
Original Research Article

Bone fracture healing under external fixator:
Investigating impacts of several design parameters
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a b s t r a c t

In this paper we aim to improve the understanding of the relationship between unilateral-

uniplanar external fixator design parameters and their influences on fixator performance.

Stability and strength of bone-fixator construct as well as the quality of healing were defined

as our major concerns in order to evaluate the performance of fixator. The roles of six key

design parameters were assessed during the early stage of healing by using finite element

models. Tissue differentiation within the callus was predicted through the implementation of

a mechanoregulation theory of bone healing. Taguchi and ANOVA methods were used to

achieve optimal design sets for outputs and to determine contribution percentage of each

design parameter on outputs. For improving overall fixator performance, optimal set of design

parameters consisting of 2 mm, 8 mm, 120 mm, 20 GPa, 50 mm and 20 mm were determined

by Taguchi for pin diameter, rod diameter, rod elevation, fixator Young's modulus, distance of

the nearest pin to fracture site and distance between adjacent pins, respectively. Also, results

of ANOVA revealed that rod elevation is the most important design parameter, with 43 %

effectiveness on overall fixator performance, which was followed by fixator material and pin

diameter with 28 % and 19 %, respectively. Results of this study can assist orthopedic surgeons

to achieve an optimal fixator device with respect to the patient's condition and give insight

into the importance of different design parameters.

© 2020 Nalecz Institute of Biocybernetics and Biomedical Engineering of the Polish

Academy of Sciences. Published by Elsevier B.V. All rights reserved.
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1. Introduction

The use of external fixation devices in the tibia diaphyseal
fracture treatment has always been a favorable option for
surgeons. Adjustability of external fixator configuration
according to how healing process progresses and consequent-
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ly achieving desirable micro-movement at the fracture site is
the main advantage of external fixators over alternative ways
of fixation [1]. Nowadays, several external fixator systems are
used in clinics which can be categorized into different groups;
uniplanar–unilateral, uniplanar–bilateral, bi-planar and multi-
planar [2]. However, there has always been a substantial
number of debates over the optimal design and various
gineering of the Polish Academy of Sciences. Published by Elsevier
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mechanical characteristics of external fixators [3]. A properly
applied external fixator can accommodate a stable condition
to host the biological process of bone regeneration and also
provide a required amount of flexibility at the fracture site to
improve the quality of healing, while an improperly applied
one may cause adverse effects on the healing process of bone
fracture [2].

The healing process can be classified into two different
pathways: primary healing intramembranous ossification)
and secondary healing (endochondral ossification). Primary
bone healing happens when absolute mechanical stabilization
is associated with anatomical reduction. In this type of
healing, the healing process takes place by direct bone
formation in the fracture gap [4] and depending on various
species can take from a few months to a few years for bone to
rehabilitate its strength. Secondary healing, on the other hand,
takes place in less rigid fixation conditions [5] and does not
require any anatomical reductions. Goodship and Kenwright
[6] showed that relative instability which can cause axial
micro-movement improves the healing process considerably
as compared to rigid fixation of the osteotomy site. However,
too much movement and/or load will result in prolonged
healing process or even non-union at the fracture site [7].

To evaluate fractured bone healing process, many mechan-
oregulation theories have been proposed [8–10]. Roux [11] was
the first one who explained tissue differentiation process
based on mechanoregulation theory. Later on, tissue differen-
tiation based on hydrostatic compression and shear deforma-
tion [12], interfragmentary strain (IFS) [13], deviatoric strain
[10] and so on have been investigated. Mechanoregulation
theories (deviatoric strain, fluid flow, pore pressure, etc.) were
analyzed and compared by Isaksson et al. [10], who concluded
that simulation as a function of only deviatoric strain provides
an accurate prediction of normal fracture healing. This means,
the deviatoric strain is the most significant mechanical
parameter that guides tissue differentiation during the
secondary healing process. Based on the deviatoric strain
theory, the cells are made of granulation tissues immediately
after surgery, and then they turn into different tissue
phenotypes (i.e. fibrous tissue, cartilage, immature, interme-
diate and mature bones) according to the level of deviatoric
strain each experiences during the healing process.

Nowadays computational methods have become an indis-
pensable part of orthopedic researches. It is a highly effective
approach in orthopedic researches due to its ability to reduce
the amount of time and cost of researches compared to
experimental tests on animals. By implementing computa-
tional methods, the effects of various fixators and their
variables on mechanical behaviors have been comprehen-
sively studied [14–19]. However, most studies have never
provided any insights into the secondary healing process of a
fractured bone under different combinations of decisive
design variables of a unilateral-uniplanar external fixator.
Furthermore, to the best of our knowledge, neither the
optimization of several design parameters nor their impacts
on strength, stability and healing quality have yet been
studied.

Additionally, the significances and weights of design
variables have never been evaluated as compared to each
other. For instance, in order to increase stability, orthopedics
might hesitate between several ways such as adding an extra
pin or bringing rod closer to the bone, due to the lack of a
methodology to analyze the importance of decisive factors
[20,21]. This study highlights the difference between the
significance of the most important variables of a unilateral-
uniplanar external fixator, which was not tackled by other
researchers to date, to the best of our knowledge.

Taguchi as a design of experiment (DOE) method was
applied in this study. In the field of orthopedic biomechanics,
Kim et al. [22] and Sheng et al. [23] also employed the Taguchi
method and FEM to conduct optimization for internal fixation
system with the plate.

We simulated the mechanical behavior of the whole bone-
fixator construct and studied the mechanobiological microen-
vironment at the fracture site in response to a partial body
weight load for various combinations of design parameters
using finite element models. The first goal of this study was to
develop optimum values through the use of Taguchi method.
For the second aim, analysis of variance (ANOVA) was used to
estimate the contribution percentage of each design parame-
ter on the output. It is essential to note that our study is an
exhaustive study in terms of evaluating several design
variables of unilateral-uniplanar external fixator and selected
outputs as compared to other studies in the literature. A
mechanoregulation theory based on deviatoric strain was
employed to predict the healing process of the fractured tibia.
It must be remarked that the early stage of bone fracture
healing is vital in the whole process [24,25], so we focused on
the post inflammatory phase, in which callus is mainly
composed of granulation tissue.

2. Materials and methods

2.1. Design inputs and outputs

This numerical study focuses on the impacts of several design
parameters of a unilateral-uniplanar external fixator (see Fig. 1
(a)). The fixator consists of a connecting rod on the one side of
the bone and four pins which are placed into the bone, above
and below the fracture site. Geometry, material properties, and
components relative arrangements are general design inputs.
In detail, the distance of the nearest pin to the fracture site (A),
the distance between adjacent pins (B), rod elevation (C), pin
diameter (D), rod diameter (E) and fixator material (pins and
rod Young's modulus) (Y) were selected as design parameters
in this study. All of these selected design parameters are
considered as the most important inputs in designing and
constructing a unilateral–uniplanar external fixator [2,26–28].
In addition, design parameters which are related to geometric
features of a unilateral-uniplanar external fixator are illustrat-
ed in Fig. 1. Regarding the exact distances between compo-
nents, it is necessary to note that the distances between pins
were considered between centers while the distance between
rod and bone was considered between outside diameters, like
what surgeons consider in operating rooms.

For design parameters, a wide range of discrete values have
been implemented in this study. In external fixators, pin and
rod diameter range from 2�6 mm and 8�12 mm, respectively
[29,30]. In constructing a unilateral-uniplanar external fixator,



Fig. 1 – Geometric features, loading and boundary conditions applied in all design cases: (a) distance of the nearest pin to
fracture site (A), distance between adjacent pins (B), rod elevation (C), pin diameter (D), rod diameter (E); and (b) cross
sectional view of callus with a 3-mm transverse osteotomy.
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rod elevation can differ from 40�120 mm [31]. For fixator
material (Young's modulus), a wide range from 20�200 GPa
was considered [32,33]. The distance of the nearest pin to
fracture site and the distance between adjacent pins include
all possible values, based on previous findings in the literature
[31]. Discrete values of each design parameter were selected in
5 levels. Design parameters and their levels are shown in
Table 1.

Von Mises stress is of significant importance in construct-
ing and designing a fixation device. Due to possibility of failure,
all von Mises stresses of pins, rod and bone should be fully
analyzed [34,35]. Interfragmentary strain (IFS) is a simple and
critical mechanical factor that could describe and evaluate the
stability of various fixation devices. The IFS is calculated by
dividing the interfragmentary movement (IFM) by the initial
fracture gap size [36]. For normal healing, the IFS should not be
more than 33% [6,37]. This is rooted in the fact that a flexible
fixator which provides an IFS more than allowed threshold is
not appropriate for treatment since the primary aim of a
fixation device is to provide a stable construct for fracture.
Table 1 – Design parameters with their five levels for
Taguchi design of simulations; distance of the nearest pin
to fracture site (A), distance between adjacent pins (B), rod
elevation (C), pin diameter (D), rod diameter (E), pins and
rod Young's modulus (Y).

Design parameter

Level
A

(mm)
B

(mm)
C

(mm)
D

(mm)
E

(mm)
Y

(GPa)

Level 1 10 10 40 2 8 20
Level 2 20 15 60 3 9 50
Level 3 30 20 80 4 10 100
Level 4 50 30 100 5 11 150
Level 5 70 40 120 6 12 200
In order to evaluate the efficiency of bone-fixator construct
from the biological point of view, the mechanobiological
criteria were considered. Secondary healing index (SHI) is
defined to show how much the fracture is inclined to heal
through secondary pathway of healing. To predict whether a
certain fractured bone is likely to heal through secondary
healing or not, the amount of fibrous and cartilage tissues at
early stage of healing should be analyzed. The more cartilage
and fibrous tissue created in callus, the more fracture is
expected to heal through secondary pathway of healing [9].

In order to reach an optimized design, a multi-objective
function (MOF) based on normalized values was defined.
Normalization used in this study was based on adjusting
values measured on different scales to a common scale and to
make the optimization process more efficient. All normalized
values were achieved by dividing original values by the
maximum value of each output. First, the MOF was defined
as a function to achieve minimum value of stress and the
maximum healing quality. To do so, a ratio of the normalized
von Mises stress (NS) to the normalized secondary healing
index (NSHI) is defined. Then, the square of the differences
between normalized value of von Mises stresses of pins (NSP),
bone (NSB), rod (NSR) and interfragmentary strain (NIFS) and
their allowed ranges were added to the first fraction as penalty
functions. With regard to allowed ranges, the IFS should be
between 7-33% for a normal bone healing process. Yield stress
of bone is considered to be 111 MPa [38] and this figure for pin
and rod is about 690 MPa [39]. The MOF is defined by the
following equation:

MOF ¼ NS
NSHI

þ a NSP � ANSPð Þ2þa NSB � ANSBð Þ2

þa NSR � ANSRð Þ2þa NIFS � ANIFSð Þ2
(1)

where ANSP is normalized allowed stresses of pins, ANSB is
normalized allowed stress of bone, ANSR is normalized



Table 2 – Material properties of bone.

Material Young's
Modulus (GPa)

Poisson's
ratio

Cortical bone [64] 20 0.3
Marrow [36] 0.002 0.167
Granulation tissue [53] 0.001 0.167
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allowed stress of rod, ANIFS is normalized allowed IFS and a is
an empirical factor which was found to be 1 in an iterative
manner until the bone-fixator construct made of optimal set of
control parameters determined by Taguchi, does not violate
the constraints used in this study (i.e. allowed stresses of pins,
allowed stress of bone and rod). The constraints were included
in the MOF using the same penalty coefficient since same
importance was given to them.

By applying Taguchi method and ANOVA, we investigated
the design parameters influencing on six specific outputs (i.e.
the maximum von Mises stresses of pins, the maximum von
Mises stress of bone, the maximum von Mises stress of rod, IFS,
SHI and multi-objective function) which are subdivisions of
our three major outputs (i.e. strength and stability of bone-
fixator construct as well as the healing performance).

2.2. Taguchi and ANOVA

Taguchi technique as a DOE approach is popular among
engineers and scientists because it can be adopted and applied
with a basic knowledge of statistics to minimize the required
number of experiments or simulations [40]. By increasing the
number of design parameters, a larger number of simulations
needed to be done. Taguchi method minimizes the number of
simulations by using a special set of arrays called orthogonal.
According to full factorial approach, required number of
simulations could be calculated by powering the number of
levels to the number of factors [41], which in this work is 56

(15625). Thanks to fractional factorial approach, Taguchi
method reduces this number to only 25 simulations. The
software used in this study for employing Taguchi method was
Minitab 18.

In current study, 4 primary steps were carried out for
Taguchi method: first, an orthogonal array (L25) was selected.
Second, outputs were analyzed based on the signal to noise (S/
N) ratio. Third, optimum sets of design parameters for each
individual output were obtained, and finally six simulations
(for six above-mentioned outputs) were run to achieve
optimum values.

For representing a response or quality characteristic of a
system, S/N ratio is used in Taguchi approach [42]. S/N ratios
can be classified into three categories: smaller-the-better (used
for all outputs except SHI), target-the-best (which is not used in
this study) and larger-the-better (used for SHI). In this study,
mean values of S/N ratios for all levels of design parameters
were calculated, then the level which had the highest S/N ratio
was selected as the optimum level for each output.

Furthermore, ANOVA was utilized to estimate the contri-
bution percentage of each design parameter on outputs.
Although ANOVA is normally employed for evaluating data
obtained from an experiment, in this study, like similar studies
(e.g. see [41,43]), it was used as an approach to analyze results
from simulations.

2.3. Finite element model

To generate the long bone geometry, the dimensions and
shape of a tibia were simplified as a smooth circular shaft in
ABAQUS 2017 [44,45], which was modelled as a cylinder (with a
length of 300 mm) composed of cortical bone with an outer
and inner diameter of 25 and 15 mm as well as bone marrow at
the intramedullary canal. Then, a 3-mm transverse osteotomy
(medium gap size) was mimicked on the basis of Lacroix's
researches [14,36,46]. The internal callus was modelled at
endosteal and intracortical locations in order to fill up the
space between two bone segments. For bridging the fractured
tibia segments, external callus is also modelled along
periosteal. The geometry and dimensions of internal and
external callus were taken from previous studies (see Fig. 1 (b))
[14,47]. Furthermore, the external fixator with single rod and
two pins for each bone segment was inserted in the anterior-
medial side of the tibia. Design cases were modelled based on
Taguchi suggestion for analyzing different design parameters.
For the sake of simplicity, clamps were not modelled [48,49],
but to consider the impact of clamps on the assembled
construct, tie constraints were applied between rod and pins.
Likewise, tie constraints were applied between bone and pins
in all 25 design cases.

The material properties of the cortical bone, bone marrow
and callus (made of granulation tissue) applied in this study
are represented in Table 2.

All parts of bone-fixator construct were modelled using 8-
node linear hexahedral solid elements with reduced integra-
tion. The most appropriate mesh size was determined by
convergence study. To do so, by increasing the mesh density,
the difference between axial stiffness was compared between
two mesh sizes. Once this difference was less than 2%, and the
results converge satisfactorily, the favorable mesh size was
obtained, which was 1 mm for callus, pin and rod and a larger
mesh size of 2 mm for the bone. The fracture callus, bone, pin
and rod were meshed with 16112, 15600, 4000 and 24448
elements, respectively.

The bone healing process is sensitively influenced by
loading conditions [50]. In this paper, AO instructions were
applied for loading conditions at the fracture site. Accordingly,
it is suggested that 25% of the body weight (B.W.) should be
applied on the fracture site for the first six weeks after surgery
[51]. We assumed a body weight of 75 kg in this study. This
compressive pressure was applied at one end of the tibia bone,
and a fully constraint boundary condition was set to the other
end of the bone (see Fig. 1 (a)).

To validate the finite element models from a biomechanical
point of view, a new case, apart from 25 design cases, was
constructed so as to compare the axial stiffness of the bone-
fixator construct with the results of an experimental study in
the literature [52].

2.4. Mechanoregulation algorithm of bone healing

Different types of mechanoregulation algorithms have
been introduced to estimate temporal and spatial tissue



Table 3 – Material properties for different tissue phenotypes [10].

Tissue type Poisson's ratio Young's modulus (MPa) Deviatoric Strain

Granulation tissue 0.167 1 ed ¼ 1
Fibrous 0.167 1�5 1 > ed � 0:05
Cartilage 0.167 5�500 0:05 > ed � 0:025
Immature bone 0.325 500�1000 0:025 > ed � 0:0005
Intermediate bone 0.325 1000�2000 0:0005 > ed � 0:00041
Mature bone 0.325 2000�6000 0:00041 > ed � 0:00005
Resorption ——— ——— 0:00005 > ed
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development during secondary healing process of a
fractured bone. Among all algorithms, it has been proven
that mechanoregulation algorithm based on deviatoric
strain is accurate enough to predict a normal healing
process [10,53]. The deviatoric strain is calculated by the
following equation:

eds ¼
2
3

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðe1 � e2Þ2 þ ðe2 � e3Þ2 þ ðe3 � e1Þ2

q
(2)

where e1; e2 and e3 are principal strains of each callus element.
Fig. 2 – The workflow of this stud
In this paper, bone healing process (at early stage of
healing) was simulated through the use of user's subroutine
programmed by Python 3.1 and ABAQUS 2017. The initial
callus was assumed to consist of soft tissue (granulation
tissue). Based on the above-mentioned theory, new Young's
modulus in all callus elements and tissue phenotypes were
determined by deviatoric strain. By increasing the magnitude
of Young's modulus, tissue phenotypes could differ from
granulation tissue to mature bone (see Table 3). Also, Fig. 2
briefly shows all steps from creating the FE model of fractured
tibia and external fixator to applying the Taguchi and ANOVA.
y to achieve two major goals.
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3. Results

This section encompasses the results of finite element model
validation, von Mises stresses and the IFS immediately after
surgery as well as the patterns of tissue differentiation and
MOF during the early stage of healing. Also, the Taguchi and
ANOVA results are presented in this section.

3.1. Validation of finite element models

Validation of finite element models was conducted through
comparing the values of axial stiffness of a bone-fixator
construct (519 N/mm), created in this study, with a similar
construct used in an in-vitro experiment (528 N/mm) [52].

3.2. Von Mises stress

Maximum von Mises stresses of all parts are represented in
Fig. 3. The highest von Mises stress value of rod was 162 MPa,
observed in case 15, while the lowest value was 1.98 MPa,
observed in design case 9. The highest von Mises stress of pins
was 105 MPa, observed in case 15, whereas case 9 with
4.39 MPa had the lowest stress as shown in Fig. 3. Likewise, the
maximum and the minimum stress values of bone were
38.8 MPa and 2.37 MPa, observed in case 15 and 9, respectively.
Overall, all the minimum and the maximum stresses of bone-
fixator construct were observed in case 9 and 15.

3.3. The interfragmentary strain

The IFS was calculated by dividing interfragmentary move-
ment by the gap size (3 mm) at four points of internal callus
Fig. 3 – Maximum von Mises stress of pi

Fig. 4 – The IFS and SHI 
(medial, lateral, anterior and posterior) given that tibia
experienced bending in the mid-diaphysis. The greatest of
these values are presented in Fig. 4. Design case 23 with 35.9%
had the highest IFS and case 18 with 17.1 % the lowest.

3.4. Healing pathway

As it was mentioned before, the amount of fibrous and
cartilage tissues are crucial at the early stage of healing
process; accordingly, secondary healing index (SHI) is intro-
duced and calculated as follows:

SHI %ð Þ ¼ The number of fibrous and cartilage tissue elements in callus
The total number of callus elements

� 100

(3)

Fig. 4 shows SHI of 25 cases through the use of L25
orthogonal array. Among all simulations, conditions 3 and 4
had the richest fibrocartilage tissues and conditions 18 and 22
had the lowest fibrocartilage tissues as presented in Fig. 4.

3.5. Multi-objective function

The MOF was defined in order to investigate an optimum design
case that follows more than just one criterion. Fig. 5 shows MOF
for all cases. Case 18 had the maximum value of MOF. This
means with regard to SHI, von Mises stresses and the IFS, it is
the least favorable case, while case 9 is the most favorable.

3.6. Taguchi suggestions for optimum designs

For achieving an optimum design case of each output, levels
which had the highest mean values of S/N ratios were selected
ns, rod and bone in 25 design cases.

for 25 design cases.



Fig. 5 – MOF for 25 design cases at early stage of healing.

Table 4 – Optimum level of each design parameter for outputs and results of optimized simulations.

Design parameter Stresses of pins Stress of rod Stress of bone IFS SHI
MOF

A (mm) 50 70 70 20 70 50
B (mm) 20 20 20 40 30 20
C (mm) 120 120 120 40 120 120
D (mm) 2 2 2 5 2 2
E (mm) 9 9 10 11 8 8
Y (GPa) 20 20 20 200 20 20
Results 3.697 1.661 2.299 0.150 59.21 0.108
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as the optimal levels and are shown in Table 4. Then six
simulations with optimum levels of each design parameter
were carried out. Table 4 also demonstrates the results.
Compared to 25 design cases, the von Mises stresses of pins,
rod and bone observed in optimal constructs reduced by 16 %,
17 % and 3 %, respectively. In addition, the stability increased
by 11 % after optimization (by reducing IFS). Also, the
optimized value of SHI was 59.21 % (higher than the maximum
SHI in design cases by a margin of 1 %) and this figure for MOF
was 0.108, a little less than the best case observed in 25 design
cases. To conclude, by applying all suggested design sets,
strength and stability of bone-fixator construct and healing
quality were improved.

3.7. Analysis of variance

Table 5 shows contribution percentage of each design
parameters on outputs. Rod elevation had the most contribu-
tion percentage on all outputs with 48% for the maximum von
Mises stresses of pins, 27% for the maximum von Mises stress
of rod, 37% for the maximum von Mises stress of bone, 32% for
Table 5 – The contribution percentage of design parameters on

Design parameter Stresses of pins Stress of rod 

A 5.59 4.16 

B 3.28 2.60 

C 48.07 27.87 

D 7.48 26.34 

E 6.01 2.79 

Y 29.54 26.20 
IFS, 35% for SHI and 42% for multi-objective function. Pin
diameter and fixator material were also two important design
parameters which had higher contribution percentage among
other design parameters. On the other hand, apart from SHI in
which the distance of the nearest pin to the fracture site had
the smallest effectiveness (5.21%), the lowest impact on other
outputs is related to the distance between adjacent pins,
followed by rod diameter.

4. Discussion

This paper presents a combined methodology to help in the
design of external fixators used to achieve proper bone fracture
stabilization and healing. Six design parameters were identi-
fied initially as the most important in the problem: pin
diameter, rod diameter, rod elevation, fixator material,
distance of the first pin to fracture site and distance between
adjacent pins. This study follows two major goals. First,
Taguchi method was used to enhance the strength and the
stability of bone-fixator construct and to improve the healing
 outputs.

Stress of bone IFS SHI MOF

17.01 7.80 5.21 5.60
1.67 7.10 8.82 1.58
37.16 32.51 35.60 42.53
27.73 21.80 26.13 18.95
8.47 8.21 6.43 3.61
10.93 22.55 17.78 27.70
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quality. Second, ANOVA was applied to detect the relative
influence of each parameter on each output or the overall
performance of fixator.

It is worth highlighting that although this study primarily
concentrate on the early stage of healing, this period is
influential during the entire healing process due to the fact
that the early microenvironment plays a key role in cell fate
which can influence the healing pathway of the progenitor
cells and consequently the bone healing during all stages
[24,25,54].

In our study by employing von Mises stress as a criterion for
predicting the failure of ductile materials, the possibility of
bone-fixator construct failure was investigated. Overall, the
maximum von Mises stresses of bone in 25 design cases, on
average, were lower than that of rod and pins. With regard to
the aforementioned threshold (690 MPa for rod and 111 MPa
for bone), no case experienced failure after applying the load
during the initial stage of healing. Additionally, it is also
noteworthy that ANOVA results demonstrate rod elevation is
the most critical parameter affecting von Mises stresses of all
parts of bone-fixator construct. Previous studies [2,32] have
also declared that rod elevation plays an important role in
stresses in bone and fixation device.

In terms of stability, the principal goal of the clinical
treatment of bone fractures is to immobilize the fracture site.
To do so, the IFS is a reliable indicator of bone-fixator construct
rigidity. In general, for the best healing outcomes, it is expected
that IFS to be around 7–33 %. Too rigid fixator (IFS < 7%) will
hinder any micro-movements and consequently cause prima-
ry healing. On the other hand, too much movement in the
fracture site means the fixator is not rigid enough to stabilize
fracture and this can bring about nonunion. So surgeons try to
limit interfragmentary movement to achieve a moderate IFS
(around mean of 7 % and 33 %) [54]. In case 18, rod elevation
was 40 mm and IFS was 17 %, which is consistent with
previous findings in terms of the favorable distance of rod to
bone and a moderate IFS [2,54]. The ANOVA results of IFS
indicate that rod elevation had the most contribution
percentage (32.51%), meaning that changing the distance of
rod to the bone can highly affect the IFS, more than any other
design parameter. Other studies also have focused on the
importance of rod elevation for increasing stability [20,55].In
other words, by bringing the rod closer to the bone, it is
expected that the stability improves which leads to a lower IFS.
The IFS values observed in Case 14, 19 and 22, where rods are
nearer to bones in comparison with other cases, clearly
represent the effect rod elevation on stability.

In terms of healing, it is worth mentioning that fixator
stiffness highly influences the fracture healing process. By
investigating and changing design parameters throughout 25
design cases, stiffness is the most conspicuous mechanical
parameter which is changing. Those cases which were more
flexible experienced higher value of SHI compared to more
rigid cases. Also, given the IFS, less rigid cases (lower IFS)
generally had higher values of SHI, so it can be concluded that
there is a positive correlation between more flexibility and
higher value of SHI, which supports previous findings
[14,15,56,57]. It is crucial to note that orthopedics should not
merely focus on high value of SHI at early stage of healing since
it is achieved by fixator destabilization which can cause failure
or mal union until the end of healing process. The ANOVA
results reveal that among the six parameters studied in this
paper, rod elevation is the most important parameter
influencing the tissue differentiation in the callus during
healing process. Although the importance of rod elevation
have been discussed before [20,32,55], none of previous studies
provide a mechanoregulatory insight into the influence of rod
elevation.

Furthermore, the relationship between the IFS and SHI is
plainly visible in Fig. 4. This correlation has been studied by
many researchers and it was concluded that there should be a
positive correlation between interfragmentary movement (or
IFS) and secondary healing quality, which is consistent with
results of 25 design cases [58–60]

MOF is an optimized design in which all the above-
mentioned outputs are considered in a single multi-objective
function. All von Mises stresses, IFS and SHI are taken together
in one equation in order to achieve the best design. Among all
25 design cases which were assembled based on Taguchi
suggestion, case 9 showed a lower value of multi-objective
function. Like other outputs, for selecting the optimum level of
each design parameter, S/N ratio was employed. Then an extra
simulation was run for the optimum design and the value for
MOF was lower than case 9, which had the best MOF among 25
design cases. The ANOVA results show that rod elevation had
the highest influence on MOF, which was followed by fixator
material.

Overall, Taguchi optimal cases demonstrate that in most
suggested design sets, less rigid fixator is recommended to
achieve optimized design sets. To elaborate, suggested rod
diameter, pin diameter and the distances of pins are mainly on
the levels that make a bone-fixator construct less rigid. Also,
suggested Young's modulus for 5 out of 6 outputs is 20 GPa.
This is consistent with previous findings as biomedical
materials with lower Young's modulus would be preferable
for bone healing process [47,61,62]. Taguchi suggested design
sets can provide surgeons with an insight to deal with various
situations. To clarify, in some conditions, achieving maximum
healing quality might be of little concern (in case of an old
patient), while, here, maximum stability is needed. The
approach used in this study can assist surgeons to deal with
different conditions.

This work also includes some limitations. First, the whole
study was investigated during the early stage of healing
process. It is clear that the whole process is a cascade of events,
which an interruption at any stages might be able to effect the
healing process. Second, simplifications in finite element
models, such as simplified material and structural properties
(e.g. homogenous material properties, simplified bone and
callus) can lead to some errors in analyzing outputs. Third,
loosening of Schanz screws in external fixators, as a decisive
factor in determining the failure or success of an implant was
not investigated [63].

5. Conclusion

From a mechanobiological perspective, this paper provided
valuable insights into the designing and applying unilateral
external fixator. The finite element models developed in this
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study alongside the Taguchi method enabled the selection of
optimum sets of design parameters (i.e. the distance of the
nearest pin to the fracture site, the distance between adjacent
pins, rod elevation, pin diameter, rod diameter and fixator
material (pins and rod Young's modulus). A summary of
findings regarding two major goals of this study are as follows:

� Given the ANOVA results of all outputs (i.e. the maximum von
Mises stresses of pins, bone and rod, IFS, SHI and MOF), it can be
concluded that rod elevation was the most important design
parameter, thus it is suggested that orthopedic surgeons
consider it superior to other factors in applying a fixator.

� The Taguchi optimal design cases can be used for various
goals. With regard to the condition of patient and fracture
type, different design sets for different aims, like increasing
stability or improving healing quality, can be assembled.
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