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AND STRAIN IN PROLONGED FEMUR: FE STUDY
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Abstract: The presented study deals with the influence of the two femoral neck angles – the anteversion angle
and the angle of inclination – on stress and strain in femur lengthened with the intramedullary distraction nail.
Five variants of geometry model of femur were created from the CT data for the purpose of this study. All
femurs were scaled to the same length. The range of angles of the specimens used in this study was 0.2 °–27.8 °
for the angle of anteversion and 114.0 °–141.6 ° for the inclination angle. The osteotomy and lengthening by
30 mm were simulated for each variant of geometry and the intramedullary distraction nail and screws were
then inserted. The influence of femoral neck angles was investigated on the stress in the nail, the strain intensity
in callus and the deformation along the mechanical axis. The results suggest the influence of the angle
of inclination on the max. stress in nail and the influence of the anteversion angle on the max. strain intensity
in callus and the deformation along the mechanical axis.
Keywords: Limb lengthening, Femoral neck angles, Distraction osteogenesis, Intramedullary
distraction nail, FEM.

1. Introduction
To get back on one’s feet can be a difficult deed, especially when you have legs of uneven length. This
condition is known as leg length discrepancy and is associated with back pain, altered gait patterns or
various musculoskeletal disorders such as arthritic changes or scoliosis (Gurney, 2002).
When treated surgically, the method of choice is usually limb lengthening by distraction osteogenesis
(Sailhan, 2011). Distraction osteogenesis using intramedullary distraction nail (IMDN) is a modern
alternative to the old Ilizarov-type external distractors that allows the patient more extensive physical
activity during the treatment resulting in compressive strain in callus, which is important for the successful
outcome (Schuelke, 2018). Deeper understanding of the effect of the individuality of patient’s anatomy
could provide means for a more effective treatment.
The aim of this study was to assess the influence of two femoral neck angles on stress and strain in femur
with IMDN. Computational modeling using the finite element method was chosen for the purpose of this
study.
2. Materials and methods
For the purpose of this study, five geometrical models of femurs were created from CT data. The geometry
consisted of cortical part with medullar cavity and proximal and distal cancellous parts. All femurs were
scaled to have the same length.
The femoral anteversion angle and the angle of inclination (see Fig. 1) were then measured for each of the
femurs. The measurements were done according to the methodology presented in Hartel (2016) and are
presented in Tab. 1.
The geometry model of retrograde IMDN with five screws was created (Paley, 2015). Retrograde IMDN
(see Fig. 2a) with diameter 10.7 mm and length 215 mm was inserted into each of the five femurs, the point
of entry being the intercondylar fossa. To simulate the over-reaming of the canal during the surgery, the
nail insertion canal was made 2 mm wider than the nail diameter (Fragomen, 2017). The femurs were cut
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at the distal part of diaphysis and the distraction of 30 mm was simulated. The callus shape was identical
in all variants with only minor differences in callus volume (< 3 %).

Fig. 1: a) Femoral anteversion angle; b) angle of inclination.
Tab. 1: Anteversion angles and the angles of inclination of each femur.
Femur no.

Anteversion angle [°]

Angle of inclination [°]

1

26.4

122.5

2

7.6

123.6

3

0.2

141.6

4

27.8

114.0

5

3.1

122.3

Fig. 2: a) Geometry model of IMDN; b) one variant of the complete geometry model with boundary
conditions.
The computational models were solved using ANSYS 2019 software. The geometry was discretized using
quadratic hexahedral and tetrahedral elements. Mesh sizing was based on a preliminary mesh sensitivity
study, mesh consisted of approximately 1 900 000 elements (based on the variant of geometry).
Boundary conditions used in this study are depicted in Fig. 2b. Femurs were loaded with two forces – hip
force FH (1000 N) and trochanteric force FT (680 N); their magnitudes were calculated according to the
one-legged-stance equilibrium on lower limb. Displacements on parts of condyles were set to zero in all
directions and for one point on femoral head, the non-zero displacement was allowed only in the direction
of the mechanical axis (Behrens, 2009).
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Contact behaviour of bone/bone and bone/screws contact pairs was assumed to be bonded. The contact
pairs of IMDN/screws and IMDN/bone were assumed to be frictional with frictional coefficients 0.1 and
0.37, respectively (López-Campos, 2018).
All material properties were assumed to be linear elastic, isotropic and homogeneous. Material properties
of cortical bone were E = 17 GPa and µ = 0.3 and of cancellous bone E = 1.3 GPa and µ = 0.3 (Wang,
1998). The callus was prescribed material properties E = 3 GPa and µ = 0.33 (Isaksson, 2006). IMDN and
screws were made from Ti6Al4V with E = 110 GPa and µ = 0.3 (Kikuchi, 2006).
3. Results and discussion
For the analysis, following quantities were extracted from the results: the maximum von Mises stress in
nail, the maximum deformation along the mechanical axis and the maximum strain intensity in the callus.
In Fig. 3, results plotted separately against the anteversion angle and the angle of inclination are presented.

Fig. 3: Max. von Mises stress in nail vs. the anteversion angle (a) and the angle of inclination (b); max.
strain intensity in callus vs. the anteversion angle (c) and the angle of inclination (d); max. def. along the
mechanical axis vs. the angle of anteversion (e) and the angle of inclination (f).
Strong positive correlation (r = 0.994, p-value 0.001) was found between the max. von Mises stress in nail
and the angle of inclination (see Fig. 3b). Almost no effect of angle of anteversion was found regarding the
max. von Mises stress in nail.
The variants with lower anteversion angle showed much lower max. deformation along the mechanical axis
(r = 0.872, p-value 0.054; see Fig. 3e) and max. strain intensity in callus (r = 0.820, p-value 0.089; see
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Fig. 3c) than the variants with higher angle of anteversion. Weak correlations were found between those
two quantities and the angle of inclination.
Very different patterns of von Mises stress isolines were observed in nails (see Fig. 4), however, the
maximum values of Von Mises stress were in all cases near the connection of the two nail parts.

Fig. 4: Von Mises stress in nail [MPa].
4. Conclusions
The results suggest that the anteversion angle has a significant influence on the strain intensity in callus and
on the deformation along the mechanical axis when comparing their maximum values. The angle of
inclination was found to have a major influence on the maximum von Mises stress in the nail.
Despite the fact that the femoral neck angles of studied specimens are very diverse (see Tab. 1), the number
of specimens used in this study was only five. If possible, further verification of presented conclusions is
to be done with a higher number of different femur specimens.
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