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Introduction: In the early stage of fracture fixation, the aim of a unilateral external fixator (UEF) to stim-
ulate healing and maintain stability may be suppressed by using inadequate number of pins. Cortical
thinning due to age or osteoporosis endangers a successful fracture fixation.

Materials and methods: This study evaluates the initial strength and stability of the fracture fixation and
tissue differentiation under the influences of variable cortical thickness (5 mm to 1 mm) and variable
number of pins (1 to 4 in each bone fragment). A finite element program was utilised to develop 20
three-dimensional models of simplified diaphyseal tibia with fracture callus fixed with UEF. A mechano-
regulation code based on the deviatoric strain theory was written and applied to simulate tissue differ-
entiation. The values of von Mises stress, interfragmentary strain (IFS), and fibrocartilage index (FCI) were
evaluated.

Results: Cortical thinning from 5 mm to 1 mm increased IFS and FCI by an average of 30.3% and 18.7%,
respectively, and resulted in higher stresses in the UEF and bone. Using 1 pin in each bone fragment pro-
duced excessive IFS in the models with 1 mm, 2 mm and 3 mm cortical thickness. Inserting the second
pin into the bone fragment could considerably reduce the IFS and fibrocartilaginous tissue formation in
the fracture site and improve load transmission to the fixator. Whereas inserting the fourth pin could
minimally affect the mechano-biological environment of healing.

Conclusions: This study suggests that initial instability due to cortical thinning can be efficiently allevi-
ated by adding the number of pins up to 3 in a UEF; additionally, it may improve the knowledge about
applying UEFs adequately stable, whilst promoting inclination toward endochondral ossification, simulta-
neously.
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for fracture fixation is to rapidly regain the bone’s functional abil-
ity using a successful fixation method with minor complications.

Introduction

External fixators are widely used as a provisional treatment
for patients with severe open fractures and in the environment of
damage control orthopaedics [1,2]. They can provide initial stabil-
ity with less dissection through the fractured area, enabling soft
tissue recovery prior to definitive treatment [3,4]. Definitive treat-
ment of closed tibial fractures using external fixation can be con-
sidered a method of fracture repair when there is a need to man-
age severe soft tissue injuries, compartment syndrome, and pa-
tients with multiple injuries [5]. In orthopaedics, the main goal
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A successful fixation is defined as not being too rigid to initiate
primary bone healing or too flexible, leading to delayed healing or
nonunion [6,7]. In the mechano-biological environment of fracture
healing, both bone properties and fixator’s characteristics affect the
initial mechanical stability and, therefore, the quality of the healing
outcome [8,9]. Recent studies showed that insufficient mechanical
stability of the external fixation leads to secondary displacement,
delayed healing, nonunion, and most commonly, pin tract infec-
tion [10-14]. Also, it was reported that the decline in bone cortical
thickness during senile osteoporosis due to ageing is considered a
challenge in preserving the capacity for successful healing and ini-
tial mechanical stability [15,16].
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Since the number of pins in a UEF is one of the critical parame-
ters affecting the stability of the construct [1], a number of studies
evaluated the effects of variable number of pins on the structural
stability and the course of healing [6,17-19]. Wu et al. [6] investi-
gated the influence of the rigidity of external fixation on osteotomy
healing by comparing four-pin and six-pin unilateral external fix-
ators. The study reported that less rigidly four-pin configuration
provided weaker osseous tissue but more periosteal callus, allow-
ing for a stronger structure [6]. Briggs and Chao [17] obtained that
the incremental increase of the external fixator stiffness resulted
by adding pins decreased remarkedly when the number of pins in
the fixator exceeded eight. On the other hand, adding the number
of pins creates portals for infection and causes damage to the bone
and soft tissue [1].

In addition to the inadequate number of pins, cortical thin-
ning can also increase the risk of implant failure [20]. Donald-
son et al. [19] revealed that cortical thinning due to age or os-
teoporosis increases the incidence of pin loosening, which can
be alleviated by adding the number of pins from 2 to 3 in ei-
ther bone fragment. Furthermore, the decline in the cortical bone’s
cross-section area produces excessive stress, leading to mechanical
instability [21].

To the best of our knowledge, no study has been conducted
yet to investigate the influences of the cortical thickness (T) and
the number of pins (P) in a UEF on the mechano-biological envi-
ronment of the fracture healing using a mechano-regulation algo-
rithm. In this study, the finite element (FE) analysis, in conjunction
with a mechano-regulation algorithm, simulated tissue differenti-
ation in the initial stage of a tibial fracture healing in which de-
viatoric strain acts as a single stimulator. This study aims to an-
swer two questions: How does adding pins of a UEF affect the
mechano-biology of healing? How does an aged osteoporotic frac-
tured bone react to the variable number of pins in a UEF? As the
external fixation method has experienced a resurgence [22], the
information provided in this effort may have important implica-
tions in minimising the complications of externally fixated fracture
healing.

Materials and methods

In order to evaluate initial healing performance along with ini-
tial fracture stability and strength, three-dimensional (3D) FE mod-
els were developed using a FE program, Abaqus 6.14-2. In this
comparative study, the tibial diaphyseal fractures were fixed with
the UEFs, in which P and T were determined variable parameters.
A Python user’s subroutine was created based on the mechano-
regulation theory proposed by Isaksson et al. [23], utilised in con-
junction with FE modelling to simulate tissue differentiation dur-
ing the initial healing process.

A human diaphyseal tibia was modelled as a cylinder with a
25 mm outer diameter, 300 mm length [24], and variable corti-
cal thickness of 1, 2, 3, 4 and 5 mm, since the loss of cortical
thickness is one of the contributing factors in bone osteoporosis
(Fig. 1). The 5 mm thickness was assumed to belong to a young
and healthy tibial cortex, but an old osteoporotic tibia was deemed
to have 1 mm cortical thickness. A transverse bone fracture was
modelled as a 3 mm gap at the midheight of the tibia [25]. The
fracture gap was filled with a 3 mm thick disk simulating internal
callus in which the outer diameter and the intercortical thickness
dimensions are similar to those of the bone shaft. The external cal-
lus model was considered to have an oval shape with a callus in-
dex of 1.4 [25] and 41 mm extension along the periosteum [26].
The two bone fragments were fixed with a UEF, comprising a sin-
gle longitudinal stainless steel rod of 11 mm and 300 mm dimen-
sions [27] that was connected to the bone via 5 mm and 175 mm
stainless steel pins [28] (Fig. 1). The pins were inserted into the
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bone fragments with a distance of 26 mm between them, whilst
the number of pins can vary from 1 to 4 in each bone fragment
(Fig. 1). The adjacent pin to the fracture site was positioned at a
35.5 mm distance from the centre of the fracture gap. A single rod
positioned 80 mm from the bone axis sustained the pins and bone
fragments. The setup we used can be found in the previous stud-
ies [28,29]. Tie constraint was imposed on pin-bone interfaces; the
same was imposed on pin-rod interfaces to simulate correspond-
ing clamps. All the bone-fixator components were assigned linear
elastic, isotropic and homogeneous materials presented in Table 1.
A constant pressure equal to 25% body weight of a 75 kg adult was
applied on the proximal end of the cortical bone to simulate initial
partial weight-bearing, whilst the distal end of the bone was fully
constrained [30].

A mesh convergence study was carried out to find an optimal
mesh size for the bone and the fixator elements. A coarse element
size was initially selected to mesh all parts. In each step, the el-
ement size was shrunk by half, and Abaqus calculated the spe-
cific outputs of this study. This process continued until the error
in the results of the two subsequent steps became less than 2%
[31]. The resulting global sizes were chosen 1 mm for callus ele-
ments and 2 mm for the rest, all with C3D4 elements. The num-
ber of elements generated for bone, calluses and rod is variable
within 110,242-125,212, 76,187-77,979 and 20,739-21,391, respec-
tively, due to the variable parameters P and T, whilst 3411 elements
were created for each pin.

In order to prove the reliability of the calculated mechanical
stimuli, the FE modelling was validated against an experimen-
tal study proposed by Ang et al. [32]. The suggested bone and
UEF construct were accurately modelled; however, the synthetic
tibia was simplified to a cylinder with an averaged outer diame-
ter, whilst the length and inner diameter of the bone was mod-
elled identically. By simulating axial loading and boundary condi-
tions, the maximum stiffness induced in the bone was calculated
as 519 N/mm, which in comparison with the stiffness achieved in
that paper (528 N/mm), made a 1.7% error. Since the error was un-
der 5%, our FE analysis could be considered biomechanically vali-
dated.

In this study, a mechano-regulation theory, which considers
deviatoric strain as a single contributor to tissue formation, was
implemented on the FE models to simulate the initial stages of
bone fracture healing [23]. In the post haematoma phase, the
early callus is assumed to be totally composed of granulation
tissue, a conducive environment to forming new connective tis-
sues [33]. After the modelling process, finite element analysis was
carried out in the Abaqus program in two specific jobs; in the
first, loading condition was applied, whilst no tissue differentia-
tion had happened, and the callus contained 1 MPa granulation
tissue. In order to assess the initial strength and stability of the
bone-fixator construct, the maximum von Mises stress (Max.VMS)
in the bone and the fixator components and the maximum inter-
fragmentary strain (IFS) in the fracture site were calculated, re-
spectively. As load is applied on the proximal cortex of the bone,
two fragments get closer, and interfragmentary movement (IFM)
is induced in the fracture site whereby, using Eq. (1), IFS can be
calculated.

IFS% = IFN.I X
gapsize

(1)

Afterwards, in the second job, the principal strains (¢, €, and
&3) were found for each element of the calluses. The Python code,
which was created to simulate tissue differentiation in the fracture
calluses, calculated the deviatoric strain using Eq. (2).

€q = %\/(81 —&3)2 + (81— &) + (82— &3)° (2)
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Fig. 1. Schematic view of the external fixation and fractured tibia bone system with the variable number of pins and cortical thickness.

Table 1

Material properties of the bone and the UEF.

Material

Young’s modulus (MPa)

Poisson’s ratio (MPa)  References

Cortical bone 20,000
Bone marrow 2
Granulation tissue 1
Stainless steel 200,000

0.3
0.167
0.167
0.3

(1]
(1]
(2]
131

[1] Lacroix D, Prendergast P]. A mechano-regulation model for tissue differentiation dur-
ing fracture healing: Analysis of gap size and loading. ] Biomech. 2002;35(9):1163-71.

[2] Isaksson H, Wilson W, Donkelaar CC Van. Comparison of biophysical stimuli for
mechano-regulation of tissue differentiation during fracture healing. 2006;39(8):1507-16.
[3] Chao EY, Kasman RA, An KN. Rigidity and stress analyses of external fracture fixation
devices-A theoretical approach. J Biomech. 1982;15(12):971-83.

Table 2
Tissue phenotype and Young’s modulus according to the devia-
toric strain theory.

Deviatoric strain Young’s modulus

(%) (Mpa) Tissue type
5<é&q 1<E<5 Fibrous tissue
25<g:<5 5 < E <500 Cartilage

0.05 <¢g4 <25 500 < E < 1000 Immature bone
0.041 < g4 < 1000 < E < 2000 Intermediate
0.05 2000 < E < 6000  bone

0.005 < &4 < Mature bone
0.041

Finally, the Python code found the young’s modulus and corre-
sponding tissue phenotype of each element according to the algo-
rithm’s threshold shown in Table 2 [23,34]. The number of the pre-
dicted fibrous tissue and cartilage elements was calculated for each
model to find out the fibrocartilage index (FCI), which explains the
tendency of the fracture site to initiate healing through fibrocar-
tilaginous callus formation (Eq. (3)). These two specified stages of
FE simulation were conducted for 20 design cases distinguished by
the variable parameters P and T.

number of fibrous and immature and mature cartilaginous elements

FCl% =
total elements of the calluses

x 100

(3)
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Results
von Mises stress (VMS)

A consistent rising trend of Max.VMS was observed in all com-
ponents resulting from cortical thinning, but increasing the num-
ber of pins resulted in some variations in the stress amounts
(Fig. 2a-c). Owing to cortical thinning from 5 mm to 1 mm, the
Max.VMS produced in the bone increased by 334.7% for P1 mod-
els, whereas for the models secured with greater number of pins
(P > 1) increased with an average of 77.2% (Fig. 2a). Changing
the number of pins from 1 to 2 in each bone fragment of dif-
ferent thicknesses significantly increased Max.VMS value in bone
by an average of 968.8%, whereas changing the number of pins
from 2 to 4 reduced that value by 31.9% (Fig. 2a). Fig. 3a and b
show the VMS distribution in UEF’s frame with the variable num-
ber of pins and the tibia bone with the thickest and thinnest
cortex. For the bone, the Max.VMS (27.5 MPa) was observed in
P2T1 at the pin-bone interface (Fig. 3b). For the fixator’s frame,
the highest VMS was found in the pin for all the models; thus,
the pin was defined as a critical component determining the ini-
tial strength in the UEF (Fig. 2b and c). For all models with vari-
able number of pins, cortical thinning (from 5 mm to 1 mm) in-
creased the stress value by an average of 24.3% in the pin. In
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Fig. 2. Max. von Mises stress values in the a) Bone, b) Pin and d) Rod.

comparison, an average of 20.4% reduction was observed for the Interfragmentary strain (IFS)
Max.VMS in pin when the number of pins rose from 1 to 4 in

the models of different cortical thicknesses (Fig. 2b). In the fixa- As shown in Fig. 4, the IFS percentage decreased by increas-
tor’s frame, the Max.VMS was found in P1T1 model with 161.6 MPa ing pins, but a loss of cortical thickness resulted in a rising trend
(Fig. 3b). in IFS values. There was a considerably higher reduction in IFS
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Fig. 4. The effects of the number of pins (P) and cortical thickness (T) on IFS.

percentage with an average of 38.7% when the number of pins
in each fragment of different thicknesses rose from 1 to 2 as
compared to the situation when the number of pins rose from
2 to 3 (4.8%) and from 3 to 4 (2.0%). When 5 mm thickness
was reduced to 1 mm, IFS increased by an average of 30.3% in
the models with different pin numbers. The maximum IFS was
found at P1T1 (42.1%); in contrast, the least was found at the P4T5
model (18.4%). Models P1T1, P1T2 and P1T3 produced IFS values of
more than 33%, whilst others produced IFS values in the range of
18-33%.
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Fibrocartilage index (FCI)

Fig. 5 illustrates that as cortical thickness decreased from 5 mm
to 1 mm, FCI value increased by an average of 18.7% in the models
with different pin numbers; on the other hand, the higher num-
ber of pins resulted in lower FCI values. A significantly higher re-
duction of 19.7% (by average) was observed when the number of
pins changed from 1 to 2 in each fragment of different thicknesses,
whilst there was a minimal reduction of 5.3% and 3.0% (by average)
when the number of pins changed from 2 to 3 and 3 to 4, respec-
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Fig. 6. The patterns of predicted tissue differentiation in the fracture calluses during initial healing stage.

tively. The highest formation of fibrocartilage was in model P1T1
with an index of 70.0%, whilst the lowest was observed in model
P4T5 with that of 44.1%.

The models of predicted tissue phenotypes in the fracture callus
under the different number of pins and cortical thicknesses during
the early-stage healing is shown in Fig. 6. As expected, there was
intramembranous bone formation in the external callus at some
distance from the fracture site, cartilaginous tissue formation in
the external callus adjacent to the fracture site, and the centre
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of the internal callus, and fibrous tissue formation mainly in the
internal callus in the fracture gap. Intermediate and mature bone
formed in the callus tips where experienced the least IFS induced
in the fracture site, except for model P1T1, which had no mature
bone formation. In contrast, the highest amount of mature bone
formation (0.2%) was predicted in model P4T5. Models P1 expe-
rienced considerably higher fibrous tissue formation than models
with a greater number of pins. Cartilage production increased both
in the internal and external calluses by cortical thinning.
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Fig. 7. Initial fibrous tissue and cartilage production under the effects of P and T.

Fig. 7 compares fibrous tissue production versus cartilage pro-
duction in the initial healing stage and shows that increasing the
pin number in T5 and T4 models produced less cartilage while in
T2 and T1 models stimulated more cartilage formation.

Discussion

The results showed that increasing the number of pins pro-
vided a stronger and more stable construct but lower levels of
FCI (Figs. 2, 4 and 5). Reducing the cortical thickness deteriorated
the initial strength and stability condition; nonetheless, it pro-
duced higher mechanical stimulus and therefore increased the FCI
value during the early-stage healing (Figs. 2, 4 and 5). The induced
changes in VMS distribution and IFS and FCI values by adding pins
were substantial when 1 pin rose to 2 pins in each bone fragment
(Figs. 2, 4 and 5).

From the strength of material point of view, Fig. 2 demonstrates
that the external fixation designs did not fail since the Max.VMS
in the UEF and the bone did not reach near the yield strength of
the materials, which is 690 MPa for pin [35] and 111 MPa for bone
[36]. Additionally, Max.VMS values for the UEF occurred in the pins
(Fig. 2b and c); therefore, pins are the weakest part of the fixator
and are more susceptible to failure. This result agrees with [29],
in which pins were identified as the main determinant of the ini-
tial strength of the external fixator. Also, the high-stress zone in
the pin was located near the pin-rod interface (Fig. 3a and b). This
result corroborates the findings of previous literature in the initial-
stage healing with soft callus when the UEF is most responsible for
load bearing [37,38].

Bone loss due to ageing or osteoporosis decreases the cortical
thickness in the tibial diaphysis, reducing the cortical area where
the load is applied and leading to more VMS magnitude in all
bone-fixator parts. Increasing the number of pins proved to be ef-
fective in reducing the Max.VMS, particularly when the bone has
a lower cortical thickness (Fig. 2). The same situation was re-
ported by Donaldson et al. [19], whereby adding the number of
pins from 2 to 3 in each bone fragment could reduce stress in
the bone hence, reducing the risk of pin loosening in an aged os-
teoporotic tibia. Nevertheless, changing the number of pins from
1 to 2 showed different behaviour compared to adding pins from
2 to 4 (Fig. 2). In the models with 1 pin insertion, significantly
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lower stress values in the bone and rod showed that pins car-
ried a greater portion of the load, particularly in models T1 and
T2 (Fig. 2). In the initial stages of healing, the soft callus has a
lower potential to stabilise the fracture site. As a result, the major-
ity of the applied load should be carried by the fixator. Models P1
showed less suitable early-stage load transmission to the fixator;
adding the second pin could effectively transmit higher load from
the fracture callus to the fixator and the bone cortex (Fig. 2). When
the number of pins rose from 2 to 4, the Max.VMS decreased in
the bone and pin but increased in the rod (Fig. 2). Consistent with
other literature, these findings demonstrate that a greater number
of pins promote load transmission to the fixator and improve load
distribution in the pins [1,39].

Cortical thinning due to bone loss in osteoporosis was proved
to induce higher levels of IFS between the bone fragments and
lower mechanical stability in the initial stage after fracture (Fig. 4).
Based on the allowable IFS threshold of 10% to 33%, proposed by
Claes [40], models P1T1, P1T2 and P1T3 resulted in excessive IFS
that likely lead to delayed healing or nonunion (Fig. 4). Further-
more, a substantial drop in IFS value by changing 1 pin to 2 pins
in each fragment indicated that stabilising the fracture site with
1 pin insertion is not sufficient (Fig. 4). Based on a study pre-
senting principles for tibial fracture fixation utilising UEF, a min-
imum number of 2 pins in each bone fragment was suggested
[41]. The results showed that adding the fourth pin could min-
imally influence the IFS value even in models with lower corti-
cal thickness (Fig. 4), which is consistent with a study reported
that increasing pins from 2 to 4 in a UEF with a single con-
necting rod does not significantly increase the structural stiffness
[42]. This study demonstrates that adding more pins can pro-
mote initial stability, particularly in tibia bones with a thinner
cortex.

Cortical thinning induced higher strain in the fracture site,
which according to the mechano-regulation theory presented in
Table 2, increased the differentiation of fibrocartilaginous tissue in
the early-stage healing (Fig. 5). Higher amounts of FCI indicate the
increased inclination to initiate ossification through cartilaginous
callus formation. Models P1T1, P1T2 and P1T3 showed maximum
FCI values, but they were failed to maintain initial stability (Figs. 4
and 5). It was reported that excessive fibrocartilage makes the frac-
ture site less stable and may prolong or hinder the secondary heal-
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ing process [12,43]. As a consequence, increased FCI due to cortical
thinning does not indicate improved initial healing performance
since increased IFS and stress values are other consequences of cor-
tical thinning.

This study could successfully model early-stage tissue differen-
tiation in fracture healing based on the mechano-regulation theory
developed by Isaksson et al. [23]. The tissue differentiation pat-
terns presented in Fig. 6 are consistent with the mechanobiolog-
ical models of tissue differentiation in the initial stage of healing
proposed by Lacroix and Prendergast [25]. Calcification of exter-
nal callus in the early stage is critical since it can preserve the
fracture site from excessive micromovement and enable the ossi-
fication process in the subsequent healing stages. The results from
Figs. 6 and 7 show that using 1 pin in each fragment produces
greater fibrous tissue in the calluses, making the external callus
less stable. In models with 4 pins in each fragment, early bony
bridging was observed even for 2 mm cortical thickness because
small IFS promotes bone healing via stimulating osteoblast activi-
ties resulting in early bone formation [7] (Fig. 6). Fig. 7 shows that
increasing the pin numbers from 1 to 4 in the bones with 1 mm
and 2 mm cortical thickness could sufficiently encourage cartilage
formation and callus consolidation in the initial stage of healing.
However, the stimulation resulting from inserting the fourth pin
was relatively minimal in all models (Fig. 7).

In this effort, several simplifications were considered in FE
modelling and analysis. First, isotropic, linear elastic and homo-
geneous materials were assigned to the bone. Generating mod-
els with more complex material behaviours may alter the cal-
culated results; nonetheless, several studies conducted analysis
and developed FE modelling considering the same material be-
haviours [44-46]. Second, the tibial cortex with different thick-
nesses was assigned identical Young’s modulus and yield strength,
whilst osteoporosis deteriorates both the bone’s geometry and ma-
terial properties. Third, several factors contribute to the healing
process, such as chemical, biological and genetic stimulators and
the necessity of a sufficient blood supply to enable bone forma-
tion, but they were excluded from the analysis. Additionally, the
bone reaction to the biomechanical stimulators during the initial
healing process was deemed to be consistent, whilst young and
old bones may respond differently to the biomechanical condi-
tion induced in the fracture site. This paper investigated the ef-
fects of the number of pins and cortical thinning only in the initial
phase of healing which was proved to be critical in clinical frac-
ture treatment [47]. However, the success of the fixation is also
affected by the subsequent phases of healing. Another potential
limitation lies in the fact that although pin loosening is one of
the main complications in applying external fixators, particularly
for old and osteoporotic bones [19], it was not evaluated in this
effort.

Conclusions

The findings from this study revealed that using 1 pin in each
bone fragment results in initial instability but the highest amount
of FCI in bones with thinner cortex; and also results in poor
load transmission to the fixator device. Significant changes of IFS,
FCI and stress values by adding the second pin in each frag-
ment imply excessive mechanical stimulus in models with 1 pin
insertion even for thicker cortex (T>3 mm). Higher FCI in the
models with the thinner cortex (T<3 mm) does not imply im-
proved healing condition since it induces excessive IFS and high-
stress zones. It is suggested that adding the number of pins (up
to 3) in either bone fragment can sufficiently reduce the ini-
tial instability caused by cortical thinning in osteoporotic or aged
tibia bone whilst promoting healing via endochondral pathway of
ossification.

1822

Injury 53 (2022) 1815-1823
Funding

Not applicable.

Declarations of Competing Interest
None.

References

[1] Moss DP, Tejwani NC. Biomechanics of external fixation: a review of the liter-
ature. Bull NYU Hosp Jt Dis 2007;65(4):294-9.

[2] Bible JE, Mir HR. External fixation: principles and applications. ] Am Acad Or-
thop Surg 2015;23(11):683-90. doi:10.5435/JAAOS-D-14-00281.

[3] Fragomen AT, Rozbruch SR. The mechanics of external fixation. HSS ]
2007;3(1):13-29. doi:10.1007/s11420-006-9025-0.

[4] Bliven EK, Greinwald M, Hackl S, Augat P. External fixation of the
lower extremities: biomechanical perspective and recent innovations. Injury
2019;50:510-17. doi:10.1016/j.injury.2019.03.041.

[5] Beltsios M, Savvidou O, Kovanis ], Alexandropoulos P, Papagelopoulos P.
External fixation as a primary and definitive treatment for tibial diaphy-
seal fractures. Strateg Trauma Limb Reconstr 2009;4(2):81-7. doi:10.1007/
s11751-009-0062-3.

[6] Wu ]JJ, Shyr HS, Chao EYS, Kelly PJ. Comparison of osteotomy healing under
external fixation devices with different stiffness characteristics. ] Bone Jt Surg
- Ser A 1984;66(8):1258-64. doi:10.2106/00004623-198466080-00015.

[7] Claes LE, Heigele CA, Neidlinger-Wilke C, Kaspar D, Seidl W, Margevicius K],
et al. Effects of mechanical factors on the fracture healing process. Clin Orthop
Relat Res 1998;355:5132-47. doi:10.1097/00003086-199810001-00015.

[8] Mohandes Y, Tahani M, Rouhi G. Osteosynthesis of diaphyseal tibia fracture

with locking compression plates: a numerical investigation using Taguchi and

ANOVA. Int ] Numer Method Biomed. eng 2021;3528. doi:10.1002/cnm.3528.

Kolasangiani R, Mohandes Y, Tahani M. Bone fracture healing under external

fixator: investigating impacts of several design parameters using Taguchi and

ANOVA. Biocybern Biomed Eng 2020;40(4):1525-34. doi:10.1016/j.bbe.2020.09.

007.

Emami A, Mjoberg B, Karlstrom G, Larsson S. Treatment of closed tibial shaft

fractures with unilateral external fixation. Injury 1995;26(5):299-303. doi:10.

1016/0020-1383(95)00037-a.

Epari DR, Schell H, Bail HJ, Duda GN. Instability prolongs the chondral phase

during bone healing in sheep. Bone 2006;38(6):864-70. doi:10.1016/j.bone.

2005.10.023.

[12] Claes L, Augat P, Suger G, Wilke H]J. Influence of size and stability of the os-
teotomy gap on the success of fracture healing. ] Orthop Res 1997;15(4):577-
84. doi:10.1002/jor.1100150414.

[13] Schell H, Thompson MS, Bail HJ, Hoffmann JE, Schill A, Duda GN, et al. Me-
chanical induction of critically delayed bone healing in sheep: radiological and
biomechanical results. ] Biomech 2008;41(14):3066-72. doi:10.1016/j.jbiomech.
2008.06.038.

[14] Harshwal RK, Sankhala SS, Jalan D. Management of nonunion of lower-
extremity long bones using mono-lateral external fixator - Report of 37 cases.
Injury 2014;45(3):560-7. doi:10.1016/j.injury.2013.11.019.

[15] Stremsge K. Fracture fixation problems in osteoporosis. Injury 2004;35(2):107-
13. doi:10.1016/j.injury.2003.08.019.

[16] Augat P, Simon U, Liedert A, Claes L. Mechanics and mechano-biology of frac-
ture healing in normal and osteoporotic bone. Osteoporos Int 2005;16(2):S36-
43. doi:10.1007/s00198-004-1728-9.

[17] Briggs BT, Chao EY. The mechanical
dard Hoffmann-Vidal external fixation
doi:10.2106/00004623-198264040-00012.

[18] Sternick MB, Dallacosta D, Bento DA, Do Reis ML. Relationship between
rigidity of external fixator and number of pins: computer analysis using fi-
nite elements. Rev Bras Ortop. 2012;47(5):646-50. doi:10.1016/S2255-4971(15)
30017-3.

[19] Donaldson FE, Pankaj P, Simpson AHRW. Bone properties affect loosening of
half-pin external fixators at the pin-bone interface. Injury 2012;43(10):1764-
70. doi:10.1016/j.injury.2012.07.001.

[20] Giannoudis PV, Schneider E. Principles of fixation of osteoporotic fractures. |
Bone Jt Surg Ser B 2006;88(10):1272-8. doi:10.1302/0301-620x.88b10.17683.

[21] Russo CR, Lauretani F, Seeman E, Bartali B, Bandinelli S, Di lorio A, et al. Struc-
tural adaptations to bone loss in aging men and women. Bone 2006;38(1):112-
18. doi:10.1016/j.bone.2005.07.025.

[22] Paul GW. The history of external fixation. Clin Podiatr Med Surg 2003;20(1):1-
8. doi:10.1016/s0891-8422(02)00050-2.

[23] Isaksson H, Wilson W, Donkelaar CC Van, Huiskes R, Ito K. Comparison of bio-
physical stimuli for mechano-regulation of tissue differentiation during frac-
ture healing. 2006;39(8):1507-16. doi:10.1016/j.jbiomech.2005.01.037.

[24] Mehboob H, Chang SH. Effect of structural stiffness of composite bone plate-
scaffold assembly on tibial fracture with large fracture gap. Compos Struct
2015;124:327-36. doi:10.1016/j.compstruct.2015.01.011.

[25] Lacroix D, Prendergast PJ. Three-dimensional simulation of fracture repair in
the human tibia. Comput Methods Biomech Biomed Engin 2002;5(5):369-76.
doi:10.1080/1025584021000025014.

[9

[10]

[11]

performance of the stan-
apparatus  1982;64(4):566-73.


http://refhub.elsevier.com/S0020-1383(22)00297-2/sbref0001
https://doi.org/10.5435/JAAOS-D-14-00281
https://doi.org/10.1007/s11420-006-9025-0
https://doi.org/10.1016/j.injury.2019.03.041
https://doi.org/10.1007/s11751-009-0062-3
https://doi.org/10.2106/00004623-198466080-00015
https://doi.org/10.1097/00003086-199810001-00015
https://doi.org/10.1002/cnm.3528
https://doi.org/10.1016/j.bbe.2020.09.007
https://doi.org/10.1016/0020-1383(95)00037-a
https://doi.org/10.1016/j.bone.2005.10.023
https://doi.org/10.1002/jor.1100150414
https://doi.org/10.1016/j.jbiomech.2008.06.038
https://doi.org/10.1016/j.injury.2013.11.019
https://doi.org/10.1016/j.injury.2003.08.019
https://doi.org/10.1007/s00198-004-1728-9
https://doi.org/10.2106/00004623-198264040-00012
https://doi.org/10.1016/S2255-4971(15)30017-3
https://doi.org/10.1016/j.injury.2012.07.001
https://doi.org/10.1302/0301-620x.88b10.17683
https://doi.org/10.1016/j.bone.2005.07.025
https://doi.org/10.1016/s0891-8422(02)00050-2
https://doi.org/10.1016/j.jbiomech.2005.01.037
https://doi.org/10.1016/j.compstruct.2015.01.011
https://doi.org/10.1080/1025584021000025014

G. Amin al-tojary, Y. Mohandes and M. Tahani

[26] Son DS, Chang SH. The simulation of bone healing process of fractured tibia
applied with composite bone plates according to the diaphyseal oblique an-
gle and plate modulus. Compos Part B Eng 2013;45(1):1325-35. doi:10.1016/j.
compositesb.2012.07.037.

[27] Shi D, Liu K, Zhang H, Wang X, Li G, Zheng L. Investigating the biomechanical
function of the plate-type external fixator in the treatment of tibial fractures: a
biomechanical study. BMC Musculoskelet Disord 2020;21(1):1-9. doi:10.1186/
$12891-020-3144-5.

[28] Goh ], Thambyah A, Ghani AN, Bose K. Evaluation of a simple and low-cost
external fixator. Injury 1997;28(1):29-34. doi:10.1016/s0020-1383(96)00149-0.

[29] Chao EY, Kasman RA, An KN. Rigidity and stress analyses of external fracture

fixation devices-A theoretical approach. ] Biomech 1982;15(12):971-83. doi:10.

1016/0021-9290(82)90015-x.

Mohandes Y, Tahani M, Rouhi G, Tahami M. A mechanobiological approach

to find the optimal thickness for the locking compression plate: finite ele-

ment investigations. Proc Inst Mech Eng Part H ] Eng Med 2021;235(4):408-18.
doi:10.1177/0954411920985757.

Ganadhiepan G, Zhang L, Miramini S, Mendis P, Patel M, Ebeling P, et al. The

effects of dynamic loading on bone fracture healing under ilizarov circular fix-

ators. ] Biomech Eng 2019;141(5):051005. doi:10.1115/1.4043037.

[32] Ang BFH, Chen JY, Yew AKS, Chua SK, Chou SM, Chia SL, et al. Externalised

locking compression plate as an alternative to the unilateral external fixator:

a biomechanical comparative study of axial and torsional stiffness. Bone Jt Res

2017;6(4):216-23. doi:10.1302/2046-3758.64.2000470.

Lacroix D, Prendergast PJ, Li G, Marsh D. Biomechanical model to simulate tis-

sue differentiation and bone regeneration: application to fracture healing. Med

Biol Eng Comput 2002;40(1):14-21. doi:10.1007/bf02347690.

Mehboob H, Kim ], Mehboob A, Chang SH. How post-operative rehabilitation

exercises influence the healing process of radial bone shaft fractures fixed

by a composite bone plate. Compos Struct 2017;159:307-15. doi:10.1016/j.
compstruct.2016.09.081.

F138 ASTM. Standard specification for wrought 18Chromium-14Nickel-2.5

molybdenum stainless steel bar and wire for surgical implants. ASTM Int

2013:1-5.

(30]

[31]

33]

(34]

(35]

1823

Injury 53 (2022) 1815-1823

[36] Wolfram U, Schwiedrzik ]. Post-yield and failure properties of cortical bone.
Bonekey Rep 2016;5:1-10. doi:10.1038/bonekey.2016.60.

[37] Lesniewska A, Choromanski W, Deszczynski ], Dobrzynski G. Modeling and
simulation of the external unilateral mechatronic orthopaedic fixator - Bone
system. In: International Conference of the IEEE Engineering in Medicine and
Biology Society; 2006. p. 1533-6. doi:10.1109/iembs.2006.259328.

[38] LiJ, Zhao X, Hu X, Tao C, Ji R. A finite element analysis for monitoring the heal-
ing progression of fixator-bone system under three loading conditions. Biomed
Mater Eng 2018;29(4):473-83. doi:10.3233/bme-181003.

[39] Shahid MK, Malik SS. A review of the biomechanical role of a unilateral exter-
nal fixator in the fracture repair process. EC Orthopaedics 2016;3:254-60.

[40] Claes L. Biomechanical principles and mechanobiologic aspects of flexible and
locked plating. 2011;25(2):4-7. 10.1097/BOT.0b013e318207093e.

[41] Giotakis N, Narayan B. Stability with unilateral external fixation in
the tibia. Strateg Trauma Limb Reconstr 2007;2(1):13-20. doi:10.1007/
s11751-007-0011-y.

[42] Brinker WO, Verstraete MC. Soutas-Little RW. Stiffness studies on vari-

ous configurations and types of external fixators. ] Am Anim Hosp Assoc

1985;21(6):801-8.

Nourisa J, Rouhi G. Prediction of the trend of bone fracture healing based on

the results of the early stages simulations: a finite element study. ] Mech Med

Biol 2019;19(5):1950021. doi:10.1142/S0219519419500210.

Ghimire S, Miramini S, Richardson M, Mendis P, Zhang L. Effects of dynamic

loading on fracture healing under different locking compression plate config-

urations: a finite element study. ] Mech Behav Biomed Mater 2019;94:74-85.
doi:10.1016/j,jmbbm.2019.03.004.

Ganesh VK, Ramakrishna K, Ghista DN. Biomechanics of bone-fracture fixation

by stiffness-graded plates in comparison with stainless-steel plates. Biomed

Eng Online 2005;4:1-15. doi:10.1186/1475-925X-4-46.

[46] Benli S, Aksoy S, Havitcioglu H, Kucuk M. Evaluation of bone plate with low-
stiffness material in terms of stress distribution. ] Biomech 2008;41(15):3229-
35. doi:10.1016/j.jbiomech.2008.08.003.

[47] Klein P, Schell H, Streitparth F, Heller M, Kassi JP, Kandziora F, et al. The initial
phase of fracture healing is specifically sensitive to mechanical conditions. ]
Orthop Res 2003;21(4):662-9. doi:10.1016/S0736-0266(02)00259-0.

[43]

[44]

[45]


https://doi.org/10.1016/j.compositesb.2012.07.037
https://doi.org/10.1186/s12891-020-3144-5
https://doi.org/10.1016/s0020-1383(96)00149-0
https://doi.org/10.1016/0021-9290(82)90015-x
https://doi.org/10.1177/0954411920985757
https://doi.org/10.1115/1.4043037
https://doi.org/10.1302/2046-3758.64.2000470
https://doi.org/10.1007/bf02347690
https://doi.org/10.1016/j.compstruct.2016.09.081
http://refhub.elsevier.com/S0020-1383(22)00297-2/sbref0035
https://doi.org/10.1038/bonekey.2016.60
https://doi.org/10.1109/iembs.2006.259328
https://doi.org/10.3233/bme-181003
http://refhub.elsevier.com/S0020-1383(22)00297-2/sbref0039
https://doi.org/10.1007/s11751-007-0011-y
http://refhub.elsevier.com/S0020-1383(22)00297-2/sbref0042
https://doi.org/10.1142/S0219519419500210
https://doi.org/10.1016/j.jmbbm.2019.03.004
https://doi.org/10.1186/1475-925X-4-46
https://doi.org/10.1016/j.jbiomech.2008.08.003
https://doi.org/10.1016/S0736-0266(02)00259-0

	A finite element study of a fractured tibia treated with a unilateral external fixator: The effects of the number of pins and cortical thickness
	Introduction
	Materials and methods
	Results
	von Mises stress (VMS)
	Interfragmentary strain (IFS)
	Fibrocartilage index (FCI)

	Discussion
	Conclusions
	Funding
	Declarations of Competing Interest
	References


