software Rapidform 2006 (Inus Technology Inc.,
Korea) (Fig. 1a). In order to reduce the difficulties for
whole solid modeling, only half of the sacrum was
modeled based on the symmetric structure of the lower
extremity. The geometric model of the necrotic femur
was developed through defining the necrotic region in
the femoral head. This region was determined based on
the angles in the mid-coronal and mid-sagittal images
of the femur. Both angles were set at 100� corre-
sponding to the extent of early stage small necrosis as
classified by Koo and Kim13 (Fig. 1b).

Three geometric models of the necrotic femur after
multiple drilling operations were fabricated through
Boolean operations as virtual surgical operations
(Fig. 1c).26 An entry hole in the subtrochanteric region
of the femur was defined as an overlapped hole of two
drillings of 3.2 mm diameter in different directions
toward the necrotic region. Therefore, models fabri-
cated with 3, 5, and 7 entry holes in the subtrochanteric
region contained 6, 10, and 14 drilling channels,
respectively.

Two geometric models of short hole distance and
changed entry hole position with 7 entry holes and 14
drilling channels were fabricated. In the short hole
distance model, the distance between holes was
decreased to half the hole radius. In the changed hole
position model, all holes were assumed to be drilled in
the subtrochanteric region close to the posterior region
(Fig. 1d).

Finite Element Modeling and Material Properties

In the geometric solid models of the intact hip joint
and the necrotic femurs with or without drillings, 3D
FE meshes were generated using the commercial soft-
ware PATRAN (v2008, MSC Software Corporation,
USA) (Fig. 2). The hip capsular ligaments (iliofemoral,
ischiofemoral, and pubofemoral ligaments) were
attached to the 3D FE models as 1D truss elements
based on the physiological cross-sectional area
(PCSA).10 The muscles were attached to the models as
1D spring elements. A quadratic tetrahedral solid element
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with 10 nodes was used for all the bony structure
models, and a quadratic tetrahedral hybrid continuum
element with 10 nodes, which is suitable for hyper-
elastic material, was used for the sacroiliac, acetabular,
and femoral head cartilage. For the entire FE model,
fine FE meshes of 537,000 elements and 811,000 nodes
were used, and very fine meshes were used around the
drilling entry holes (Fig. 2). With these specifications
we assumed that the calculated results would be
insensitive to further refinement or to an increase in the
number of elements.

The bony structures were assumed to be homoge-
neous, isotropic, and linear elastic.3,6 The articular
cartilages were considered as homogeneous, incom-
pressible, and hyperelastic in the neo-Hookean or
Moony–Rivlin models.14,23 In particular, the early
stage necrotic region in the femoral head was assumed

to be a homogeneous, isotropic, linear elastic material.
Its elastic modulus was determined by using the
equation E ¼ 1904q1:64,32 where q is the average
apparent density of the necrotic region defined as
q ðg=cm3Þ ¼ 0:0013 ðHUÞ þ 0:103.19 The Hounsfield
units (HU) were obtained from CT images of the early
stage osteonecrosis in the femoral head. All material
properties used for the calculations are shown in
Table 1.3,6,10,14,19,23,32

Loads and Boundary Conditions

For loading conditions, we assumed the mid-stance
phase (single leg support) of a patient corresponded to
30% of the gait cycle. An axial load of 570 N, which is
5/6 of 70 kg body weight,22,24 was applied to the
sacrum through the center of the L5S1 disc and the
facet of the sacral horn. These locations were selected
in order to realistically apply body weight and suitable
adduction moments to the hip joint models.32 In
addition, the muscle contractile forces acting around
the proximal femur were considered; these were decided
from body weight.29 For boundary conditions, the
x-direction displacements of the nodes on the symmetric
surfaces of the sacrum and coxal bones were con-
strained, and the nodes on the distal end of the femur
were fixed to prevent translation and rotation (Fig. 2).
The contact surface between the acetabular cartilage
and the femoral head cartilage was defined with a fric-
tion coefficient of 0.01. FE analysis for each model was
performed using the commercial software ABAQUS
(v6.8.1, Dassault Systemes, France).

Evaluation of Finite Element Analysis Technique

Before FE analysis of the multiple drilling tech-
nique, we evaluated the analysis technique. A com-
pression test was performed using the cadaver that was
used to take the CT images. As a specimen for the
compression test, the coxal bone and the femur with
the acetabular cartilage and femoral head cartilage of
the cadaver were preserved; all other soft tissues were
removed. The upper part of the coxal bone and the
distal part of the femur were embedded in epoxy resin
and oriented in a neutral anatomical position. They
were then mounted on the test jig of a universal testing
machine (Instron 5567, Norwood, USA) (Fig. 3a). A
super low-range (0.5–2.5 MPa) pressure sensitive film
(LLW, Fuji, Japan) was used to measure contact
pressures between the acetabular cartilage and the
femoral head cartilage. To avoid artificial errors from
film crinkle, the film was cut according to a rosette
pattern based on the femoral head diameter and was
used to wrap up the femoral cartilage (Fig. 3a). The

FIGURE 1. (a) A geometric solid model of the intact hip joint;
(b) the determined necrotic region in the femoral head; (c)
geometric models of the necrotic femur after multiple drilling
operations; (d) the short hole distance model and changed
entry hole position model.
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specimen was then vertically loaded up to 500 N
through the coxal bone for 60 s.

This test process was simulated using FE models of
the coxal bone and the femur with articular cartilages
that were constructed using the CT images of the
cadaver (Fig. 3b). Fine FE meshes of 137,593 elements
and 203,734 nodes were used. All the same element
types and material properties noted in the previous
section were used for the FE models with the exception
of the epoxy resin. We assumed that the epoxy resin
was an elastic material with the elastic modulus
E = 2.5 GPa and a Poisson’s ratio v = 0.35. The same
loading and boundary conditions of the compression
test were applied for the FE analysis. We then

compared the measured contact pressures and the
calculated values.

RESULTS

For the evaluation of the FE analysis technique, we
compared the obtained peak contact pressure and the
contact pressure distribution from the compression test
and the FE analysis (Fig. 3c). The peak contact pres-
sures were 2.45 MPa and 2.39 MPa from the com-
pression test and FE analysis, respectively. The
concentrated pressure regions obtained from both
methods were located in the anterior part of the

FIGURE 2. FE model of the hip joint with or without femoral drillings and its boundary conditions.

TABLE 1. Material properties used for the analysis.

Tissue E-modulus (MPa) Poisson’s ratio

Sacrum6 17,000.0 0.30

Coxal bone (cortical/cancellous)6 17,000.0/70.0 0.30/0.20

Femur (cortical/cancellous)3 15,100.0/445.0 0.30/0.22

Early necrotic femur19,32 332.9 0.3

E-modulus (MPa) PCSA (mm2) Poisson’s ratio

Iliofemoral ligament_Superior10 113.3 120 0.40

Iliofemoral ligament_Inferior10 242.2 92 0.40

Ischiofemoral ligament10 99.5 81 0.40

Pubofemoral ligament10 98.0 98 0.30

Articular cartilages14

(Sacrum and Acetabulum)

Mooney-Rivlin,

C10 = 4.1 MPa, C1 = 0.41 MPa, D1 = 0

Femoral head cartilage23 Neo-Hookean, G = 13.6 MPa
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FIGURE 3. (a) The compression test setup and wrapped femoral head using the pressure sensitivity film; (b) its FE model and
boundary conditions; (c) obtained contact pressure distributions.
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femoral cartilage. The two methods showed similar
patterns of contact pressure distribution in the femoral
cartilage (Fig. 3c). This confirmed the applicability of
our FE analysis process to analyze the effects of the
multiple drilling technique.

To evaluate the effects of drilling numbers on fem-
oral failure, the von Mises stress, principal stress,
and principal strain of the femur were calculated and
compared with the yield stress, tensile strength, and
yield strain of the femur, respectively. Figure 4a shows
the von Mises stress distributions of the intact femur
model and the model with 14 drilled channels in the
subtrochanteric region. The stress distribution of the
subtrochanteric region close to the posterior region of
the femur in the intact femur model was higher than
that of the other region. In the 14 channel model, we
found increased stress around the entry holes com-
pared with the stress distribution in the intact femur
model. The highest stress concentration was found
around the entry hole at the subtrochanteric region
close to the posterior region. In Fig. 4b, the principal
strain distributions in the intact femur model and the
14 channel drilling model were compared. The 14
drilling model showed increased principal strain dis-
tributions, with the highest strain concentration found
around the entry hole in the same region having the
highest concentration of von Mises stress.

The peak values of the von Mises stress in the
cancellous and cortical bone are plotted in Fig. 5a. No
notable changes in peak values were found between the
intact model and the necrotic femur model; these
showed stresses of 0.39 and 0.40 MPa in the cancellous
bone and 9.20 and 9.35 MPa in cortical bone, respec-
tively. However, peak values in the drilling model
changed in relation to the number of drillings. For 6,
10, and 14 drilling models, the values were 0.64, 0.65,
and 0.71 MPa in the cancellous bone and 23.55, 23.13,
and 31.17 MPa in the cortical bone, respectively. Our
results indicated that all the values for the cancellous
and cortical bones were less than the yield strength of
2.44 MPa for the cancellous bone20 and 104 MPa for
the cortical bone.2

Figure 5b shows the peak values of the principal
stress in the cancellous and cortical bone. The peak
value trend changed depending on the number of
drillings and was similar to that of the von Mises
stress. In the intact and necrotic femur models, we
obtained approximately the same peak values for the
cancellous bone (0.25 and 0.26 MPa, respectively) and
cortical bone (9.30 and 9.54 MPa, respectively). For
the 6, 10, and 14 drilling models, the values were 0.72,
0.74, and 0.86 MPa in the cancellous bone and 23.94,
23.24, and 31.57 MPa in the cortical bone, respec-
tively. We also found that all the values were small
compared with the tensile strengths of the cancellous

and cortical bone, which were 3.5 MPa7 and
122 MPa,12 respectively.

The peak values of the principal strain in the can-
cellous and cortical bone are plotted in Fig. 5c. In the
intact and necrotic femur models, the peak values were
669 9 1026 and 678 9 1026 in the cancellous bone and
600 9 1026 and 610 9 1026 in the cortical bone,
respectively. Similar peak values of the principal strain
in the cancellous and cortical bone were observed in
both models. Peak values for the 6, 10, and 14 drilling
models increased compared to those of the intact
model to 1528, 1526, and 1766 9 1026 in the cancel-
lous bone and to 1570, 1533, and 2070 9 1026 in the
cortical bone. The obtained values showed that all the
peak principal strain values of both the cancellous and
cortical bone were less than the yield strain of
6100 9 1026 of the cancellous bone20 and 6800 9 1026

of the cortical bone.4

The 6 drilling and 10 drilling models showed similar
peak values for von Mises stress, principal stress, and
principal strain in the cancellous and cortical bones,
while the 14 drilling model showed increased peak
values compared to 6 and 10 drilling models. These
results were related to the locations of the entry holes
in the subtrochanteric region because the location of
the nearest entry holes to the posterior region for both
the 6 drilling and 10 drilling models were approxi-
mately the same (arrows, Fig. 2). Similar peak values
of all the parameters were found around the holes.
However, one entry hole of the 14 drilling model was
closer to the posterior region than the holes of the 6
and 10 drilling models. The higher peak values were
found around the hole.

To evaluate the effects of entry hole location, two
models of short hole distance and changed entry hole
position with 7 entry holes and 14 drillings were used
for calculation of the von Mises stresses in the femur
(Fig. 4c. We found that the models did not show a
broad region of concentrated stresses. The calculated
peak values of von Mises stress in the two models were
33.13 and 27.03 MPa, respectively, and did not show a
notable increase in peak values compared to those of
the multiple drilling model prior to changing the entry
hole location.

DISCUSSION

We used FE analyses with FE models of various
multiple drillings to investigate the effects of drilling
number and entry hole locations of the multiple dril-
ling technique. The results showed that the peak values
of von Mises stress, principal stress, and principal
strain around the entry holes of the cortical bone and
cancellous bone increased compared to those of the
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intact femur, depending on the number of drillings.
However, in all cases of multiple drillings, these peak
values were less than the yield strength, tensile
strength, and yield strain of the cancellous and cortical
bone. The effect of entry hole locations was also
evaluated using a short hole distance model and a
changed entry hole position model with 7 entry holes
and 14 drillings. Both models showed that the changed
location of entry holes did not increase peak values of
von Mises stresses notably and did not broaden the
region of concentrated stress compared to the multiple
drilling model before the entry hole locations were
changed.

An FE model of an entry hole with 5 drilling chan-
nels of 3.2 mm diameter in a femur was prepared by
Floerkemeier et al.9 and Lutz et al.15 The model was
used to calculate the maximum principal stresses around
the entry hole under assumed loading cases, such as
normal walking, walking down stairs, and accidental

stumbling. They found that multiple small drillings induce
very low principal stresses in the femur compared with the
tensile or compressive strength of the femur. Therefore,
they concluded that the multiple small drilling technique is
safe with respect to the risk of femur fracture. The clinical
study of Mont et al.18 showed that no fractures were
observed in 45 patients who were exposed to reduced
weight bearing for 5–6 weeks.

Song et al.26 used multiple drilling with an increased
number of entry holes and drilling channels. They used
Steinmann pins of 3.5 mm diameter to drill 2–8 entry
holes with 4–22 drilling channels, depending on the
lesion size, in the femoral head. Their clinical follow-up
results showed that the multiple drilling operation was
successful in 15 patients with small lesions, and these
were without complications and reoperation after
5 years. These clinical results support the appropri-
ateness of our numerical results because our results
showed low calculated values of the von Mises stresses,

FIGURE 4. Representative distributions of (a) von Mises stress and (b) principal strain in the femur and (c) von Mises stress
distributions in the cortical bone of the short hole distance model and the changed entry hole position model.
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FIGURE 5. Peak values of (a) von Mises stress, (b) principal stress, and (c) principal strain in the cancellous and cortical bone
according to the model type.
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principal stresses, and principal strains in the femur
compared to values for femoral failure.

This study has some limitations. First, only one
loading state of normal walking (30% of the gait cycle)
was considered as the applied load to the FE model of
the hip joint. For more precise evaluation of the mul-
tiple drilling technique, FE analysis using the loading
states of walking downstairs and accidental stumbling
are needed. However, the resultant force of accidental
stumbling, which is a severe loading state, is about two
to three times that of a normal walk.15 Because of the
large difference between the calculated peak values and
femoral failure values (Figs. 5a–5c), we assumed that a
similar result for the stability of the multiple drilling
technique could be anticipated even though we applied
the loading state of accidental stumbling.

Second, the material properties of each soft tissue
assigned in this research were assumed to be homo-
geneous, isotropic, and linear elastic or hyperelastic in
spite of more actual assumption for the material
property, which was anisotropic and viscoelastic. In
addition, effective elastic moduli were used for the
cortical and cancellous bones except in the early stage
necrotic region. To avoid the complexity of defining
the material properties of muscles and ligaments, we
adopted simple material behaviors, which have been
documented by other researchers. The suitability of the
assumed material properties of the cartilages, cortical
bone, and cancellous bone was confirmed by our
compression test.

Finally, we used only one cadaver specimen for the
evaluation of our analysis technique. For the valida-
tion of our analysis technique, more cadaver tests and
their FE analyses should be carried out and compared.
However, our test results from the one test were in
agreement with the results of the FE analysis.

In summary, we conclude that the multiple drilling
technique for core decompression can be regarded as a
considerably stable technique to prevent femoral fail-
ure. Based on our results, we suggest that commonly
proposed long postoperative rehabilitation procedures,
such as toe-touch weight bearing using crutches for
5–6 weeks, full weight bearing for 3 months, and high-
impact loading (jogging and jumping) for 12 months,
after the multiple drilling operation may be modified to
a shorter rehabilitation period based on the age, bone
mineral density, and weight of patients.
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