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Abstract: This article presents new intramedullary (IM) nail design for femur diaphyseal fractures osteosynthesis. Biomechanical 
comparison of the two IM nails (standard locking and new developed) was conducted. Femur medullary canal architectonics was studied 
with the help of computer tomography (CT) data. Three-dimensional (3D) models of the femur, its transverse fracture, standard locking nail 
and new developed nail were constructed as well as the bone-implant system models. Stress-strain state of the bone-implant systems 
under three types of loads (axial, lateral and torsional) was studied using finite-element method in commercial software Ansys 14.0.  
Numerical results showed that new nail allows proximal fragment of the bone to move in an axial direction. New nail provides necessary 
compression at fragments junction. It was revealed that the highest values of effective stress (ES) for the standard nail were concentrated 
at contact area between locking screws and nail for all investigated loads. For the new nail the highest values of ES were concentrated on 
its body and blades at proximal region. Moreover, stresses occurred in the new nail were smaller than stresses appeared in the standard 
nail. This conclusion is valid for three investigated types of loads. So the new nail does not have serious disadvantages of standard nails.  
From the biomechanical point of view the new nail is more preferable for diaphyseal femur fractures osteosynthesis. 
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Introduction  

Interlocked intramedullary (IM) nail, common in trauma and 
orthopedics, in terms of bones physiology have serious 
disadvantages. Nail blocks intraosseous blood supply, splints 
power loads on the limb when walking. Moreover, resorptive 
diastasis forms between the bone fragments that leads to the 
slowing of the bone formation. Postoperative complications such 
as non-union of the bone fragments, delayed union, implant (nail 
and screws) or the bone fracture still present. 

Fracture stabilization is achieved with the help of screws which 
are installed through the bone at the nail ends. Locking screws add 
torsional stiffness and pull bone fragments together to achieve 
stability of the bone-implant system. There is a problem of 
rotational forces on the locking screws. Such bone-implant system 
is static and a surgeon can't control reparative processes in these 
conditions without repeated surgical interventions which have to 
be made to dynamize bone fixing system. So the IM locking 
(without screws) of nails theoretically is more preferable. 
Moreover, the presence of the holes and screws in the nail design 
introduces the possibility of the implant and screw breakage [1, 2]. 
Researchers focus on high stress values that occur on locking 
screws and IM nail [3]. The influence of the distance from the 
distal locking screw to the fracture on the effective stress (ES) in 
the screws was investigated [4]. Two situations were analyzed: 
with and without contact between nail and cortical bone. Stresses 

in screw were higher without contact than with contact between 
nail and cortical bone. 

It is evident that the design of the standard nail with locking 
screws itself generates stress concentrations. Therefore, 
researchers try to introduce new models of IM nails which can be 
fixed in the medullar canal without locking screws or with the help 
of proximal screws only. 

Ingrassia and coauthors [5] numerically investigated the new 
IM nail with expanding lower end. Modeling showed good stability 
of the bone-nail system in case of axial and torsional loading. ES 
values on screws and nail were between 130 and 280 MPa. Thus, 
according to the authors, the new implant in addition to a 
simplified installation procedure provides better stability of bone 
fragments than standard nails. 

Kajzer et al presented [6] the new IM nail with distal 
expandable end and investigated numerically the nail-femur 
system under axial and torsional loading at different healing 
states. Results showed the risk of bone tissue damage at fragment 
junction and at contact zone between the distal end of the nail and 
inner surface of the femur. Further studies are needed to 
investigate the stability loss of the distal end of the new IM nail. 

Thus the problem of the new IM nail development is relevant. 
Such a nail shouldn't have disadvantages of today implants. Design 
of the new nail should be adequate to the bone morphology and 
architectonics of medullar canal and should provide good stability 
of the bone fragments. Such a nail should allow the bone 
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fragments to interact with each other at the fracture area and 
provide necessary compression at their junction.  

At preclinical stage this problem can be solved with the help of 
biomechanics. The purpose is to calculate stress-strain state of the 
bone-implant system and to predict the behavior of such a system 
after surgery under different loading conditions. It is important not 
only to develop shape and design of the nail, but also to test it in 
the conditions close to real. Therefore it is necessary to restore a 
realistic geometry of the bone, to select appropriate forces acting 
the bone-implant system and to apply adequate constraints.  

This work is dedicated to the engineering design of the new IM 
nail which is protected by Russian patent № 115646. The paper 
presents analysis of the bone-implant system stress-strain state 
under the influence of various stationary loads (axial, lateral forces 
and torsional moment). Loads were applied to the head of the 
bone. Two types of IM nails (standard lockable (ChM Ltd., Poland) 
and new developed) were investigated.  

Three-dimensional (3D) model of the femur was built using 
computer tomography (CT) data of the real patient. 3D models of 
the bone-implant systems were imported into Ansys 14.0 for the 
finite element analysis. Calculations revealed mechanical 
characteristics and advantages of the new nail which were 
compared with standard implant. 

 

Material and Methods 

New nail is presented on Figure 1 in two projections. It has a 
general form of a “rocket” and an internal canal for the elastic 
blocking element in one of the femur condyles. Its geometry has 
three edges that are adapted to the anatomy of the femur 
proximal part. These features eliminate rotational mobility of the 
bone fragments. Contact area between nail and bone tissue 
increases significantly. Distal part of the nail has 2 holes. One for 
distal cortical screw and the other oval hole is associated with 
internal canal. The oval hole is made for the flexible spoke which 
should be fixed inside the femoral condyle. 

Human femur realistic 3D model (Figure 2a) was created on 
the basis of CT images with the help of SolidWorks 2008 software 
(Dassault Systems SolidWorks Corp). CT scans were collected in 
Saratov Scientific Research Institute of Traumatology and 
Orthopedics. It was revealed that optimal periodicity of CT images 
should be 2-5 mm. In areas with slight changes of bone geometry 
frequency of CT images should be at least 5-10 mm. It was noted 
that large number of CT images allowed taking into account 
particular qualities of the bone structure. On the contrary, a 
smaller number of images give smooth surface of the bone, but in 
this case it is impossible to take into account all parameters of the 
femur geometry. SolidWorks was also used to model a transverse 
fracture 32-A3.2 [7]. 

3D femur models were used for the bone morphological 
characteristics measuring. In proximal part of the femur a peculiar 
internal metaphyseal architectonics was found. Size of the 
medullary cavity changed from 54.0±1.6 mm in the neck region of 
the femur to 31.0±1.3 mm in the middle of the lesser trochanter. 
Depiction of the femur cortical layer inner surface at the level of 
lesser trochanter is shown on Figure 2b. It was found that the 
Adams arc of the femoral neck is strengthened by the bone 
structure in the inner thigh in the area of lesser trochanter. Its 
length is about 18 mm. Transverse sizes of this structure are about 
8-10 mm. 

 

 

Figure 1. Two projections of the new nail 

 

 

 

a 

 

b 

Figure 2. a) Shape and size of the femur inner cross sections at the 
trochanteric zone (sizes are in mm); b) CT cross-sections and 3D model of 
the femur 

 

Figure 3 shows self-stabilization of the developed nail in 
proximal part of the femur.  

3D static problems of the elasticity theory with contact 
interaction between bone fragments, IM nail and screws were 
solved numerically in commercial software Ansys Workbench 14.0 
(Ansys Inc., Canonsburg, PA, USA) with the help of finite element 
method.  
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Figure 3. New nail self-stabilization in proximal part of the femur 

 

 
Table 1. Contact types 

Contact Type Description 

Bone-Nail 
Nail-Screw 
Bone-Bone 

Frictionless Contact surfaces are allowed to slide freely 
and contact can open and close depending 
on the loading. 

Bone-Screw Bonded Both surfaces are bonded like glue. They 
are not allowed to separate. Not allowed 
to Slide. 

 
 
Table 2. Load values and types 

 Loading type Value 

1 Axial force 600 N, 800 N, 1000 N 
2 Lateral force 100 N 
3 Torsional moment 10 Nm 

 

 

To determine optimal size of the mesh elements (to achieve 
mesh which has no effect on numerical results) mesh convergence 
problem was solved. It was found that size of the mesh elements 
should not be more than 0.5 mm. Because of the complexity of 
geometric models tetrahedral computational mesh consisting of 

10-node non-linear finite elements (SOLID187 with translations in 
the nodal X, Y, and Z directions in each node) was used. SOLID187 
has a quadratic displacement behavior and is well suited to 
modeling irregular meshes. Large deformations (geometric 
nonlinearity) of the bone, nail and screws were taken into account. 
The number of nodes for femur, nail and screws was about 
1,000,000 for each model of the bone-nail system. 

Frictionless contact type was assumed between bone tissue, 
nail and screw structures. The same type of contact was assumed 
for the fracture surfaces to account for sliding, separation and 
force transmission between fracture fragments. The screw threads 
were not modeled and bonded contact type was assumed 
between screws and bone tissue [8]. Contact types are shown in 
Table 1. 

Material of the bone fragments was supposed to be 
homogeneous, perfectly elastic, isotropic with Young's modulus of 
1.8*10

9
 Pa and a Poisson's ratio of 0.33. Nail material was also 

perfectly elastic isotropic (stainless steel with Young's modulus of 
1.95*10

11
 Pa and a Poisson's ratio of 0.33). Distal end of the bone 

was fixed. Three types of loading conditions were investigated. 
Axial, lateral forces and torsional moment were applied to the 
femur head. Types and values of the studied loading conditions are 
shown in Table 2. 

 

Results 

Aim of the numerical simulation in this study was to calculate 
and compare stress-strain state of the bone-implant systems for 
different implant and loading types. Results for the standard ChM 
nail will be presented further. Figure 4 shows ES distribution in 
ChM nail and screws in case of 600 N axial force. Highest values 
were achieved at fracture area and at contact area between nail 
and one of the lower screws. Similar stress distribution was 
observed for 800 N (Figure 4b – ES on proximal screws, max value 
is 380 MPa) and 1000 N axial forces (highest values of the ES were 
about 420 MPa). The highest ES values in case of lateral load were 
localized at contact area between nail and one of the lower 
screws. ES reached values of 380 MPa. In case of loading with 10 
Nm torsional moment maximal stresses were also concentrated at 
the lower screw and reached critical values (550 MPa). 

Next, we present results for the new nail. Figure 5 shows ES 
distribution in the femur–new nail system under 1000 N axial 
loading (upper bone fragment is hidden). Figure 5 shows that 
under axial load the highest ES values occurred in the nail body. 
Figure 5 also demonstrates that the lower locking screw is less 
loaded than in the case of ChM nail. Therefore its deformation and 
possible damage are considerably reduced. 

For the lateral force the highest ES values were concentrated 
on the nail itself at the bone fracture area and on its blades 
(Figure 6). Locking screw was also practically unloaded. ES values 
were not critical for the nail material (max value were not more 
than 140 MPa).  

In case of 10 Nm torsional moment, we have got stress 
distribution showed on Figure 7. ES values were not higher than 
300 MPa. 

Comparative data on the highest ES obtained for investigated 
nails is presented in Table 3. 
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 a 

 b 

Figure 4. a) ES distribution in the standard nail under 600 N axial loading; 
b) ES distribution in the proximal part of the standard nail under 800 N 
axial loading 

 

 
Table 3. The highest ES observed in IM nails 

№ Type and value of load 
ES, MPa 

ChM nail New nail 

1 Axial 600 N 220 200 
2 Axial 800 N 340 250 
3 Axial 1000 N 420 350 
4 Lateral 100 N 380 140 
5 Torsional 10 Nm 550 300 

 

 

Figure 5. Distribution of the ES in the new IM nail under axial 1000 N 
loading. 

 

 

 

Figure 6. Distribution of the ES in the new IM nail under lateral 100 N 
loading 

 

 

 
Figure 7. Distribution of the ES in the new IM nail under torsional 10 Nm 
loading 

 

 

 
 
 
 
Table 4. Maximal displacements of the bone head  

№ 
Type and value 

of load 
Maximal displacements of the bone head, mm 

New nail ChM nail 

1 Axial 600 N 1.31 1.11 
2 Axial 800 N 1.55 1.26 
3 Axial 1000 N 1.97 1.65 
4 Lateral 100 N 2.95 3.36 
5 Torsional 10 Nm 0.62 1.20 
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Comparative data of the maximal displacements of the bone 
head for standard and new nails are shown in table 4. Under axial 
load displacement of the bone head for standard ChM nail 
(displacement is 1.11 mm) is smaller than for the new nail 
(displacement is 1.43 mm) installation. For lateral and torsional 
loads situation changed. Both of the nails showed similar stiffness 
under lateral loading. In case of 10 Nm torsional moment the new 
nail (displacement is 0.62 mm) was twice more stable than 
standard ChM nail (displacement is 1.20 mm). 

 

Discussion 

Despite the fact that lockable IM nails provide high stability of 
long bone fractures [9], they have serious disadvantages. Primarily, 
non-union of the bone fragments usually happen due to breakage 
of the distal screws and/or distal part of the nail. Therefore, the 
actual problem now is to improve characteristics of the standard 
nail or to develop design of the new implant which would take into 
account disadvantages of standard IM nails. This problem should 
be solved at preclinical stage with the help of biomechanics and 
computer modeling methods. Improving the mechanical 
performance of the IM nail properties could avoid its breakage and 
resulting clinical complications. Usually researchers use the finite 
element method for the analysis of the IM nails mechanical 
characteristics [5, 6, 8]. This is a valuable tool to analyze the stress 
and strain in the bone-implant system and obtain advantages and 
disadvantages of IM implants. To perform a biomechanical analysis 
of the bone-nail system one need to know a lot of mechanical and 
geometric parameters. These include the precise geometry of the 
bone and implants, adequate loading and strain conditions, 
properties of the materials. 

While constructing 3D models of bones researchers pay 
attention to bone morphology and structure of the femoral head. 
Little attention is paid to the architectonics of the medullary canal 
which, in our opinion, is playing an important role in studying 
stress-strain state of the bone-implant system under loading 
conditions. It is important to take into account morphology of the 
contact surface, value of the gap [10] and the contact interaction 
between bone fragments, implant and screws. Often 3D bone 
models are simplified and smoothed. Nevertheless, in a number of 
papers authors leave 3D bone models in original form which were 
obtained from CT data [11, 12]. Such geometry is suitable for 
numerical calculations, however, the boundary conditions (BC) 
statement; meshing and other operations are more complicated. 
So in this study it was decided to construct realistic bone geometry 
on the basis of CT data, but for the convenience of the numerical 
simulation and BC statement smooth curves were used to 
approximate bone cross-sections. So it was possible to construct a 
smooth and realistic geometry of the femur. The construction of 
the femur bone 3D model was divided into two stages. At the first 
step the CT data was used and isolated cross-sections of the femur 
were created. Then slices were imported into SolidWorks system 
[8] where they were outlined manually using splines. Thus 
obtained closed loops were then connected into the smooth 
volume (Figure 2b). 

Many scientists study the mechanical parameters of cortical 
and trabecular bone tissues. Trabecular bone has significantly 
anisotropic structure. A number of studies showed that in terms of 
mechanical properties it can be considered as isotropic [13-15]. To 
simplify the formulation of the problem we assumed that cortical 
and trabecular bone tissues were isotropic. A comparison of finite 

element analysis, synthetic femurs and human cadaveric femurs 
suggests that isotropy and linearity is a fairly good approximation 
of the femur bone tissue behavior [16-18]. Range of the bone 
tissue elastic moduli variation is large enough [19]. This is due to 
differences in research methods, methods of sample preparation 
etc. Most researchers conclude that the elastic modulus of 
trabecular bone is 20-30% lower than the elastic modulus of 
cortical bone [20-22]. Nevertheless, several authors argued that 
elastic modules of the cortical and trabecular bone tissues are 
identical or differ insignificantly [23, 24]. In this work to simplify 
the construction of the bone geometry, problem statement and its 
solution we considered homogeneous bone. Cortical and 
trabecular tissues had identical mechanical properties. We used 
the empirical formula [25] to obtain mechanical properties of the 
studied femur on the basis of CT data. 

Researchers often investigate axial, lateral and torsional 
loading of the bone-nail systems [26]. Lower end of the bone is 
usually constrained [18, 27]. Values of axial forces vary from 450 to 
1000 N [18]. The value of torsional moment as a rule is about of 10 
Nm [28, 29]. 

Now we will discuss numerical results for the standard and 
new nails. 

Axial stiffness of the bone-implant system for the new nail was 
between 500 and 521 N/mm and for the standard nail – between 
632 and 637 N/mm. Stiffness of the bone-implant system for the 
standard nail was 26% higher compared with the same stiffness for 
the new nail. Nevertheless, the new nail provides required stability 
of the fracture under investigated axial loads. In case of lateral 
force the new nail provides a greater stiffness than the standard 
nail. Displacement of the femoral head for the new nail was 2.95 
mm and 3.36 mm for the standard nail. So the new nail showed 
lower axial stiffness than the standard, indicating that the proximal 
fragment in this case is more mobile in the axial direction. This 
confirms that the dynamization procedure is not required for the 
new nail. 

In the case of torsional moment max displacement of the 
femur head for the new nail was 0.62 mm and for the standard 
nail – 1.20 mm. These data suggest that the new nail provides 
higher (practically twice) stability under torsional loads than the 
standard nail. 

Numerical results for the standard ChM nail showed that in all 
three cases of loading ES reached the highest value at the lower 
screws that hold the nail. This can be explained by the fact that 
under such loading and method of fixing, the greatest load is 
applied to the lower screws and the nail acts as a lever. High 
(compared to the other areas) stresses occurred in the nail in the 
area of the bone fracture. It is also understandable – two 
fragments are held by the nail, which in this formulation of the 
problem is working towards a break. 

For the axial loading the highest values of ES were far from the 
ultimate strength of the standard nail material. Lateral force (max 
stress is 380 MPa) and torsional moment (max stress is 550 MPa 
and close to the ultimate strength of the stainless steel) applied to 
the femoral head causes the highest ES in screws and ChM nail 
which can lead to their possible failure. 

The lower locking screw of the new nail was less loaded. In 
case of lateral force ES in the new nail were not more than 140 
MPa. For the torsional loading maximum value of the ES were not 
more than 300 MPa. These values are practically twice lower than 
for the standard nail. So, for the all types and values of the 
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investigated loads stresses occurred in the new nail were smaller 
than stresses obtained in the standard lockable nail.  

Numerical results for the standard nail were similar to the 
results obtained by authors in [3]. It also confirms the adequacy of 
the model that was used in the calculations.  

However, static boundary problems presented in this article 
are insufficient for a complete description of the IM nail behavior. 
Only static forces were considered in this research and muscle 
forces, joint reaction forces were not included. Despite these 
limitations, presented work provides an accurate numerical model 
to assess stability of the fracture fixation. Biomechanically the new 
nail showed good results in transverse fractures in comparison 
with standard lockable ChM nail.  

 

Conclusion 

Results of this work are the first step in biomechanical 
research of the new nail system. Therefore our future studies will 
focus on dynamic problems calculation in case of physiological BC. 
Heterogeneous and anisotropic mechanical properties of cortical 
and trabecular bone tissues will be considered in future 
investigations. Also more complex femur fractures (31-A1.2 and 
32-B2.2) will be studied. It will help to examine properties of the 
developed nail and identify its advantages and disadvantages more 
accurate and realistic. 

 

Conflict of interest: none declared. 
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