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The standard method for stabilizing diaphyseal gunshot frac-
tures of the femur (GFF) is external fixation using a rod ap-
paratus (ex-fix). Objective. To perform a comparative analysis 
of the biomechanical effectiveness between conventional ex-fix 
fixation and a modified «ex-fix + intramedullary spacer» design 
by assessing the stress-strain state of the femur with a midshaft 
gunshot fracture. Methods. A finite element model of a midshaft 
femoral gunshot fracture was developed. Two fixation scenarios 
were simulated: standard rod-based ex-fix, and a combined sys-
tem using an intramedullary spacer and an ex-fix rod apparatus. 
Displacement, stress, strain and safety factor were chosen as the 
effects studied. Results. Conventional fixation resulted in sig-
nificant stress concentrations at the fracture site (62.4 MPa) and 
high deformation levels (215.9), exceeding the strength thresh-
old of cortical bone. This may lead to fragment instability and 
femoral axis misalignment. Rod exit points showed deformation 
(121,1), contributing to loosening, inflammation in adjacent soft 
tissues, and overall instability of the fixation system. In contrast, 
the addition of an intramedullary spacer redistributed stress 
more evenly, reduced the mechanical load on bone tissue, and 
improved structural integrity. The combined «spacer + ex-fix» 
configuration demonstrated superior performance in minimiz-
ing deformation and fragment displacement. Conclusions. Finite 
element modeling confirmed that the «bone + ex-fix + spacer» 
system outperforms the traditional «bone + ex-fix» configura-
tion in key parameters: displacement, stress, deformation, and 
safety margin. 

Стандартним методом фіксації в разі діафізарних вогне-
пальних переломів стегнової кістки (ВПСК) є стрижневий 
апарат зовнішньої фіксації (АЗФ). Мета. Провести порів-
няльний аналіз фіксації стегнової кістки стрижневим АЗФ 
і модифікованою конструкцією «стрижневий АЗФ + інтра-
медулярний спейсер» шляхом дослідження напружено-де-
формованого стану стегнової кістки в разі вогнепального 
перелому в середній третині. Методи. Побудовано скінчен-
но-елементну модель ВПСК у середній третині. Фіксацію 
здійснювали двома способами: стрижневим АЗФ і комбі-
нацією інтрамедулярного спейсера та стрижневого АЗФ. 
Досліджуваними показниками було обрано переміщення, 
напруження, деформацію та запас міцності. Результати. 
Виявлено, що класична фіксація кісткових уламків за ВПСК 
у середній третині за допомогою стрижневого АЗФ спри-
чиняє значне напруження в зоні перелому (62,4 МПа) та де-
формацію (215,9), які перевищують межу міцності кісткової 
тканини. Це може призводити до нестабільності уламків 
і порушення осі сегмента кінцівки. Деформація кістки в міс-
цях виходу стрижнів (еквівалент 121,1) викликає їхнє роз-
хитування, що спричиняє запальні процеси в навколишніх 
м’яких тканинах і загальну нестабільність фіксаційної сис-
теми. Запровадження внутрішнього фіксатора в комбінації 
з АЗФ забезпечує рівномірніший розподіл напружень у моделі, 
знижує навантаження на кістку та збільшує запас її міцнос-
ті. Ефективнішим рішенням, згідно з критеріями мінімізації 
деформації та переміщення уламків, виявилась система фік-
сації типу «інтрамедулярний спейсер + стрижневий АЗФ». 
Висновки. За результатами комп’ютерного моделювання 
виявлено, що система «кістка + АЗФ + спейсер» має пере-
вагу над системою «кістка + АЗФ» за досліджуваними по-
казниками: переміщення, напруження, деформація та запас 
міцності. Ключові слова. Вогнепальний перелом стегнової 
кістки, напружено-деформований стан, моделювання.
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Introduction
In modern combat operations, limb injuries ac-

count for up to 62.6 % of surgical casualties. Of these, 
lower limb injuries occur in 58 % of cases, and upper 
limb injuries in 42 % [1–3]. The proportion of thigh 
injuries in the structure of combat trauma ranges 
from 13.6–28.3  %, of which 16.2–22.3  % are diag-
nosed with a femur fracture [4–6]. Diaphyseal gun-
shot fractures of the femur (GFF) account for 81.4 % 
of such injuries and are accompanied by primary 
bone defects in 79.3 % of cases [7–9].

The standard fixation method for diaphyseal 
GFF is an external fixation rod (EFR), consisting 
of a beam and six Schantz rods — three proximal and 
three distal to the fracture zone [10–12]. Despite its 
prevalence, this design has a number of significant 
drawbacks: instability in prolonged use due to micro-
deformations of the bone in the areas of rod passage 
[13, 14]; functional limitations, complicating the re-
habilitation process; the likelihood of bone deforma-
tions due to uneven load distribution; psycho-emo-
tional discomfort of patients [15, 16].

These issues reduce the effectiveness of treatment 
and require the development of more stable, biome-
chanically sound methods for fragment fixation that 
also do not complicate access to the wound area.

Objective: to conduct a comparative analysis 
of femoral fixation with an external fixation rod de-
vice and a modified design “external fixation rod de-
vice + intramedullary spacer” by studying the stress-
strain state of the femur in a gunshot fracture in 
the middle third.

Material and methods
A finite element model of the femur was con-

structed, a multifragment (7 intermediate parts) 
gunshot fracture in the middle third was simulated 
(Fig. 1). The intermediate bone fragments had par-
tial contact with each other, with the proximal and 
distal fragments of the femur. In the diaphyseal part, 
the minimum bone diameter was 3.3 cm, the width 
of the bone-medullary canal was 1.5 cm. In the zones 
of the transition of the diaphysis to the metaphysis, 
the  diameters increased according to anatomical 
features.

Two methods of fixation were analyzed: rod EFR, 
a combination of an intramedullary spacer and rod 
EFR.

The intramedullary spacer consists of a 0.5 cm 
thick frame made of surgical steel (AISA 316), cov-
ered with bone cement (polymethyl methacrylate). 
The total thickness of the spacer is 1.0 cm. A metal 
loop is placed at its proximal end, which allows im-

plantation and removal of the fixator (Fig. 7, 10). 
The proximal end of the spacer is located in the area 
of the greater trochanter of the femur; the distal end 
is 2.0 cm above the articular surface. External fixa-
tion rods with a diameter of 0.5 cm are inserted into 
the  metaphyseal areas of the bone, bicortically, in 
the areas of expansion of the bone-medullary canal, 
past the trajectory of the spacer.

During modeling, the material was considered 
homogeneous and isotropic. Its mechanical charac-
teristics were selected according to technical litera-
ture [17–20]. The following physical and mechanical 
parameters were used for the analysis: E — modulus 
of elasticity (Young's modulus), v — Poisson's ratio 
(Table 1).

An example of an anatomical femur was obtained 
by converting a computer tomogram into a solid-
state model using the IntelliSpace Portal software. 
The 3D model was imported into the Solidworks 19 
software. The mathematical mesh was created us-
ing the triangulation method. The stress-strain state 
of the  models was calculated using the SimSolid 
software.

The finite element method was used to analyze 
the stress-strain state of biomechanical models. 
The  boundary conditions were set using the Struc-
tural linear function: the distal articular surface 
of the femur was rigidly fixed (immoveable function); 
sliding fixation was applied in the area 1.0 cm distal 
to the articular surface. A force of 400 N was stati-
cally applied to the proximal end of the femur using 
the Force/Displacement function (Fig. 2). A triangu-
lar mesh with Gaussian points was automatically cre-
ated. The studied effects were displacement, stress, 
deformation, and safety margin. A system of  lin-
ear equations of equilibrium of finite elements was 
solved to determine the components of displacement 
in each node. The obtained results were then used to 
calculate the components of equivalent deformation, 
which is a generalized value, taking into account its 
various types, i. e. shear, compression, tension.

The magnitudes of stresses were compared at 
control points, namely: the zone of gunshot fracture 
and the area of entry of the external fixation rods into 
the bone, under the conditions of two variants of fe-
mur fixation.

The maximum level of stresses in different parts 
of the femur and fixators, the magnitude of equivalent 
deformation and displacement of bone fragments at 
control points, the safety margin of bone tissue and 
elements of the fixation system were studied.
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To assess the safety margin of fixing metal ele-
ments, the formula (during stressing according to von 
Mises) (1) was used:

                                           KS = Rn
а/σа,                                   (1)

where Ks is the safety margin; Rna is the normal 
strength limit of the material; σa is the stress in 
the material from normal loads.

Since bone tissue behaves as a biomaterial with 
plastic characteristics, the shear strength was studied 
according to formula (2):

                                            ԏSS=F/A,                                          (2)
where ԏss — shear strength; F — force at which 
the specimen fails; A — cross-sectional area 
of the specimen.

According to the technical literature, the threshold 
value of Ks and ԏss is 1.0. In the case of indicators 
less than 1.0, the material begins to fail [18–20].

Results
At the first stage of the study, the stress-strain state 

of the femur model with a gunshot multifragment 
fracture in the middle third with an EFR under the ac-
tion of an applied force was studied. When a  force 
of 400 N is applied to the femur fixed with an EFR, 
a displacement of bone fragments of  10.5– 11.7 mm 
occurs in the fracture zone (Fig. 3).

The next step was to study the stresses in the fe-
mur and the fixing elements (Fig. 4).

According to the image, the stress is distributed 
throughout the femur, ranging from 9.4 to 62.4 MPa. 
The highest stress is observed in the fracture zone, at 
62.4 MPa.

The deformation that occurs in the femur when 
a force is applied was studied (Fig. 5).

The maximum deformation concentrated in 
the fracture zone is 215.9. At the exit points of the ex-
ternal fixation rods in the femur, the equivalent defor-
mation is 121.1.

The margin of safety of the femoral bone tissue 
in a gunshot fracture in the middle third is shown in 
Fig. 6.

When applying force, the value of the margin 
of  safety of the bone tissue in the gunshot frac-
ture zone is below 1.0, which can lead to its further 
destruction.

The study has shown that when using the EFR 
for fixation of bone fragments in the case of applied 
force, excessive stress occurs in the bone tissue and 
fixing elements, which leads to bone deformation and 
a decrease in the margin of safety of the tissue. At 
the same time, the EFR does not allow to fully ensure 
stability during loading.

In the case of using the femoral fixation system 
“EFR + intramedullary spacer” (Fig. 7), with an 
applied force of 400 N, fragments move within it 
(Fig. 8).

In the areas of the femur fixed by the “EFR + in-
tramedullary spacer” system, the move ranges from 
0.32 to 1.38 mm.

The stress that occurs in the femur fixed by 
the  “EFR + spacer” system is shown in Fig. 9. It 
is distributed evenly throughout the bone and is 
12.6– 13.1 MPa.

When a force of 400 N is applied, the maximum 
stress occurs at two points of the spacer in the zone 

Table 1
Physical and mechanical properties of the materials used

Material Young's modulus, E, MPa Poisson's ratio, v Safety margin, Rna, MPa

Cortical bone layer 17 600 0.30 170
Cancellous bone layer 500 0.28 10
Surgical steel AISI 316 200 000 0.30 505
Bone cement 1,82 0.18 70

Fig. 1. Model of femur with gunshot 
fracture, fixed with an EFR

Fig. 2. Points and directions of force 
application to the femur model fixed 
with an EFR: 1 — point of force 
application of 400 N; sliding (2) and 
rigid (3) fixation of the bone

1

2
3

2
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of the gunshot fracture. According to the infographic, 
it is 26.5 and 20.4 MPa (Fig. 10). It is noteworthy that 
the femur is unloaded. The maximum stress that oc-
curs in the zone of the fracture is 13.1 MPa.

The deformation of the femur, fixed with an EFR 
and an intramedullary spacer, is shown in Fig. 11.

The deformation of the femur under the conditions 
of its gunshot fracture, fixation of bone fragments by 
the “EFR + intramedullary spacer” system, according 
to the infographic, is insignificant, 38.5 for the bone, 
124.1 for the spacer.

When calculating the safety margin of the spacer, 
the following data were obtained: maximum stress 
26.5 MPa, Kz = 19.1, i.  e. the safety margin is 
sufficient.

The results of the analysis of the safety margin 
of bone tissue fixed by the “EFR + spacer” system are 
shown in Fig. 12.

The safety margin of the bone is in the range from 
1.20 to 1.28. It follows that the main load falls on 
the intramedullary spacer.

A comparison between femoral bone fragment fix-
ation using an EFR alone and the combined approach 
of “EFR + intramedullary spacer” yields the  fol-
lowing conclusions. In the first variant, the  main 
load falls on the femur; the EFR partially stabilizes 
the fragments, as evidenced by the displacement and 
stress indicators. In the second, the intramedullary 
spacer is an internal frame, strengthens the bone tis-
sue and prevents deformation and instability under 
the influence of applied force.

The computer analysis has shown that the system 
“femur + EFR + spacer” outperforms “femur + EFR” 
in terms of displacement, stress, deformation, and 
safety margin (Table 2).

Discussion
During the treatment of wounded with diaphyseal 

gunshot fractures of the femur, the fragments are ini-
tially fixed with a rod external fixation device, which 
may contain two or three rods proximally and distally 
from the injury zone, as well as one or two beams. Ac-
cording to modern studies, the amount of movement 

of bone fragments during fixation with EFRs is affected 
by the distance both from the bone to the support and 
between the extreme rods with which the fragment is 
fixed. The number of rods (two or three) does not actu-
ally affect the movement indicator [16, 21].

EFRs have a number of advantages over other 
fixators due to minimal tissue trauma and speed 
of the operation. They can serve as not only the pri-
mary method of fixation, but also the final method 
of treatment, provided that the bone fragments are 
repositioned and stable.

In case of multifragmentary fracture of the dia-
physeal part of the femur, there is often a problem 
in repositioning the fragments and aligning the axis 
of  the segment. For this purpose, the use of an in-
tramedullary spacer makes it possible to restore 
the  position of the main bone fragments around 
the internal frame. In addition, the results of the stud-
ies indicate a positive effect of the local antibacterial 
effect of intramedullary spacers, which were used to 
treat osteomyelitis of long bones, which made it pos-
sible to shorten its duration and avoid the develop-
ment of contracture of adjacent joints [22].

The use of combined fixation “spacer + EFR” 
makes it possible not only to ensure stable fixation 
of  the fragments, but also to create a channel for 
the future implementation of blocked intramedullary 
osteosynthesis during conversion.

The study found that classical fixation of bone 
fragments in a gunshot fracture of the middle third 
of the femur using EFRs causes significant stress in 
the area of injury (62.4 MPa) and equivalent deforma-
tion (215.9). This can lead to instability of the frag-
ments and disruption of the axis of the limb segment. 
Deformation of the bone at the exit points of the rods 
(121.1) causes their loosening, which causes inflam-
matory processes in the surrounding soft tissues and 
general instability of the fixation system.

Based on the analysis, it follows that the installa-
tion of an internal fixator in combination with EFRs 
provides a more uniform distribution of stresses in 
the model, reduces the load on the bone and increases 
the safety margin.

Table 2
Comparison of physical and mechanical characteristics of femoral fixation using two options

Characteristics Femur, fixed with an EFR Femur, fixed with the “EFR + spacer” system

bone EFR bone EFR spacer

Displacement, mm 11.7 14.4 1.4 0.3 1.4
Stress, MPa 62.4 15.4 13.1 13.1 26.5
Strain, units 215.9 121.1 38.6 12.4 124.1
Safety margin, units 0.14 32.80 1.20 40.10 19.10
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Fig. 3. Movement 
of femoral 
fragments under 
the action of 
a force of 400 N

Fig. 4. Stress in 
the femur and 
elements of the 
EFR in force 
application

Fig. 5. Deforma
tion occurring in 
the femur in force 
application 

Fig. 6. Safety 
margin of 
the  femur fixed 
with an EFR 

Fig. 7. GFF model fixed with 
the “EFR + spacer” system

Fig. 8. Movement 
of bone fragments 
of the femur fixed 
with the “EFR + 
spacer” system

Fig. 9. Stress 
occurring in 
the femur fixed 
with the “EFR + 
i n t r a m e d u l l a r y 
spacer” system

Fig. 10. Stress 
occurring in the 
spacer with a force 
of 400 N applied 
to the femur with 
a gunshot fracture

Fig. 11. Deforma
tion of the femur 
fixed with the 
“EFR + spacer” 
system under 
applied force. 

Fig. 12. Safety 
margin of bone 
tissue fixed with 
the “EFR + 
spacer” system
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Conclusions
Comparative analysis of two methods of fixation 

of bone fragments of the femur has shown that in 
the  case of using EFRs, the main mechanical load 
falls directly on the femur, while the EFR only par-
tially stabilizes the fragments from displacement and 
provides uneven distribution of stress. In the com-
bined fixation option “EFR + intramedullary spacer”, 
the latter performs the function of a frame, signifi-
cantly increasing the rigidity of the structure and 
preventing deformation of the femur, loss of stability 
under the influence of external forces.

The study of the stress-strain state of the femur 
after its gunshot fracture has revealed that the sys-
tem “bone + EFR + intramedullary spacer” has an 
advantage over the system “bone + EFR” in terms 
of the studied indicators: displacement, stress, defor-
mation and safety margin.
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