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ABSTRAC

Purpose: The paper presents results of experimental analysis of femur and femur — expandable intramedullary
nail system. The aim of the work was to determine displacement in three models. In addition, the torsion of the
system aiming at determining the moments depending on the torsional angle of the bone was carried out.

Design/methodology/approach: Three femurs were selected for studies. The analysis was carried out on the
femur — expandable intramedullary nail system. The influence of the loads and displacements on the bone — nail
system on the results of experimental analysis was analysed. In order to carry out calculations, three models were
selected: model | — bone without fracture gap, model Il and Il — femur with expansion intramedullary nails —
fracture gap was located 100 mm under greater trochanter. The studies were performed on femur models produced
by Swedish company Sawbones. The intramedullary ,,Fixion IM” nails (Ti-6Al-4V alloy) were implanted into
the bone. Displacements of determinated models were being recorded from the sensors every 100 N from 10 N
to 2000 N.

Findings: The analyses showed the difference in displacements, depending on the selected models.

Research limitations/implications: The limitations were connected with simplification of boundary
conditions during analysis which were the result of the simplification of the models. While studying, muscles and
ligaments supporting the bone in anatomic position were not taken into consideration. Instead, the system has been
loaded with the axial force (compression).

Practical implications: The obtained results can be useful in clinical practice. They can be applied in selection
of stabilization methods or rehabilitation as well as in describing the biomechanical conditions connected with type
of bone fracture obtained from medical imaging.

Originality/value: . The work compares the values of displacement of characteristic points of femur (healthy
— model 1) with the femur — expandable intramedullary nail system (models Il and 111) with the applied force. In
order to estimate the value of the torsional angle of the upper part in relation to the lower one depending on the
applied force, the torsion of the model was conducted. On this basis, it was indicated a maximum moment in which
the nail would not become loose in medullar canal.
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1. Introduction

In last few years along with the dynamic development in
science, a significant progress in medicine was made. The
growing demand for biomaterials and at the same time decreasing
age of users make medicine constantly improve its achievements,
and that is further costs reduction, onerousness and time of
treatment.

The complexity of the bionics of movement and implant’s
behaviour in a tissue environment requires materials of particular
properties. A tissue environment containing chlorides creates very
good conditions for corrosion; what is more, variable loads
increase its risk.

Metallic biomaterials have found wide application in
reconstructive surgery of skeleton thanks to its useful mechanical
properties and good biocompatibility [1-18].

It is known that structural form of nail elements and
properties of biomaterial have crucial influence on the stiffness of
the nail — bone fragments system, on which final quality of
stabilization and bone adhesion are dependant.

These issues are currently solved on the basis of
electromechanical effects occurring in a bone and stimulating
osseous tissue formation and its histogenesis in particular stages
of formation.

From clinical point of view modern nails broaden the area of
its usage, they make operations easier and faster and, as a result,
they should ensure better condition of bone adhesion.

In a group of issues connected with searching for new
solutions of structural intramedullary nails those predominate
aiming at [19]:

e minimizing the invasion of the operation in both, the
procedure of implanting the nail and its removing,

e reducing the time of operations, which is connected with

reducing the time of radiation and saving the time of operators

and the equipment used during procedure,

reducing blood loss during and after procedure,

reducing reactivity,

reducing the time of treatment and hospitalization,

reducing the risk of clots,

increasing patient’s comfort, making the procedure easier.

Healing of long bone fractures is connected with a high risk of

complications; therefore, it is really important to choose good

method of treatment.

Application of a new expansion "Fixion IM” nails has become
very popular, revolutionary, effective, simple and minimally
invasive procedure for the treatment of long bone diaphyseal
fractures treatment of long bone fractures. Application of these
systems eliminates the need for interlocking screws [20-25].

In many types of solutions it is worth pointing out one which
involves most of mentioned evolutionary aspects of
intramedullary nails, and that is so called self-expandable system
stabilizing intramedullary fractures of long bones fixion — Fig. 1.

This nail is Cr-Ni-Mo stainless steel tubes strengthen by four
longitudinal crosspieces.

The nail is finished in distal end of the femur - tapered,
whereas in proximal end of the femur it has one-way valve.

The structure of this type is axially compressed and after
introducing it into medullar canal without the necessity of drilling
and introducing guide it is expanded with saline solution pumped
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inside the nail at the pressure of 70 atmospheres. The nail after
expanding adjusts to the geometry of medullar canal and the
transversal strengthening effectively, in the opinion of the
authors’ of the solution, blocks the implant in medullar canal. The
maximum expansion of diameter is 175% [19].

Fig. 1. Fixion intramedullary nail before and after expansion [19]

Intramedullary nailing has become a standard procedure for
the treatment of closed fractures of long bones. The Fixion system
consists of an expandable, cylindrical tube, of a conical shaped
distal end. With expansion the nail increases its diameter and
locks into an anatomical fit into the bone. Intramedullary
interlocking nailing has become the gold standard in treatment of
closed diaphyseal fractures of long bones. Being closer to the
weight-bearing axis, an intramedullary nail has mechanical
advantages over other fracture stabilization devices, such as
plates, external fixators, casts, etc. — Fig. 2 [22].

Fig. 2. Preoperative anteroposterior X-ray of thigh showing
atransverse fracture soft femur — a, Post-operative antero-
posterior X-rays of thigh showing well aligned fracture with
intramedullary expandable nail — b, Anteroposterior and lateral
view follow up X-rays showing fracture union — c, Clinical result
at follow up showing good functional outcome — e, d [26]
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2. Material and methods

Three femur — expandable intramedullary nails system were
applied in experimental investigations. Studies was performed on
femur models produced by Swedish company Sawbones The
interior of the bone consists of foamy marrow and the exterior
layer is covered with short glass fibres with epoxy resin. Models
were specially designed to reproduce physical properties of
human bones [27].

The intramedullary ,,Fixion IM” nails (Ti-6Al-4V alloy) were
implanted in to the bone — Fig. 3. The nail consists of the upper
part which is blocked by a screw in order to unable its rotation
during anatomic load on the limb, and the lower part which is
represented by expandable ending, which enables attaching the
nail in medullar canal.

In order to compare characteristic displacements,
a biomechanical analysis of three models was carried out:

e Model I — femur without fracture gap — Fig. 3a,

. Model 11, 111 — femur with expansion intramedullary nails —
fracture gap was located 100 mm under greater trochanter —
Fig. 3b.

c)

Fig. 3 Model of the femur — a, top view — b expansion
intramedullary nail — ¢

In order to place examined bone in the grip, it has been
immobilized in epoxy resin.

Before immobilization the bone was set so that it reproduces
the anatomic position in human skeleton.

The bone was filled with epoxy rinse Epidian 5 with hardening
agent Z-1 — Table 1. Before filling the bone with the resin it was
mixed up with appropriate amount of hardening agent.

The tests of the femur — expansion intramedullary nails
system were carried out with the use of the test machine
Zwick/Roell Z100/SN5A. The sensors recorded displacements in
the frontal (x direction — sensors 2, 3, 4) and sagittal (y direction —
sensor 1) plane. Additionally, displacements in ,,z” direction were
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registered — Fig. 4. Displacements were being recorded by the
sensors every 100 N from 10 N to 2000 N.

Table 1.

The properties of Epidian 5 resin
Form highly viscotic liquid
Colour light yellow
Epoxy equivalent 196 — 208

Density in 20°C 1.18 - 1.19 kg/dm®
Viscosity in 25°C 20000-30000 mPas
Contraction in the hardening time 1%

Fig. 4. Displacement sensors structure: a — test machine, b —
femur without fracture gap, ¢ - femur - expandable
intramedullary system

During the anatomic loading a torsion occurs in the femur,
which is the result of torsional moment. In order to get its value
depending on the torsional angle of the upper bone fracture in
relation to the lower one, during the analysis the torsion of the
system was carried out with the maximum strength F=2000 N
loading on the head of femur. The stand for studies and separate
stages of the torsion of the bone is shown on Figs. 5 and 6.

Fig. 5. A stand for torsion of the bone — nail system
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Fig. 6. Stages of the torsion of the bone — nail system

Obtained results will enable to estimate the torsional angle in
which the attached part sliding of the nail in medullar canal takes
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place. The results are significant if we take the application of this
type of nails into consideration in femoral shaft fracture in adults.

3. Results

Comparison between models I, Il 1 1l are presented in the
Tables 2-4 and Figures 7-11. These figures show displacement
from the sensors I, I, 111 and IV (x and y) and vertical direction
(z - 0) for three chosen models.

On the basis of the obtained results, it can be stated that:
maximum value of displacements were located in fracture gap for
lower fragment (frontal plane) and were equal for Model: I — -
1.86 mm, Il —-2.89 mm and Il —-2.15 mm, the obtained values
did not exceed acceptable displacement (3 mm), assuring correct
bone union (sensor 111, axis x). Minimum value of displacements
was located in sagittal plane and was equal for Model: | —
0.08 mm, Il —-0.44 mm and Ill —-0.27 mm (sensor I, axis Y). In
the femur — expansion intramedullary nail system, a similar value
of displacement of fragments in typical point of femur without
fracture gap was observed and it was equal to sensor 1 — -
0.32 mm for Model |, -0.44 mm for Model Il i -0.27 mm and
Model 11, stiffness of the both femur — nail system and the
unbroken were similar. The value of displacement for sensor Il —
axis x, was equal: 1.9 mm for Model I, 0.48 mm for Model Il and
1.65 mm for Model Il1.

Table 2.
Results of the experimental analysis - the values of displacement of Model | characteristic points
Force F, N 0 100 300 500 700 900 1100 1300 1500 1700 1900 2000
— g Sensorl 0 0.01 0.10 0.22 0.31 0.38 0.44 0.45 -044  -040 -037 -0.32
% § g Sensor 2 0 0.03 0.13 0.28 0.46 0.64 0.82 1.00 1.21 1.44 1.75 1.94
= —g + Sensor 3 0 -005 -017 -032 -047 -055 -080 -097 -117 -139 -169 -1.86
O Sensor4 0 0.07 0.19 0.35 0.51 0.68 0.86 1.06 1.27 1.53 1.88 2.12
Table 3.
Results of the experimental analysis - the values of displacement of Model Il characteristic points
Force F, N 0 100 300 500 700 900 1100 1300 1500 1700 1900 2000
— g Sensorl 0 -0.11  -0.08 -0.08 -008 -008 -008 -010 -0.12 -0.13 -0.18 -0.44
3z % £ Sensor 2 0 0 0.13 0.22 0.29 0.31 0.33 0.35 0.37 0.38 0.39 0.41
=) 1S
= c—é_ +~ Sensor 3 0 -004 -025 -046 -068 -090 -110 -1.31 -156 -1.82 -220 -2.89
O Sensor4 0 0.01 0.07 0.22 0.32 0.40 0.46 0.52 0.58 0.63 0.68 0.78
Table 4.
Results of the experimental analysis - the values of displacement of Model Il characteristic points
Force F, N 0 100 300 500 700 900 1100 1300 1500 1700 1900 2000
= g Sensorl -0.06 -008 -010 -011 -011 -011 -011 -0.12 -0.15 -0.19 -0.24 -0.27
3 % £ Sensor 2 0 0.01 0.17 0.35 0.52 0.68 0.85 0.99 1.14 1.30 1.48 1.57
1S
§ g. +~ Sensor 3 0 -005 -027 -053 -076 -098 -119 -140 -160 -180 -203 -215
O Sensor4 0 0.04 0.27 0.53 0.78 1.01 1.24 1.44 1.65 1.86 2.06 2.14
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Low values of displacement of lower fragment were a result
of too stiff fastening of examined models in further part of the
bone. After conducted studies a deformation of the upper screw in
a place of its joint with the nail was observed, which is confirmed
by stress values obtained during conducted earlier numerical
analysis of femur — expandable nail system — Fig. 12. Maximum
values of stresses and deformations occurred similarly, like in the
case of experimental studies in a place of a screw joint with a nail.

Sensor | -axis Y

Experimental analysis -

0,2
femur-expandable
0,1 intramedullary nail
E 0 system - model Il
g 01 WOOO 2500 ——Experimental analysis -
g femur-expandable
§ -0,2 intramedullary nail
g— 03 \¥ system - model 111
04 \ Experimental analysis
! of femur-model |
-0,5
Force, N

Fig. 7. Displacements in the y direction as a function of loading
for Models I, Il and Il for clock sensor 1

Sensor Il - axis X

2,5 Experimental analysis -
femur-expandable
g 2 intramedullary nail
E system - model 11
¥ 15
GEJ Experimental analysis -
] 1 femur-expandable
2 / intramedullary nail
-‘é‘ 0,5 //_/_,_, system - model Il
0 Experimental analysis
1000 2000 3000 of femur-model |
-0,5
Force, N

Fig. 8. Displacements in the x direction as a function of loading
for Models I, 1 and 111 for clock sensors 2

Sensor Il - axis X

0 Experimental analysis -
05 1000 2000 3000 femur-expandable
’ intramedullary nail
g -1 system - model Il
= . .
€ a5 Experimental analysis -
€ femur-expandable
§ -2 intramedullary nail
= system - model 111
w
2 25
Experimental analysis
3 of femur-model |
-3,5
Force, N

Fig. 9. Displacements in the x direction as a function of loading
for Models I, 1 and 111 for clock sensors 3
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Sensor IV - axis X

2,5 Experimental analysis -
c femur-expandable
g 2 intramedullary nail
= system - model I
2 15 . .
g Experimental analysis -
8 1 femur-expandable
- ) .
@ intramedullary nail
a 05 / system - model 111
/ Experimental analysis
0 of femur-model |
0 1000 2000 3000
Force, N

Fig. 10. Displacements in the x direction as a function of loading
for Models I, 1l and I11 for clock sensors 4

Sensor 0 - axis Z

w
v

Experimental analysis -
femur-expandable
intramedullary nail

/4 system - model ||

»

Experimental analysis -
femur-expandable
intramedullary nail
system - model |11

Displacement, mm

Experimental analysis
of femur-model |

0 1000 2000 3000

Force, N

Fig. 11. Displacement in a vertical direction (z)

A bend in a place of
<€— a screw joint with
a nail.

Fig. 12. Screw after the studies of femur — expandable nail system

During the analysis, depending on the applied compression
force and torsional angle of the bone, torsional moments adequate
to separate stages of the rotation of the head of the bone was
calculated — Table 5, Figs. 13-16.

On the basis of conducted studies it can be stated that with
torsional angle ¢ about 10° there has been first significant decrease
of the registered value of the torsional moment from 7 Nm to 5 Nm
in Model 11 and from 16 Nm to 13 Nm in Model Il was observed,
which can prove that such a torsional angle can initiate sliding of
the expandable part of the nail in medullar canal.
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For bigger values of torsional angles, the values of moments
M were increasing appropriately for Model 2 up to 12 Nm, for
Model 111 up to a value of 27 Nm with a torsional angle of about
18°. As a result of those exceeded values the expandable part of
the nail started to become totally loose and began sliding in
medullar canal.

Table 5.
Results of experimental analysis - torsion of the bone — nail system
Force F, N Moment M, Nm . Angle
displacement, o,°
0 0 0

-1.05E+00 -0.044 0.002

1.67E+02 7.001 1.801

2.50E+02 10.509 3.600

3.08E+02 12.924 5.400

3.42E+02 14.384 7.201

3.70E+02 15.544 9.000

4.00E+02 16.792 10.800
4.62E+02 19.412 12.601
5.43E+02 22.824 14.400
5.97E+02 25.092 16.200
5.67E+02 23.830 18.001
6.18E+02 25.965 19.800
6.51E+02 27.331 21.601
6.41E+02 26.934 23.401
6.39E+02 26.824 25.200
6.51E+02 27.345 27.001
6.57E+02 27.609 28.800
6.46E+02 27.147 30.600
6.61E+02 27.742 32.401
6.66E+02 27.962 34.200
6.77E+02 28.417 36.000
6.56E+02 27.543 37.801
6.31E+02 26.494 39.600
5.96E+02 25.011 41.400
5.86E+02 24.593 43.201
5.66E+02 23.793 45.000

The results of experimantal researches of torsion for healthy bone -
model |

e

Torsional moment M, Nm

Torsional angle

Fig. 13. Torsional moment M depending on the torsional angle of

the heady of femur ¢,° (Model 1)
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The results of experi | hes of for femur —expandable

nail system model Il

®

i

|

\

Torsional moment M, Nm

oM »M ® ®» O

0 5 10 15 20 25 30 35 40 45
Torsional angle

Fig. 14. Torsional moment M depending on the torsional angle of
the heady of femur ¢,° (Model 1)

The results of experimental researches of torsion for femur —
expandable nail system model llI

20

Torsional moment M, Nm

0 10 20 30 40
Torsional angle

Fig. 15. Torsional moment M depending on the torsional angle of
the heady of femur ¢,° (Model 111)

The results of experimental researches of torsion for femur — expandable
nail system

—— Model 1 - healthy femur
—— Model 2 - femur — expandable intramedullary nail system

Model 3 - femur — expandable intramedullary nail system

140

120

100 "\
80
60
40

20 i ————

0

Torsional moment M, Nm

0 5 10 15 20 25 30 35 40 45

Torsional angle

Fig. 16. Comparison of torsional moments M in torsional angle
¢,° function for Models I, Il and 111


http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org
http://www.archivesmse.org

Expandable intramedullary nail - experimental biomechanical evaluation

4. Conclusions

Currently, to stabilize proximal femur in adults elastic
methods of osteosynthesis are promoted. The basic aim of these
methods is to provide micro movements of bone fragments that
stimulate remodelling of bone by differentiation of its structure
starting from granulation tissue through fibrous and cartilaginous
tissue up to a primeval structure of bone.

On the basis of conducted biomechanical studies of chosen
models it can be stated that the character of the curves obtained
during the compression was similar. It proves that a fractured
bone with intramedullar nail implanted is distinguished by
stiffness similar to healthy bone (without simulated fracture).

Taking into consideration the fact that maximum values of
displacement in characteristics points of models do not exceed
acceptable values of 3mm, a conclusion can be drawn that the
origin of tissue regeneration in a place of fracture will proceed in
a proper way. However, the results of earlier conducted studies
show that in a place of a joint of the upper screw with a nail there
is an accumulation of stress, which has been confirmed in
laboratory studies, since the bolt became loose and bent.

The effect was confirmed also by doctors who maintain that
in some specific load conditions the screw is deformed.

Conducting the torsion of the system it helped to achieve
torsional values depending on the torsional angle of the upper part
in relation to the lower one.

Obtained results show that at low values of torsional angle,
the expandable part becomes loose and starts sliding in medullar
canal. In order to achieve better stabilization of the system, the
structure of the nail must be changed by enlarging the contact area
between the nail and the walls of medullar canal.
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