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Abstract

This study aimed at finding the acceptable range, and the optimal value for the locking compression plate (LCP) thickness
(THK), through simulating the osteogenic pathway of bone healing, and by checking bone-plate construct’s strength and
stability. To attain the goals of this research, a multi-objective approach was adopted, which should trade-off between
some conflicting objectives. A finite element model of the long bone-plate construct was made first, and validated against
an experimental study. The validated model was then employed to determine the initial strength and stability of the
bone-plate construct, for the time right after surgery, for various thicknesses of the LCP. Afterward, coupling with a
mechano-regulatory algorithm, the iterative process of bone healing was simulated, and follow up was made for each
LCP thickness, over the first 16 post-operative weeks. Results of this study regarding the sequence of tissue evolution
inside the fracture gap, showed a similar trend with the existing in-vivo data. For the material and structural properties
assigned to the bone-plate construct, in this study, an optimal thickness for the LCP was found to be 4.7 mm, which pro-
vides an enduring fixation through secondary healing, whereas for an LCP with a smaller or greater thickness, either
bone-implant failure, unstable fixation, impaired fracture consolidation, or primary healing may occur. This result is in
agreement with a recent study, that has employed a comprehensive optimization approach to find the optimal thickness.
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Introduction escalating or lessening the postoperative complica-
tions.® Construct failure may either come from insuffi-
cient strength of bone and implant, or due to high
applied loads. Non-union ensues from inadequate sta-
bility of the fixation. Mal-union is chiefly manifested
due to stiffness mismatch between bone and surgically

Diaphyseal bone fracture is a common orthopedic
problem, which may stem from deteriorative effects of
aging or other comorbidities, lack of enough nutrition,
genetic disorders, traumatic injuries, or progressive
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implanted plate.” Indeed, in a bone-plate assembly,
although the metallic implant is suitable to provide a
mechanically strong and stable condition, but since
metals are much stiffer than bone, there is a tendency
for metallic plate to sustain a considerable part of the
applied load on the bone-plate construct. Hence, the
flow of stress in a fixed long bone is deviated from its
normal way and it bypasses the fracture site by trans-
mitting through the bridging plate.® Owing to this rea-
son, progenitor stem cells in callus are deprived of
sensing sufficient mechanical signals which are vital for
desirable healing in patients.'”

To investigate how mechanical milieu regulates
dynamic processes of bone healing, mechanobiology of
bone healing must be cited. Accordingly, repair of a
long bone is classified into two classic pathways: pri-
mary and secondary healing.'" In case of absolute fixa-
tion, imposed by rigid implants, direct bone formation
via osteogenic pathway occurs, which is known as pri-
mary or direct bone healing process. In the other sce-
nario, when a less rigid fixation technique is
implemented, secondary or indirect bone healing is
expected to happen and proceed along chondrogenic
pathway.'? So far, several theories have been devel-
oped, to address the implications of mechanical factors
on the outcomes of bone healing.''"!**

To achieve a desirable fixation, which results in an
optimal bone healing process, without compromising
the strength and stability of the construct, it is impera-
tive to either optimize currently used, or introduce new
generation of plates. Even though elastic modulus of
bone plate has attracted the attention of many
researchers to attain and maintain more balanced load
carrying capacity between bone and plate,'® * but tra-
cing the healing course and tissue differentiation upon
alteration in plate stiffness through its thickness has
not been reflected in the currently available literature.
Comprehensively, different basic criteria, including
bone healing process, strength and stability of the
bone-plate construct, should be simultancously
involved in order to find out an optimal plate thickness
which results in a most successful healing. In healing
process of a long bone, a plate which provides contin-
ual and gradual consolidation process of healing and
produces intermediate soft medium, rather than imme-
diate hard bony bridge, at early stages of healing, can
be of interest.>* Nonetheless, the construct should be
strong enough to resist the applied load, particularly at
the initial phase after surgery, when the fracture gap is
completely filled with a soft granulation tissue.
Moreover, an advisable plate should be stiff and stable
enough to impede unnecessary extra-motions inside the
fracture site, in order to avoid excessive deformation of
granulation tissue at early stages of healing and deliver
the maximum amount of mature bone at the end of the
healing process. Otherwise, there will be soft tissue pro-
duction, or premature bone tissue formation, which
can be deemed as either mal-union or non-union of the
healing process.®

In this work, to find the optimal thickness of the 8-
hole LCP, a multi-objective design method, along with
in-silico simulations was employed, in which the effects
of the thickness, on the overall strength and stability of
the construct, as well as on the evolution of healing pat-
tern, were investigated. Deviatoric strain theory, was
employed as the mechano-regulation algorithm for
bone healing, which suggests that deviatoric component
of strain tensor is a determinant factor in guiding the
tissue differentiation in callus during bone healing.'®

Materials and methods

The commercial finite element software, Abaqus (V
6.14-1, Simulia, Dassault Systems) was used to create
geometries, assign material properties, and to define
load and boundary conditions of the bone-plate com-
pound. The FE model was composed of a lower extre-
mity long bone, a simplified model of tibia,*> with a
simple transverse fracture, and a straight LCP that
bridges the fracture gap with locking screws, shown in
Figure 1(a) and (b). The mid-shaft of an adult tibia was
simplified as a 300mm long cylinder, with the outer
and inner diameters of 25 and 15mm.*® respectively,
which its intermedullary canal was filled with bone
marrow, Figure 1(c). A fracture gap of 3mm was con-
sidered in the middle of the bone model to mimic mid-
shaft fracture.”’” The central part of healing tissue was
modeled as a disc with a 3mm thickness and a 25 mm
diameter, filling the fracture gap, while the external
part was modeled as an oval which extends 30 mm
along the periosteum.'® Callus index, which was
defined as the ratio of oval diameter at the fracture site
to the outer bone diameter, was set to be 1.1,% Figure
I(c). An 8-hole LCP with a length of 152 mm and width
of 13.5mm, was fixed at a 1 mm distance above the
periosteum,”® by means of six locking head, bi-cortical
screws positioned at 123,678 configuration,” while two
holes close to the fracture site were kept empty, Figure
1 (b) and (c). Diameter of screws was 4.5mm and their
length, depending on LCP thickness, was changed
between 28 to 34 mm. The FE model was regenerated
seven times, each corresponds to a certain LCP thick-
ness, which was the independent variable in this study.
LCP thicknesses of: 2, 3, 4, 5, 6, 7, and 8 mm were
examined here, which comprised the range of fre-
quently used thicknesses for bone plates. To simulate
the locking feature of the construct, the contact sur-
faces between plate and screws were assumed to be tied
together. Moreover, adjacent nodes at the interfaces of
screws and cortical bone were also assumed to be tied
together.

All degrees of freedom, at the bottom distal end,
were constrained throughout the simulation, and the
axial compressive load was uniformly distributed at the
top proximal end of the bone model, throughout heal-
ing simulation, Figure 1 (a). To account for the gradu-
ally increasing weight bearing capacity of fixed bone
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Figure 1. (a) Schematic depiction of bone-plate-screw assembly, used in the FE model, applied loads and boundary condition, (b) an
8-hole LCP fixed by six locking head screws in 123,678 configuration, and (c) a section view of the construct illustrating how the

fixation was achieved.

during post-operative rehabilitation process, a con-
trolled amount of partial patient’s weight (PW) with a
total body weight of 75 kg were assumed to be applied
progressively in a sequential order. According to the
post-operative management guideline suggested by AO
foundation,™ an initial partial weight equals to 25% of
body weight, was increased to 50% for the periods
between weeks 6 and 10, then was promoted to full
body weight for the rest of healing. For evaluating the
initial strength and stability of the construct, besides an
axial compressive load case equal to 25% of body
weight, another load case, in the form of pure torsional
moment (7), equals to 7N.m., was considered,’’
Figure 1(a).

For bone, LCP, as well as all locking screws, isotro-
pic, linear elastic properties were considered.™
Properties for all materials are presented in Table 1.

Callus elements were assumed with variable modu-
lus of elasticities for subsequent steps of bone healing
process, which were modulated by local mechanical sti-
mulus inside each element. Based on the mechano-

Table |I. Material properties used for cortical bone, bone
marrow, LCP and screw in the FEA of this study.'8'32’34.

Material Young’s Poisson’s Allowable
modulus ratio stress (MPa)
(GPa)

Cortical bone 20 0.3 1

Bone marrow 0.002 0.167 -

LCP and screw 200 0.3 690

regulation algorithm of bone healing used in this
study,'® deviatoric strain (gg), equation (1), is the
mechanical stimulus in each element:

&4 = é\/(a — &) + (e — &) + (a2 — &) (1)

where &1, & and &3 are principal strains in each element.
In Table 2, material properties and expected tissue
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Table 2. Properties and tissue phenotypes of callus elements in term of deviatoric strain. .

18

Deviatoric strain (&g) Tissue type Young’s modulus (MPa) Poisson’s ratio
gq=1 Granulation tissue | 0.167
005<eq4 < | Fibrous -5 0.167
0.025 < g4 < 0.05 Cartilage 5-500 0.167
0.0005 < g4 < 0.025 Immature bone 500-1000 0.325
0.00041 < g4 < 0.0005 Intermediate bone 1000-2000 0.325
0.00005 < g4 < 0.00041 Mature bone 2000-6000 0.325
g4 < 0.00005 Resorption - -
Table 3. Number of elements for LCPs and screws, based on the plate thickness.

LCP Thickness (mm)

2 3 4 5 6 7 8
Number of elements for LCP 28,201 39,759 52,202 62,539 74,610 85,025 96,280
Number of elements for each screw 3062 3185 3302 3379 3520 3785 3897

phenotypes of callus elements are expressed as a func-
tion of deviatoric strain.'®

Three dimensional quadratic solid elements (C3D10)
were used to discretize the bone, healing tissue, plate,
and screw domains into tetrahedral pieces. Mesh refine-
ment study was performed until the difference in the
pattern of tissue differentiation, and the total axial dis-
placement of the construct between two subsequent
analyses were within 2%. Accordingly, the size of ele-
ments in in healing tissue, plate, and screw were stabi-
lized at the global size of 1 mm. For bone segments,
global element size was converged at 2mm, except at
the edges and surfaces of the bone-holes which were in
direct contact with screws, and thus were seeded with
I mm elements, locally. Bone and healing tissue were
meshed with 173,554 and 24,084 elements, respectively.
Table 3 shows the number of elements generated in
LCPs and screws, based on plate thicknesses.

The finite element model utilized in this study was
validated against the results of an experiment which
had been carried out to evaluate the axial stiffness of a
fractured bone fixed by an LCP and locking screws.®
The experimental construct was composed of a compo-
site humerus with a mid-shaft gap of 10 mm between its
two fragments, fixed by an 8-hole 3.5mm LCP.>> An
FE model of that experimental construct was created in
this work to simulate the axial compression test.

In this study, as the work flowchart of Figure 2
shows, FE simulations were conducted three times for
each thickness of the LCP, to assess its performance.
First and second simulations were associated with mea-
suring the initial strength and stability of the construct,
at the beginning of healing, under axial compressive
load, also due to a pure torsional moment. The third
simulation was made on the healing processes over the
period of 16 post-operative weeks.

For the stress analysis of different parts of the con-
struct with regard to their relevant yield strength,

THK =THK +1
NW =0

No
End
Yes

Evaluation of initial strength
and stability for two separate
load cases: axial and torsion

Regenerating
the model

Simulation of bone
healing under axial load,
using FEA

FEA output
database

Python script:
Updating callus elements material
properties using mechanobiology algorithm

Figure 2. Flowchart of iterative computational procedure used
in this study. THK and NW stand for the thickness of LCP and
the number of weeks after surgery, respectively.

maximum von Mises stresses resulted in bone, LCP,
and screws were determined. To evaluate the initial sta-
bility of the construct, interfragmentary axial strain
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Figure 3. Positions of nodes were used to calculate IFAS and IFSM: (a) nodes located on the periosteum borders of distal and
proximal segments of bone, adjacent to fracture site at medial (M) and lateral (L), and (b) anterior (A) and Posterior (P) sites.
External callus was not shown in this figure, for better illustration of nodes.

(IFAS) and interfragmentary shear movement (/FSM)
of initial granulation tissue at the fracture site, were
calculated, under axial load and torsion moment,
respectively. To calculate IFAS, relative axial displace-
ments (Aa) of adjacent nodes located on the distal and
proximal segments of cortical bone were determined at
medial (M), lateral (L), anterior (4), and posterior (P)
positions on the periosteum of bone segments, near the
fracture site, as shown in Figure 3(a) and (b), using
equation (2):

Ayi = Ayi proximal — Di distal = M,L AP (2)

Then the maximum value of relative axial displace-
ments was divided by the fracture gap length (/), using
equation (3):

IFAS = MClX(AAM, AAL’ AAA’ AAE)/I (3)

To determine IFSM, relative tangential displace-
ments (A), were calculated using equation (4):

AT/‘ = ATj,proximal - AT[, distal J=M,L AP (4)

Then, the maximum of relative tangential displace-
ments was introduced as IFSM, using equation (5):

IFSM = Max(Ary, Arp, Ara, Arp) (5)

The IFAS and IFSM were checked with their maxi-
mum allowable values, that is, 33% and 1.5 mm, respec-
tively, which were considered as deleterious upper

thresholds for the normal healing process.>*>’ Beyond
these limits, IFAS and IFSM were assumed to cause
damages to granulation tissue and the condition were
defined as unstable, throughout this study.

To computationally investigate the evolution of ossi-
fication sequences for a time period of 16weeks after
surgery, a user defined Python script was written based
on an algorithm for a mechanobiological model of bone
healing process.'® Progenitor stem cells, originated from
periosteum layer, central callus-cortical bone interface
and bone marrow, were assumed to migrate to fracture
site, by the diffusion equation’®:

dn
2 = —
DV°n T (6)

where 7 is the cell concentration,  represents number of
week after surgery and D is a constant diffusion coeffi-
cient. Each healing simulation was carried out for 16
iterations and D was found so that all callus elements
reach full cell concentration by the end of 16th itera-
tion.>® In this regard, each iteration was equivalent to
1 week of the healing process. In the first iteration, the
callus was filled with granulation tissue, and at the end
of the iteration, cell concentration and strain field out-
put for each callus element were determined and trans-
ferred from Abaqus output database into a user defined
script. The average value of deviatoric strain was then
calculated for each element within the callus, in order
to recognize new tissue composition according to the
employed mechano-regulatory algorithm,'® Table 2. To
account for gradual evolution of tissue type, a rule of
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Figure 4. Normalized maximum von Mises stress in: (a) LCP, (b) screws, (c) bone, under axial compressive load, and torsional
moment, and normalized (d) IFAS, and IFSM at the callus, immediately after surgery, when plate thickness changes from 2 to 8 mm.

BW is an abbreviation for the body weight.

mixture*” were used to obtain new modulus of elasticity
of each element. Then, material properties of each cal-
lus element were updated, and new iteration began with
new material properties assigned to callus elements, and
this procedure was repeated up to 16th iteration.

Results

The axial stiffness of an FE model, which simulated an
experimental study,®> was 473 N/mm, similar to the
axial stiffness resulted from the mechanical experiment,
that is 475.6 = 63 N/mm.

Results of stress analysis for plate, bone and screws
under two different loading, also IFAS, and IFSM at
the fracture site can be seen in Figure 4, for different
thicknesses of LCP. Maximum von Mises stress for
each part was normalized by dividing to its correspond-
ing allowable stress (Table 1). IFAS and IFSM were
also normalized with by dividing to their allowable
thresholds, that is, 33% and 1.5mm, respectively
(Figure 4(d)). Values reported in Figure 4(a) to (d) are
associated with the outcomes of the first and second
finite element analyses for each LCP, immediately after
surgery and prior to the ossification of granulation tis-
sue, when the fracture site had the least mechanical
integrity and strength.

Time-dependent distribution of six distinct tissue
types, as well as resorption over the callus domain, ver-
sus thickness of the 8-hole LCP, during the 8 weeks after

surgery, can be found in colorful contours of Figure
5(a), accompanied with a color legend (Figure 5(b)).

The percentage of granulation, which is within the
central and external callus and, converted into fibrous
and/or cartilage tissue at the end of the first week after
surgery, for various plate thicknesses can be seen in
Table 4. The total amount of fibrous and cartilage tis-
sues, reflects the tendency of stem cells to pass through
secondary bone healing process, which can be seen in
regions with light, medium and dark blue colors in
Figure 5(a).

Table 5 shows the percentage of callus elements con-
verted to premature bone, fibrous and cartilage tissue,
predicted at the end of 16 weeks after surgery, when the
plate thickness changes from 2 to 8 mm.

A summary on the performance of the 8-hole LCP,
with different thicknesses, employing various criteria, that
is, inclination for secondary healing, fracture union, initial
bone-LCP-screw strength, and initial stability of bone-
LCP-screw construct, can be seen in Table 6. Acceptable
range of plate thickness could be obtained versus each cri-
terion, depend on the material and structural properties of
the whole construct, which were considered in this study,
as illustrated in Figure 1 and Table 1.

Discussion

In this work, the effects of the locking compression
plate thickness on the major aspects of a successful
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Figure 5. (a) Post-operative mapping of tissue distribution within the callus, for various thicknesses (2 < THK <8 mm) of LCP for

first 8 weeks after surgery and (b) color legend for tissue mapping.

Table 4. Percentage of central callus (CC) and external callus (EC) elements converted to fibrous and/or cartilage tissue at the end
of the first week after surgery, when the plate thickness was changed from 2 to 8 mm.

LCP thickness Tissue type
(mm)
Fibrous (%) Immature cartilage (%) Mature cartilage (%) Total (%) Total cc, ec (%)

2 CC 79.81 0.51 19.68 100.00 74.12
EC 20.11 0.22 27.76 48.08

3 CC 55.87 0.65 43.05 99.57 72.01
EC 12.71 0.25 31.33 44.29

4 CcC 34.08 0.76 61.39 96.22 68.66
EC 5.36 0.42 35.14 40.92

5 CC 7.87 1.23 82.98 92.08 64.93
EC 0.52 0.22 36.88 37.62

6 CC 0.00 0.00 88.00 88.00 61.47
EC 0.00 0.00 34.78 34.78

7 CC 0.00 0.00 84.24 84.24 60.79
EC 0.00 0.00 35.44 35.44

8 CC 0.00 0.00 79.89 79.89 55.37
EC 0.00 0.00 30.70 30.70

bone reconstitution, were investigated. The main goal
of this study was the optimal value of the LCP thick-
ness, which can guarantee a durable fixation through
secondary bone healing process. To this end, a finite
element model, along with a user defined Python script,
based on a mechano-regulatory model of a bone heal-
ing process,'® was developed.

The results corresponding to the axial stiffness of the
FE model, obtained in the validation phase of this
study, showed that from mechanical point of view, the
methodology used here to create the finite element
model of the bone- LCP-locking screw construct is able
to reproduce the results of an in-vitro experiment.*
The results of stress analysis showed that, for axial and
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Table 5. Percentage of callus elements converted to immature and intermediate bone (total premature bone), fibrous and
cartilaginous tissues (total soft tissue), at the end of |6 weeks after surgery, for different thicknesses of LCP (from 2 to 8 mm).
Tissue type LCP thickness (mm)

2 3 4 5 6 7 8
Immature bone (%) 12.17 9.75 8.31 6.46 5.79 5.77 5.47
Intermediate bone (%) 7.10 6.68 6.88 8.49 7.97 7.78 7.57
Total premature bone (%) 19.27 16.43 15.19 14.95 13.76 13.55 13.04
Fibrous (%) 0 0 0 0 0 0 0
Immature cartilage (%) 0 0 0 0 0 0 0
Mature cartilage (%) 1.31 1.29 0 0 0 0 0
Total soft tissue (%) 1.31 1.29 0 0 0 0 0

Table 6. Evaluation of the LCP with different thicknesses versus different design criteria (for the construct depicted in Figure I, with

the material properties reported in Table I).

Design criteria

LCP thickness (mm)

2 3 4 5 6 7 8
Secondary pathway at initial stage of healing v v 4 4 v 4 v
Absence of soft tissue at week 16 x x v v v v v
Initial LCP strength, axial load case v v v v v v v
Initial LCP strength, torsional load case x v v v v v v
Initial screw strength, axial load case v v v v v 4 v
Initial screw strength, torsional load case x v v v v v v
Initial bone strength, axial load case v 4 4 v v v v
Initial bone strength, torsional load case x x x v v v v
Initial axial stability, IFAS x v v v v v v
Initial torsional stability, IFSM x v 4 4 v 4 v

Symbols v and % indicate approved and rejected, respectively.

torsional loading conditions, LCPs with greater thick-
nesses produce lower stresses in plate, screws and bone.
Under axial load of 25% of body weight, at the initial
stage of healing, the normalized values of maximum
von Mises stress induced in LCP, screws and bone seg-
ments, were found to be lower than the unity, regardless
of the plate thickness (Figure 4(a)—(c)). On the contrary,
Figure 4(a) and (b) show that if bone is subjected to a
torsional moment of 7N.m. right after surgery, the
LCP with a THK < 2mm results in normalized stresses
of 1.2 and 1.1 in LCP and screws, respectively.
Moreover, for the torsional moment of 7 N.m., normal-
ized bone stresses of 1.38, 1.28, and 1.10 were found
which indicate the risk of bone failure is intensified,
while the bone is fixed by an LCP with a thickness of 2,
3, and 4 mm, respectively (Figure 4(c)).

Initial stability condition of a bone-implant com-
pound should be met in order to address the probabil-
ity of causing damage in callus, which can occur in the
early stage of granulation tissue formation. The results
of this work showed that, the IFAS at the fracture site
for THK =3 mm (Figure 4(d)) were below the maxi-
mum allowable IFAS, that is 33%.%° Likewise, results
of IFSM indicate that soft callus, at the early phase of
generation, does not experience excessive deleterious
torsional deformation beyond its allowable threshold,
that is 1.5mm,*’ if fixation is made by an LCP with a

THK = 3mm (Figure 4(d)). Therefore, initial axial
and torsional stability should not be a concern when
using an LCP with a THK = 3 mm (see Table 6).

The results corresponding to tissue differentiation
showed that for 2 < THK < 8§ mm, sequential patterns
of callus healing resemble well with the general trend of
secondary bone healing process,” in terms of initial
formation of soft callus, gradual transformation and
stiffening of soft callus into hard callus, and resorption
of intramedullary canal (see Figure 5(a)). Moreover, in
all cases, the differentiation process was significantly
accomplished within the first 8 weeks after operation,
and the rate of tissue transformation was diminished
afterwards. A stable state of tissue composition
throughout callus after eight post-operative weeks,
observed in this study, was in agreement with the
results of an in-vivo histomorphometric analysis of the
callus in a fractured tibia,” which was fixed by an 8-
hole LCP with a similar screw configuration as of this
study.

The results presented in Table 4 indicate that, for
the thickness in the range of 2 < THK < 8§ mm, the
LCP with a smaller thickness offers a better chance for
fibrocartilaginous callus formation, because a plate
with a smaller thickness makes a greater deviatoric
strain at the fracture site. As the thickness is directly
proportional to the stiffness of the LCP, the differences
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observed in the sequential pattern of tissue differentia-
tion between LCPs with different thicknesses (see
Figure 5(a) and Table 4), are in agreement with the
results of some previous studies.*>*! Moreover, for all
cases, the percentage of soft tissue formed at central
callus at first post-operative week is higher that of the
external callus, which is due to the fact that mechanical
stimuli at central part are relatively higher than those
of the external part."!

Table 5 indicates that, 16 weeks after operation, the
amount of premature bone within the callus, that is,
immature and intermediate bone, is affected by the LCP
thickness. As can be seen in Table 5, the 8-hole LCP
with a thickness of 2 mm, compared with an 8 mm thick
plate, causes a 57.18% increase in the premature bone
production at the end of week 16. Additionally, the pres-
ence of soft tissues at the end of week 16, showed that
plates with THK < 3 mm may suppress ossification, and
thus will result in either delayed healing or nonunion.
Findings reported in Table 5, noting that the stiffness of
fixation is altered by the LCP’s thickness, are in agree-
ment with the results of some previous studies,'>* in
which reduction of fixation stiffness was associated with
the delay in bone fracture healing.

Using all design criteria employed in this study, it
can be concluded that for a diaphyseal tibia fracture,
placement of an 8-hole stainless steel LCP, will result in
a normal healing, if its thickness lies between LLR and
ULR. The lower limit of the range (LLR) is determined
by considering the initial strength and stability of the
construct as well as callus non-union at week 16, while
the absence of soft tissue at week 1 determines the
upper limit of the range (ULR). Table 6 shows that
LLR is a thickness greater than 4 and less than 5mm.
On the other hand, all models of various LCP thick-
nesses showed some amount of fibrous-cartilage tissue
at first post-surgery week, thus the ULR was not
located in this range, that is, 2 < THK < 8mm (see
Table 6). Therefore, thickness of 8 mm was selected as
the largest acceptable thickness in this range. Using an
iterative search method*’ to find the location of LLR,
it was found to be 4.7. To make a comparison between
the higher and lower ends of this interval, two further
FE simulations were carried out using LCPs with a
thickness of 4.7mm and 8mm, respectively. It was
found that compared with that of the 8 mm thick LCP,
the LCP with a 4.7 mm thickness is less desirable, if one
focuses on the fracture union criterion, since the later
leads to a 7.09% more premature bone tissue forma-
tion at the end of week 16, compared to the former.
However, the plate with a 4.7mm thickness performs
remarkably better in providing the necessary mechani-
cal stimulus at the fracture site, as it results in 8.88%
more differentiation of granulation tissue through
fibro-cartilaginous pathway of healing, compared to
that of 8 mm thick LCP, at the end of first week after
surgery. Thus, if the maturity of hard callus, and the
propensity of initial tissue to differentiates via second-
ary pathway of healing, were assumed to have the same

order of importance in the secondary healing process
of a fractured bone, it is obvious that an LCP with a
thickness equals to 4.7 mm is superior to the LCPs with
a thickness of 8 mm. Recently, Sheng and co-workers
used experimentally validated FE models, without
modeling tissue differentiation at the fracture gap, and
found the optimal thickness of 4.6 mm for the internal
fixation of femoral mid-shaft fracture, fixed by an 10-
holes LCP, using a comprehensive optimization process
for the LCP system.**

It should be noted that, monitoring of differentia-
tion pattern was limited to just axial compressive load
in this work. The main reason for this simplification
was that all theories that have been developed in regard
to mechanobiology of bone healing are solely con-
cerned with the axial compressive load, as the predomi-
nant force at the fracture site of a long bone.''!®!®
Nonetheless, it is known that when an implanted bone
is subjected to a variety of rehabilitation practices after
surgery, a combination of various modes of loads can
be observed at the fracture site. Further development
in mechanobiology of bone healing would be of great
help in gaining a deeper insight into the underlying
healing mechanism, and also in establishing more effi-
cient implants for superimposed load configurations.
Moreover, based on the phenomenological computa-
tional model used in this study, deviatoric strain
explains progressive tissue regeneration within the cal-
lus. A more comprehensive mechanobiological model,
which could take into account not only mechanical sti-
muli for tissue differentiation, but also encompasses
mechanical modulation of cellular activities, matrix
synthesis, callus growth, vascular network regeneration
and growth factors in bone healing process, could
surely offers more accurate results, compared to the
outcomes of this study. Another simplification made in
this study was to model tibia as a long cylinder with a
constant modulus of elasticity, as well as constant inner
and outer diameters. Also, threads of screws and curves
of the cross sectional profile of real LCPs were disre-
garded here. To improve the accuracy of this proce-
dure, more realistic material and structural properties
should be assigned to each component of the bone-
plate construct in future studies. Additionally, material
and structural properties of the bone-LCP-screw con-
struct, as well as loading condition applied to the
model can most likely alter the optimal thickness of the
LCP. Thus, in order to determine an optimal LCP
thickness for a bone-LCP construct with specifications
different from those assumed in this study, further
analyses should be made, but through employing the
same approach suggested here.

Conclusion

Instead of concentrating on a single aspect of a long
bone fixation and fracture healing process, in this study
a computational-based multi-objective approach was
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employed, which different criteria including secondary
healing process, strength and stability of the bone-plate
construct were taken into account. The results of this
study showed that, through employing the aforemen-
tioned design criteria, a thickness of 4.7mm can pro-
vide a superior fixation with an optimal performance.
This work can be deemed as a step toward a mechano-
biologically designed bone plate paradigm, with the
aim of finding an optimal bone-plate construct by com-
promising between the bone-plate strength/stability,
and the bone secondary healing process quality.
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