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Abstract

Purpose Femoral neck fracture (FNF) is one of the most observed orthopedic injuries in elderly patients with accompanying
osteoporosis, while treatment process could be highly troublesome in young patients. Therefore, it is necessary to apply a
strong fixation to the FNFs. This study aims to suggest an approach for the optimum screw design for FNFs using genetic
algorithm (GA) and finite element method (FEM) in a seriously shorter time, considering that a very large number for the
design of the implants comes forward that would take a lifetime to solve individually.

Methods In biomechanical studies conducted under laboratory conditions and focusing on stabilization, limited number of
combinations have been tested with limited materials by now. However, ideal position, size and number of the screws are
still subject of discussion. Unlike previous biomechanical studies; the present study addresses three types of CSFs (binary
screw, triple screw and quadruple screw), while aiming to determine the optimum position, size and number of the screws
using a design approach based on GA and FEM.

Results This study emphasizes that screw configuration plays an important role on the treatment process of the femur. As a
result of all evaluations and analyses, the most effective designs have been achieved for binary, triple and quadruple screw
patterns.

Conclusion In this study, all of the possible combinations and screw sizes have been evaluated to determine the optimum
conditions for fracture stability. Suggested design approach could be used more effectively by healthcare disciplines such as
orthopedics, in which biomechanical principles are significant. Moreover, cooperation between structural and biomechanical
engineering is another remarkable eligibility of this research.

Keywords Femoral neck fractures - Internal fixation implants - Screw configuration - Optimum design - Genetic algorithm -
Finite element method

1 Introduction

Although the number of femoral neck fractures (FNF) var-

ies with age, sex, and region, this fracture type is one of the
most important and challenging health problems all around
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the world. Regarding the treatment of FNFs, multiple screw
installation is the most preferred stabilization method since
the method is a minimally invasive method with percutane-
ous application after closed reduction, which shortens the
duration of surgery and does not lead to bleeding. The main
purpose of the screws is to ensure that the fracture heals
quickly and to provide daily activities safely. Size, location
and length of the screws are the most effective parameters in
terms of structural performance of internal fixation implants
(IFIs). Therefore, the application of the most appropriate
configuration is of great importance for FNFs. However, in
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case of the preference of IFIs for the treatment of FNFs,
those screws are often placed considering widely accepted
principles. Fixation is most often carried out with 3 screws
in the form of inverted triangles. During the operation, sur-
geon aims to place the distal screw nearby the inferior cor-
tex, and proximal screws nearby the anterior and posterior
cortexes. It is undesirable to orientate the screws nearby to
the central. Considering that, it is obvious that there is a very
large number of possibilities for the placement of the screws.

Cannulated screws are surely among the most remarkable
and popular internal fixation implants. Recently, treatment of
FNFs with multiple cannulated screws has gained the inter-
est of many researchers and orthopedists based on many
aspects of their unique properties. Inappropriate treatment of
FNFs might lead to serious complications such as avascular
necrosis at the femoral head or failure of bone union; could
even require arthroplasty for young patients. Depending on
these facts; it might lead to undesirable and non-reversible
situations such as joint replacement at early ages. For this
reason, it is very important that the screws used in FNFs are
correctly selected and applied.

Femoral neck fractures should be approached using a
proper method owing to the anatomical and biomechanical
characteristics of the fracture. Especially configuration of
the fracture should be considered while the action of various
groups of muscles on the hip is another significant factor not
to be neglected for the handling of a femoral neck fracture.
Thus, accurate application of internal fixations is a manda-
tory requirement for the successful treatment and healing
of the fracture [1]. Throughout the previous research, sev-
eral biomechanical studies have demonstrated that multiple
screws are mainly used for internal fixation. Sensoz et al. [2]
has suggested a screw design approach considering the risk
of iatrogenic subtrochanteric fracture using finite element
method. Apart from this, it has generally been shown that
there is no precise design configuration for the screws [3-6].
Moreover, limited studies have focused on different imple-
mentation configurations and orientations of the screws.
Therefore, this study aims to suggest an approach for the
optimum screw details for FNFs using GA method. In order
to better understand the optimum screw configuration, three
types of cannulated screw fixation (CSF) examples; binary
screw (S2), triple screw (S3) and quadruple screw (S4) were
investigated and analyzed. The study also emphasizes the
importance of interdisciplinary relations, and it is evaluated
that the integration, association and incorporation between
structural engineering and medical sciences make it pos-
sible to increase the importance and widespread effects of
the research.

@ Springer

2 Methodology of the Genetic Algorithms

Genetic algorithms (GAs) are based on an adaptive heu-
ristic search approach that is established on genetic evolu-
tion mechanism [7, 8] and aims to mimic natural evolution
processes. Main point of this method is the principle of
survival of the fittest and adaptation to the current con-
ditions. When a population of biological species evolves
over generations, future generations receive positive
characteristics required for survival from the older ones,
because individuals carrying them get more chances to
breed owing to the evolutionary ideas of natural selection
[9]. In other words, competition among individuals for
limited resources leads to the fittest individuals to sur-
vive by dominating over the weaker ones [10]. Although
the genetic algorithm is a search method that is guided
to find the best by specific criteria, it is not a guarantee
that it will find the best solution. However, previous stud-
ies have shown that most of the optimization applications
performed with genetic algorithms are more efficient than
the results obtained with other optimization methods in
terms of applicability [11]. Unlike conventional artificial
intelligence systems, GAs do not fail easily despite the
presence of slight input alteration or reasonable data noise.

In GAs, a population of possible solutions to the given
problem are identified initially and then, acquired solu-
tions are evaluated within recombination and mutation
techniques by imitating development of natural genetics.
Therefore, this process is repeated over various genera-
tions by continuously producing new children. A genetic
algorithm starts with an initial generation, which consists
of possible solutions represented by character strings
encoded by design variables. Each generation consists
of a population of character strings, which resembles the
structure of a chromosome that constitutes the DNA of
living creatures. Each individual represents a point in a
search space which is a possible solution. Discrete design
variables are used in GAs and the values that these design
variables can take are determined before the search starts.
Coding of the design variables in the character strings is
implemented in the form of coding the sequence number
in the design variable set. The sequence number can be
encoded in binary or triple number system as well as in
real value. If the most common binary number system is
used, the character strings consist of "1" and "0". In this
approach, it is possible to associate the clusters formed by
the character strings to population, the character strings to
individuals (chromosomes), and numbers in the character
strings to genes.

The GA method has a case dependent structure and
appropriate selection of the key parameters is essential for
the successful development and an acceptable performance
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[12]. These key parameters include parent selection
method, crossover type and rate, mutation rate, survivor
selection method and number of individuals. In particular,
it is known that it gives very good results in design and it
is applied in disciplines such as automatic programming,
learning machines, economics, planning and production
line settlement [13]. For almost all of these problems, a
very large solution space needs to be defined. Although
this solution might take a longer time in some situations to
be investigated with conventional methods, GAs can find
optimal or near-optimal solutions to difficult problems in
a shorter time [14].

3 Determination of the Implant Design
via Genetic Algorithm

The GA approach has had several applications in various
collaborative studies of engineering and orthopedics disci-
plines. However, there has been no research on the optimum
design of internal fixation implants for FNFs considering
binary screw (S2), triple screw (S3) and quadruple screw
(S4) designs. This study focuses on the FNF of 40° incli-
nation angle from the horizontal line, which is commonly
encountered. Figure 1 demonstrates the possible locations
of the implants at the fracture plane, being numbered and
marked with yellow circles. In order to designate the implant
installation for the fracture, diameter and inclination of the
implants should be specified carefully for the purpose of
a successful treatment. Therefore, a very large number for
the design of the implants comes forward that would take a
lifetime to solve individually.

Fig. 1 FNF of 40° inclination angle and possible implant locations

In fact, the most preferred screw fixation models for
femoral neck fractures are; (i) using three parallel screws
(reverse triangle configuration in side view—two screws in
upper portion of the head, one in lower portion of the head),
and (ii) four parallel screws (rectangular model). Although
it is not a favored current clinical model, design approach in
this study is not limited with parallel placement of screws
in order to lead further alternatives. The outcomes of the
proposed approach should principally be evaluated from
the point of digital model rather than anatomic and clinical
situations.

Because of the complexity of the femur structure, opti-
mization process should be handled meticulously. Further-
more, for the purpose of simulating the screws to function
properly and congruously with the bone material throughout
finite element analysis, total harmony is required between
genetic algorithm and numerical analysis. Hence, the GA
process has been coded in MATLAB software without the
toolbox option in order to maintain an iterative optimization
procedure that works simultaneously with ANSYS software.
Additionally, within the context of the procedure, genetic
operators have been selected as in Table 1, while defined

Table 1 Genetic operators and operation parameters

Parent selection operator Fitness proportionate selection
Reproduction rate 0.5

Crossover operator Uniform crossover
Crossover rate 1.0

Mutation operator

Mutation rate 0.02

Random resetting mutation

Survivor selection operator Fitness based selection
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Table 2 Design variables of the GA

Variable range ~ Variable count Bit count

Implant diameter 3.50-8.00 mm 24 (16) 4
Implant location 32 points on the 23 (32) 5
fracture plane
Inclination from xy (= 10°-(+25° 23(8) 3
plane
Inclination from xz (- 20)°—(+55°) 2*(16) 4

plane

ranges and counts for the design variables are presented in
Table 2.

In order to elaborate the selection of genetic operators
and parameters, some explanations could be useful. It is a
fact that values of genetic operators are regarded as problem
dependent. The essential aim of selection strategy is “the
better is an individual; the higher is its chance of being a
parent” [15]. Fitness proportionate selection, which is also
called as roulette wheel selection, has been determined
as the parent selection operator to assign the individuals
their probability of selection based on the fitness values for
the subsequent parent selection. Each parent candidate is
assigned a slice of a circular “roulette wheel” and the size of
this slice is proportional to the candidate’s fitness. The wheel
is spun N times, where N is the number of individuals in the
population. On each spin, the individual under the wheel’s
marker is selected to be in the pool of parents for the next
generation [16]. This N parameter depends on the reproduc-
tion rate, which specifies how many of the population are
assigned as parents and the rest is eliminated. These parents
are coupled with each other and new individuals (offspring)
are reproduced from them using crossover operator. Uniform
crossover operator generates a random pattern, and bits in
the parent chromosomes are swapped based on this pattern.
Crossover rate, which is in the range of [0, 1], is the num-
ber of swapping that two chromosomes exchange their bits.
100% crossover rate means that all offspring are produced
by the crossover process while 0% means that all of the new
generation is totally copied from the individuals of older
population, except those resulted from the mutation process
[17]. Following the crossover process, mutation operator is
applied in order to prevent the algorithm from converging
to local optima and giving chance to produce distinct genes
in the new generation [18]. In case the chromosomes in any
generation represent high similarity, evolution of the off-
spring gets almost impossible. This phenomenon, which is
called premature convergence is prevented by the mutation
process [19]. Mutation rate determines how many chromo-
some bits in the whole population should be mutated in one
generation by being flipped (0 becomes 1, 1 becomes 0),
and typically is in the range of [0.001-0.1]. If it is too low,
possible good genes could be never tried out. If it is too high,
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there will be much random disorder, the offspring will start
losing their resemblance to the parents, and the algorithm
will lose the ability to learn from the history of the search
[20].

The effectiveness of GAs relays on the selection of its
control parameters (population size, crossover, and muta-
tion) that interact in a complex way [18, 21-23]. Since no
precise values could be specified for each parameter in a
design search problem, particularly, mutation and crosso-
ver operators [18]; these parameters have been decided by
trial and error subsequent to former trial processes for the
purpose of performing a reliable optimum design search by
considering the suggestions in the previous studies. Using
predefined ranges for the design variables; initial popula-
tion size values are 100, 200 and 400, while 2°2, 2* and
264 possible designs are applicable for S2, S3 and S4 pat-
terns, respectively. Superscript of the possibility number also
indicates the chromosome length. As it is seen in Table 2,
each of the design variables have a variable range and count.
Design of a screw is determined by four variables, which
could be called as genes. 16 bits in a chromosome represent
a screw design. For the S4 design, a chromosome has a total
of 64 bits. GA process is terminated after 50 generations
for all of the screw installation patterns, which means that
optimum solution is reached by 50 generations. For the pur-
pose of deciding the limit of generation number, former trial
processes revealed that fitness value of the best design in a
generation do not remarkably increase after the 50th genera-
tion for all of the problems in this study. Considering the ini-
tial step of the genetic search, Goldberg [24] suggested that
optimal population size could be calculated as 1.65-2%2,
where [ is the length of a chromosome. Nevertheless, the
optimal population size revealed by this formula is out of
the computational possibilities for most practical problems
[25]. This formula yields reasonable values for the size of
panmictic populations but unreasonable high values for par-
allel evaluation approaches, since it only considers the ran-
domly constitution of a population [26]. However, this study
focuses on the design of screws, which are interdependent
and also depend on the geometry of the femur bone. For this
purpose, an initial control is performed before constitution
of the first population and this control is maintained for all
of the next generations.

Prior to the initialization of the GA, a preparative design
process has been carried out. It is known that bone is insuf-
ficient against rotational displacement in the treatment of
fracture using single screw in the treatment of femoral neck
fractures. Hence, the use of multiple screws is recommended
for femoral neck fracture treatments. It is very important to
provide implant stability at the stage of multi-screw applica-
tion and to perform a rotation resistant application by obtain-
ing dynamic internal fixation. Therefore, it is necessary to
correctly determine the position of the screws to be used in
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the front, back and side radiographs. The proper position of
the screw at the femoral head has been the subject of intense
debate. In general, deep and central placement of the screw
is recommended in both anteroposterior and lateral plans.
Some authors advocate the position of the screw in the mid-
dle in the lateral plane, close to the femoral in the AP plan.
Some studies recommend the posteroinferior quadrant of
the head in the lateral plane, and its low placement towards
the lifted femorale in the anteroposterior plane, in order to
provide sufficient bone support stock within the osteoporotic
bone structure. However, there are publications suggesting
that eccentric placement will have difficulty in providing
rotational stability. Today, the position of screws is usually
determined by the surgeon performing the surgical inter-
vention, taking into account different approaches such as
Garden Alignment Index, Lowell’s Alignment Theory, Tip
Apex Distance and Parker’s ratio. Essentially, it is known
that installation of screws distant to the calcar and posterior
cortex, decreases the stability and increases the complication
chance in terms of fixation of FNFs [27, 28]. Variable ranges
of screw inclinations have been determined based on this
consideration. Additionally, some of the initially estimated
designs have the possibility of screws to intersect with each
other and initial population should be created by avoiding
this undesirable situation. Hence, all of the initial designs
are checked within the algorithm using a mathematical func-
tion regarding the positioning of the screws. If any screw
intersection is found among the population members, they
are replaced by applicable designs throughout the optimi-
zation algorithm. This process also enriches the diversity
of the population. It should also be noted that, intersection
of the screws might be met for some of the offspring in the
next generations. Because mathematical check requires sig-
nificantly shorter computation time, fitness values of these
offspring are directly assigned to zero and they are excluded
from the finite element analysis (FEA).

Following this preliminary stage, GA is started and
optimum implant schema is sought over iterative genera-
tions. Because success of the GA depends essentially on
the identification of numerical performance of designs; an
objective function, which is called fitness value, should be
defined. All the optimization methods fundamentally ask
the same question: “Which one of the optimized designs is
the best or what is the optimality level?” [29]. Since each
of the design parameters causes distinct designs, a perfor-
mance qualification method is required to be constituted
subsequent to the definition of all the design criterions
[30, 31]. It is well known that hip joint and trochanteric
region resemble a region where static and dynamic forces
are combined and dispersed during standing and walking
positions. According to Pauwells, there is an equal load
distribution on both hips and the load on each hip is half
the weight of the body while standing in a static position

[32]. When walking or running, the load on each hip var-
ies. Therefore, these static and dynamic loads on the hips
cause different types of stresses and displacements in the
femur. For this reason, this study focuses on the critical
stresses and displacements that occur in both bone and
screws. Considering that displacement and stress values
in femur bone and implants should be decreased to pre-
vent a secondary damage, also selection of implants with
smaller cross-sectional area would be better in terms of
protecting the unity of femur bone; following function was
formulated in order to define the fitness of chromosomes
as an optimality criteria. Previous studies on cannulated
screw fixation methods consider just one performance out-
put; stress level of screws or displacement in the fracture.
Although this formulation could be regarded as an intui-
tive approach, further improvement is possible by consid-
ering different design criteria.

]Ijm fl'im lim lim

Jemur Jemur screw screw

max(f) - max + max max total / (1)
Sfemur Sfemur screw screw

In Eq. (1); «’** is the maximum displacement value of
emur

the femur head, o;;% . is the maximum von Mises stress in

the femur bone, Ulﬁ‘ifw is the maximum von Mises stress in
the screw material and Af\(ilr(zlw is the total cross-sectional

area of the screws; while ul™  glim —glim glim apq
femur® ~ femur screw ” screw

Afc’few are the constant limit values for those, which are
defined by considering material and design
characteristics.

It is a known fact that GAs have the potential to yield
different results even if genetic operators and param-
eters are the same for all of the processes. Hence, several
optimization processes have been performed in order to
achieve different implant designs. Throughout the exami-
nation of yielded results from each of the GA processes;
implant designs, which are evaluated to be more advis-
able in terms of the applicability, were selected within
the presentation of this study to emphasize the efficiency
of the proposed method. Three configurations in S2, two
configurations in S3 and two configurations in S4 implant
patterns were presented herein. Required screw diameters
according to the results of the GA processes are 5.00 mm,
4.00 mm and 3.50 mm for S2, S3 and S4 patterns, respec-
tively. Locations, inclination angles and number of the
screws achieved by the GA processes are presented in
Tables 3, 4 and 5 (implant locations are indicated by num-
bers on the fracture plane) and also demonstrated on the
fracture plane in Figs. 2, 3 and 4, respectively.
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Table 3 Design details of Tmplant no S2A S2B $2C
binary screw installations '
1 2 1 2 1 2
Implant diameter 5.00 mm 5.00 mm 5.00 mm
Implant location 29 1 26 22 29 1
Inclination from xy plane -5° +15° 0° +10° - 10° +10°
Inclination from xz plane +40° +20° +20° +40° +10° -5°
Table 4 Design details of triple Implant no S3A S3B
screw installations '
1 2 3 1 2 3
Implant diameter 4.00 mm 4.00 mm
Implant location 2 32 20 32 12 8
Inclination from xy plane +5° +15° -5° 0° 0° +10°
Inclination from xz plane -5° +10° +45° +35° +30° +45°
Table 5 Design dgtails of Implant no. S4A S4B
quadruple screw installations
1 2 3 4 1 2 3 4
Implant diameter 3.50 mm 3.50 mm
Implant location 14 32 12 2 27 31 2 6
Inclination from xy plane +5° +5° +5° +5° +5° -5° 0° 0°
Inclination from xz plane +10° +20° +5° +15° +15° +30° +45° +45°

4 Validation of the Implant Design Via Finite
Element Analysis

Main objective of finite element analysis (FEA) is to pre-
dict the deformation, strain or stress distributions in a body
subjected to various forces. Finite element models of the
implants were validated by computational analyses using
ANSYS software. It is quite difficult to precisely determine
the material properties of the femur bone to be used in the
analyses. Therefore, in this study, mechanical properties
were determined by taking previous studies into considera-
tion, and some general assumptions were made because of
the complexity involved in the osseous structure [33-39].
In the numerical models, mechanical characteristics were
determined to be compatible with the previous studies.
Young’s modulus, Poisson’s ratio, unit weight values for
the bone and screw materials were assumed to be 15 GPa
and 193 GPa, 0.30 and 0.31, and 0.55 and 7.75 g/cm3,
respectively. Due to the expected interaction of the bone
parts on the fracture surface, the coefficient of friction was
assumed to be 0.3 and a fully bonded connection was con-
sidered between the bone and screws in these models. This
approach has been accepted and applied within many stud-
ies [40-46]. Therefore, in this study, finite element analy-
ses were carried out taking this assumption into account.
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Additionally, regarding the loading conditions, femur head
was subjected to a vertical load of 1000 N. Given that
forces on each human hip can increase up to 2-3 times
of body weight, load level was assumed to be adequate
by applying a maximal force of 1000 N to the femur head
(i.e., two times of the body weight of a 100 kg person or
three times of the body weight of a 67 kg person). Moreo-
ver, when previous research on femoral neck fractures are
examined, use of a 1000 N vertical load has been generally
preferred in finite element analyses [47—49]. In the bound-
ary conditions, design models were considered as fully
restrained at the base of the femur shaft.

Since this research considers the possible risk of very
small deformations on the fracture surface, it is assumed
that there is a linear relationship between loading and
deformation. In the case that deformations have higher
values, integrity of the treated bone region would be dete-
riorated. Objective of a structural linear analysis is accu-
rately interpreting the formation of stress distribution and
damage at initial load levels. Since the overall behavior
of a structure before significant deformation has utmost
importance, linear elastic material behavior was consid-
ered by ignoring stiffness degradation for the analysis of
the implant models. Computation time for a finite element
analysis is less than 30 s while many of the individuals
created within the genetic search algorithm violate the
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S2A

S2B

S2C

Fig.2 Design details of implant installation with two screws

prescribed design limits. As mentioned before, these lim-
its depend on the positioning of the screws and geometry
of the femur bone. Thus, invalid screw designs, which are
determined by a mathematical function, are not subjected
to FEA and eliminated directly within the algorithm. Com-
plete optimization process takes about 5, 10 and 20 h for
S2, S3 and S4 designs, respectively.

Throughout the generation of finite element mod-
els, femur and screws were meshed by using tetrahedral
SOLID186 elements which are defined by 10 nodes and
having three degrees of freedom at each node (transla-
tions in the nodal X, Y and Z directions). Element type was
selected from the ANSYS library. Finite element models of
the implant designs were meshed by defining 65,000-88,000
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S3A

S3B

— I

Fig.3 Design details of implant installation with three screws

nodes and 42,000-57,000 elements as illustrated in Fig. 5.
Prior to the finite element analysis, mesh convergence
analysis was performed to determine the appropriate mesh
number and mesh quality. For the convergence plot, the
maximum allowable change was considered as 5% and total
number of nodes and elements for the optimized designs are
given in Table 6.

5 Results and Discussion

Within the scope of this study, three types of CSFs, namely
S2, S3 and S4 patterns, are investigated through the genetic
algorithm (GA) and finite element method (FEM). All of the
numerical results of the femur bone and the screws, obtained
from the finite element analyses of each configuration are
summarized in Tables 7 and 8.

Regarding the total deformation results of the femur in
Table 7, observed lowest value is 14.24 mm in the S4B
while the highest value is 14.47 mm in the S3A. Despite
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the variation of total deformation results, these differences
are insignificant in proportion. On the other hand, consid-
ering critical stresses over von Mises yield criterion, the
lowest stress is 22.29 MPa in the S2B while the highest
stress is 32.12 MPa in the S4B. The difference between the
lowest and highest stress levels is approximately 30%, which
is significant compared to the total deformation variation.
Moreover, the lowest values of maximum principal stress,
minimum principal stress and maximum shear stress are
34.73 MPa in the S2B, 35.33 MPa in the S3B, and 2.71 MPa
in the S2B and the highest values of those are 42.87 MPa in
the S2A, 50.33 MPa in the S2C, and 5.04 MPa in the S4B,
respectively.

The results in Table 8 show that the lowest value of
deformation on the screws is 13.44 mm in the S2C while
the highest value is 14.25 in the S3A. Maximum von Mises
stress values on the screws vary between 196.00 MPa (in
the S2A) and 237.52 MPa (in the S3B). In addition, the
lowest values of maximum principal stress, minimum prin-
cipal stress and maximum shear stress are 191.41 MPa in
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S4A

S4B

Fig.4 Design details of implant installation with four screws

the S2A, 168.40 MPa in the S2B, and 10.59 MPa in the
S4A and the highest values of those are 238.98 MPa in the
S3B, 199.54 MPa in the S3A, and 33.91 MPa in the S2A,
respectively.

Overall, in order to determine the optimum configura-
tion for all of the screw designs, fitness values are cal-
culated and provided in Table 9, based on the numerical
results in Tables 7 and 8, which were obtained from the
analyses. Relationship between generation number and fit-
ness value is also presented in Fig. 6. Divergent behaviors
of the curves primarily depend on the characteristics of
randomly generated initial populations. According to the
calculated fitness values, optimum configurations through-
out three implant patterns are S4A and S3A designs, while
S2B could also be suggested in case the application of a
binary screw design is required. Having determined the
optimum three configurations, critical von Mises stresses
obtained from the analyses for S2B, S3A and S4A are
presented in Figs. 7, 8 and 9, respectively.

When the results obtained from this study are exam-
ined within the scope of previous studies, there are vari-
ous research representing similarity from different aspects
to the optimum configuration of screws. Maurer et al. [50]
performed mechanical tests on human cadaver bones and
stated that the use of twin screws is an acceptable method
in the treatment of femoral neck fractures. Xarchas et al.
[51] emphasized that implants made using binary cannu-
lated screws are a less damaging method for bone and soft
tissues and argued that the binary screws applied in the cor-
rect position may be sufficient for the treatment of femoral
neck fractures. Walker et al. [52] also showed that the use
of multiple screws is very important for stability in femoral
neck fractures and emphasized that the use of binary screws
is sufficient for stabilization in the femoral neck fracture.
On the other hand, Wu [53] stated that the application of
the inverted triangle screw gives quite good results in fem-
oral neck fractures. Similarly, Ly and Swiontkowski [54],
Gurusamy et al. [55], and Yang et al. [56] recommended
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S3A

S3B

S4A

S4B

Fig. 5 Mesh details of the implant models

the use of inverted three screws in the treatment of femoral
neck fractures. Apart from these studies, Satish et al. [57]
emphasized that the four screws fixation gives good stabil-
ity, allows controlled collapse, avoids fixation failure and
achieves predictable bone healing in displaced femoral neck
fracture in patients > 50 years of age. Giimiistas et al. [58]
also conducted some biomechanical tests on femur bone and
reported that four cannulated screws fixation may provide a
beneficial contribution to fixation stability in the treatment
of unstable femoral neck fractures. Rajnish et al. [59] also
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reported that the use of four screws for fixation of intraca-
psular neck of femur fracture contributed significantly to
stabilization in femoral neck fractures. The arrangement of
the screws proposed in the study is in line from particular
aspects with the results of previous studies. When the sug-
gestions of these studies evaluated, it is clear that there is
no absolute consensus for the optimal screw configuration
in the treatment of femoral neck fractures. Despite there is
not an identical optimum implant design study based on a
computational optimization method in the literature, it could
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Table 6 Total number of nodes and elements for the optimized
designs

Optimum design Nodes Elements
S2A 66,770 43,026
S2B 65,729 42,335
S2C 64,569 41,548
S3A 75,447 48,385
S3B 78,213 50,304
S4A 85,904 55,218
S4B 87,939 56,502

be propounded that suggested designs of these study are not
opposite to the general assumptions in terms of cannulated
screw fixation approaches.

6 Conclusions and Future Research

The assessment and treatment of femoral neck fractures
(FNFs) still remain a significant challenge in terms of the
orthopedist perspective, despite the fact that it has been an
important subject in recent years. To treat these fractures,
internal fixation implants (IFIs) have been mostly used for

Table 7 Numerical results of

S2A S2B S2c S3A S3B S4A S4B
the femur
Total deformation (mm) 14.38 14.45 14.46 14.47 14.26 14.42 14.24
Von Mises stress (MPa) 23.68 22.29 25.65 23.69 30.41 23.65 32.12
Maximum principal stress (MPa) 42.87 34.73 37.12 39.84 40.11 42.48 41.72
Minimum principal stress (MPa) 35.78 35.84 50.33 35.82 35.33 36.05 36.06
Maximum shear stress (MPa) 2.74 2.71 2.88 3.19 341 4.60 5.04
Table 8 Numerical results of S2A S2B $2C S3A S3B S4A S4B
the screws
Total deformation (mm) 13.84 13.89 13.44 14.25 13.92 13.84 13.65
Von Mises stress (MPa) 196.00 209.78 211.03 208.99 237.52 22631 220.18
Maximum principal stress (MPa)  191.41 210.83  211.36 209.11 23898 227.58 22091
Minimum principal stress (MPa) 196.83 168.40 189.97 199.54 198.08 177.84 179.52
Maximum shear stress (MPa) 33.91 12.56 27.94 13.67 16.55 10.59 13.65
Tablg 9 Fitn.ess value§ of the S2A S7B $2C S3A S3B SAA S4B
acquired optimum designs
Fitness values 2.870 2.932 2.709 3.110 2.704 3.310 2.908
250 S T e SR TR SR T the young patients. Today, there are several types of IFI pat-
o terns used in the FNFs to provide the orthopedic require-
200 ments. In this study, it is aimed to determine the optimum
s position, size and number of cannulated screws used in the
= & treatment of FNFs by using genetic algorithm (GA) and
g 2.50 finite element method (FEM). The study focuses on three
" o22s types of cannulated screw fixation (CSFs); binary screw
200 ) (S2), triple screw (S3) and quadruple screw (S4) patterns.
i 5 The study is carried out on two main steps: determination

0 5 10 15 20 25 30 35 40 45 50
Generation Number

Fig.6 Relationship between generation number and fitness value

of the implant design via GA and validation of the implant
design via FEM. In the determination of the implant design
via GA, all possibilities for the implementation of S2, S3
and S4 patterns are taken into consideration. Using pre-
defined ranges for the design variables; initial population
size values are 100, 200 and 400, while 232, 248 and 264
possible designs are applicable for S2, S3 and S4 patterns,

@ Springer
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Femur Screws
22.296 Max 209.78 Max
19.821 18647
17.346 163.16
14.871 139.85
12.396 116.54
99217 93.235
7.4468 69.926
4972 46618
24972 23.31
0.022339 Min 0.0020135 Min
Fig. 7 Critical stress distributions on the femur and screws for S2B
Femur Screws
14.466 Max 208.99 Max
12,859 185.77
11.252 162.55
9.6443 138.33
8.0269 116,11
64235 92.887
48221 69.666
32148 46444
1.6074 23.223
0 Min 0.0012994 Min

Fig. 8 Critical stress distributions on the femur and screws for S3A

respectively. Following this preliminary stage, GA is started
and optimum implant schema is sought over iterative gen-
erations. Throughout the examination of the yielded results
from each of the GA processes; implant designs, which are
evaluated to be more advisable in terms of the applicability,
are selected within the study. The selected designs are three
configurations in S2, two configurations in S3 and two con-
figurations in S4 patterns. In the second part of the study, the
selected configurations are validated by using FEM. With
the FEM, the selected designs are subjected to the same load
effects; subsequently, critical stresses and deformations in

@ Springer

bones and screws are examined. As a result of all evalua-
tions and analyses, the most effective designs are achieved
for the S2, S3 and S4 patterns. S2B, S3A and S4A designs
are determined as the most suitable designs for S2, S3 and
S4 patterns, respectively.

In this study, all of the possible combinations and screw
sizes have been evaluated to determine the optimum con-
ditions for fracture stability. Optimization approach in this
study has revealed interesting and also easily applicable
implant designs that have higher performances. Especially
it is significant that achieving the optimum design by a
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Femur

Screws

23.651 Max
21.025

18.389

15.772

13.146

10519

7.8931

5.2667

2.6403
0.013907 Min

226,31 Max
201.16

176.02

15087

12573

100.58

75437

50.292

25.146
0.00057936 Min

Fig.9 Critical stress distributions on the femur and screws for S4A

limited number of analyses instead of a very high number
of analyses puts the advantage of the GA. This study has the
potential to be assumed as the validation of the mentioned
approach, while future research considering the multi-load
situations or different type of femoral neck fractures could
present various implant designs.
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