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Abstract: Over the years, many mechanoregulation concepts of fracture healing
have been developed. They all assume that higher values of the stimulus in the frac-
ture gap cause the formation of a fibrous tissue and only lower values can lead
to the formation of bone tissue. A literature review of the numerical evaluation
of bone fracture healing has revealed some shortcomings in the existing studies.
Scientists often focus on only one of the three phases of fracture healing. In addi-
tion, studies are often carried out with the use of only transverse fractures. The aim
of the study is to develop an algorithm for the numerical evaluation of bone frac-
ture healing, which can be used for both transverse as well as oblique fractures.
To conduct the research, the authors proposed an algorithm that considers all
phases occurring in secondary healing: 1 - hematoma formation, 2 - tissue dif-
ferentiation, 3 — bone tissue remodeling. Appropriate CAD models of simplified
fracture were designed that additionally considered two variables: fracture angle
(from 0° to 45°) and fracture gap (from 2.5 mm to 10.0 mm). Axial loading was used
in order to generate mechanobiological stimulus. The obtained results presented
a significant influence of the analyzed variables on the studied process. This proved
that the designed algorithm can be used to speed up the treatment process and ena-
ble designing a more effective rehabilitation procedure for an individual patient.

Keywords: numerical analysis, bone, fracture, secondary healing, evaluation
algorithm

3.1. Introduction

Long bone fractures are a common problem in healthcare, which causes at least a tem-
porary decrease in the quality of human life and in critical cases may even lead to a per-
manent disability resulting from an abnormally healed bone [1]. This phenomenon
creates economic problems and a burden for the society, resulting from its univer-
sality [1-3].
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Fracture types are classified according to several criteria, such as soft tissue pen-
etration [4] or morphology and topography [5,6]. In the first case, the classification
includes closed fractures, in which the continuity of the skin is not broken, and open
fractures, in which at least one of the bone fragments penetrates soft tissues [4]. Closed
fractures are much more common, while open fractures only occur in about 11.5 per
100,000 people every year [4]. It is estimated that fractures of the long bones of the lower
limbs are much more dangerous than those of the upper limbs, which may be caused
by significantly greater loads transmitted by the lower limbs [4].

According to the next criterion, that is morphology and topography of the frac-
ture, there can be distinguished transverse, linear, oblique, spiral, greenstick, commi-
nuted fractures [5,6]. Transverse and oblique fractures are the most common types,
and they can additionally occur in nondisplaced and displaced forms, with the second
one significantly hindering the healing process due to the increased fracture gap [7].
Moreover, oblique fractures can occur at different angles [8].

Healing of a fractured bone can occur through direct (primary) healing or indirect
(secondary) healing [9]. Primary healing rarely occurs in the natural process of frac-
ture healing, as it requires elimination of the fracture gap with internal or external
stabilization [10]. It occurs when the gap is not greater than 0.01 mm and the defor-
mations in this area are less than 2%. This enables the formation of cutting cones that
form cavities through the fracture site with the participation of osteoblasts, which are
then supplemented with Haversian canals by osteoblasts [9]. This process does not pro-
duce callus. Depending on the type of fracture, primary healing may take from a few
months to several years [9].

Secondary healing includes both intramembranous and endochondral ossifica-
tion [11]. This type of bone healing does not require the reduction of the fracture gap
or the rigid stabilization of the bone fragments. On the contrary, secondary healing
is stimulated by micromovement and load transfer [12]. However, too large bone frag-
ments displacements or excessive load may delay or prevent bone healing [13]. Secondary
healing is often observed in inoperable fracture treatment, although there are cases
where it occurs after clinical procedures with insufficient fracture stabilization [14].

So far, a number of mechanobiological concepts describing the process of sec-
ondary fracture healing have been developed, such as concepts of Carter [15], Claes
and Heigele [16] or Huiskes [17]. These models are often complemented by other con-
cepts, including the concept of diffusion of mesenchymal cells into the fracture gap [18].
These concepts are commonly modified and used in numerical analyses evaluating
the influence of various factors on the bone healing process [19-24].

A literature review has shown that scientists often limit numerical studies to sin-
gle stages of bone fracture healing. The first stage, i.e. hematoma formation, is the least
frequently considered. At this stage, biological and biochemical factors, rather than
mechanical ones, have a much greater impact on improving the process. Moreover,
the material properties of a hematoma and a granulation tissue have not yet been clearly
defined. Most often, the second phase of bone union, i.e. the differentiation of tissues
in the fracture area, is a subject of analyses.
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On this basis, it was concluded that analyses of secondary healing of non-trans-
verse fractures are not usually performed. Therefore, it is necessary to supplement
the currently known data with analyses of all stages of bone fracture healing, taking
into account the morphology and topography of the fracture. For this reason, the aim
of this study was to develop an algorithm that takes into account all stages of second-
ary healing for the most common types of fractures, i.e. transverse and oblique. Such
an algorithm would allow to estimate time and mechanobiological conditions needed
to individually design rehabilitation procedure for every patient, which is crucial for his
appropriate recovery.

3.2. Materials and methods

The evaluation of the studied phenomenon was carried out with the use of an algo-
rithm that takes into account all phases of secondary healing of a bone fracture: cal-
lus formation, tissue differentiation and bone remodeling. The algorithm was con-
ducted with the use of the finite element method and Ansys Workbench 2022 software.
A simplified diagram of the proposed algorithm is shown in Fig. 3.1.
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FIGURE 3.1. Proposed algorithm to evaluate the secondary healing of a bone fracture
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3.2.1. Phase 1 simulation — callus formation

The first part of the research involved the simulation of the hematoma, which was
obtained by designing appropriate geometries in the SolidWorks 2022 software.
The models took into account two variables: the width of the fracture gap and the frac-
ture angle. A total of 16 models were analyzed and the included values of the studied
variables, as well as the method of marking individual models are presented in Tab. 3.1.

TABLE 3.1. Designations of the analyzed models

Fracture gap (d)
2.5 mm 5.0 mm 7.5 mm 10.0 mm
0° a0d2.5 a0d5.0 a0d7.5 a0d10.0
;Z‘i;”re 15° a15d2.5 a15d5.0 a15d7.5 a15d10.0
(a) 30° a30d2.5 a30d5.0 a30d7.5 a30d10.0
45° a45d2.5 a45d5.0 a45d7.5 a45d10.0

The dimensions and components of the analyzed geometries, which are presented
in Fig. 3.2, were developed on the basis of literature reports [25]. Appropriate adjust-
ment of the callus width to the type of fracture was also taken into account [20].

30
18

80

FIGURE 3.2. Scheme of the 2D model used for the analyses: 1 - bone shaft; 2 - callus; 3 - bone
marrow

The generated model components were combined in order to consider node-sharing
between them in the subsequent discretization process. This was to simulate the bio-
logical integrity between anatomical structures during the fracture healing process.
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3.2.2. Phase 2 simulation - tissue differentiation

The previously prepared models were subjected to the discretization process, taking
into account the 5% mesh refinement test for the analyzed values. Plane223 elements
were used for discretization, which has the possibility to unlock diffusive degrees
of freedom. The obtained models, an example of which is shown in Fig. 3.3, after opti-
mization had 2,000 + 1,000 finite elements.

FIGURE 3.3. Finite element mesh on the example of the a0d2.5 model

The defined, initial material properties are presented in Tab. 3.2.

TABLE 3.2. Initial material properties in phase Il [26]

Material property
Density [g/cm’] Young's Modulus [MPa] Poisson's ratio
Bone 1.741 20000 0.30
Part | Bone marrow 1.100 2 0.17
Callus 1.000 2 017

Phase IT was divided into two processes: migration of mesenchymal cells to the frac-
ture gap and differentiation of MSC according to the mechanoregulation theory.

For the first process, appropriate boundary conditions were defined in which
the sources of mesenchymal cells were indicated, i.e. places where their concentra-
tion was 100%. In all of analyses, it was the periosteum and bone marrow (Fig. 3.4a).
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Subsequently, using Fick’s law (equation 3.1), the degree of callus filling over time
with mesenchymal cells was determined [21]:

J=-D oc/ox, (3.1)

where: ] - diffusion flux [%/step], D - diffusion coeflicient = 2.5 [cm?/step], ¢ — con-
centration of the component [%/cm?], x — change in position [cm].

For the second process, again using the initial material properties and the gen-
erated mesh, different boundary conditions were defined, in which a force of 100 N
was applied to the upper edge of the bone, while all degrees of freedom were blocked
for the lower edge (Fig. 3.4b). A relatively low value of force was used because at the ini-
tial stage of fracture treatment, the bone is not able to transfer heavy loads without
adversely affecting the bone healing process [21]. Then, the values of hydrostatic stress
(0) and strain (g) were generated in each finite element of callus.

a) b)

FIGURE 3.4. Boundary conditions for phase II: a) site of mesenchymal cell concentration; b) sup-
port and axial force

The concentration of MSC in individual areas of the fracture gap and the val-
ues of o and ¢ allowed to change the Young’s modulus of a specific finite element
of callus, taking into account the theory of mechanoregulation fracture treatment
according to Claes and Heigele [26]. In order to exclude sudden changes in the value
of the Young’s modulus, for each finite element the mean value from the previous
10 steps was assigned (equation 3.2):
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1 o
E=MSC-—» E, (3.2)

10
where: E - Young’s modulus of a specific finite element [MPa], MSC - the percentage
of mesenchymal cells [%], i — calculation step.

The values of the Young’s modulus of fibrous, cartilage and primary bone tissue
were 2 MPa, 10 MPa and 6000 MPa respectively [26]. After changing the properties
of the whole callus, its mean Young’s modulus (E,) was determined. When it was
greater than 2 GPa, the fracture was considered to be pre-stiffened and phase II
was completed [26]. If the E, was less than 2 GPa, the cycle of updating the callus
properties was repeated, taking into account the overtime changes in MSC concen-
tration in the fracture gap. When the fracture area was initially stiffened, the algo-
rithm could go into phase III.

3.2.3. Phase 3 simulation - bone remodeling

In the third phase, the boundary conditions were defined in the same way as shown
in Fig. 3.4b. However, the value of the axial force was increased to 600 N. This force
was selected to enable the proper process of bone fracture healing [21]. Then, the defor-
mation energy density (U) was determined and considering it as a stimulus stimu-
lating bone tissue remodeling, the properties of callus were updated on the basis
of the Huiskes et al. theory. That theory takes into account the so-called dead zone
[27], which concept is represented by equation 3.3.

P _ B(H_(1+S)K)i]‘%>(1+s)l<

ot P
9 , U
_afz =01f(1—s)KS;S(1+s)K
Ip (U ) U
L =Bl =—(1-9)K |if —<(1-9)K, 3.3)
Lo -9k fr L <9

where: p — bone tissue density [g/cm?], U - strain energy density [J/cm?], B - constant
regulating the rate of bone remodeling = 1 [(g/cm?)*/(MPa/CTU)], s - constant regulating
the size of the lazy zone = 0.1, k — constant regulating the threshold values = 0.004 [J/g].

After updating the density values of individual finite elements, the value of the cal-
lus Young’s modulus was calculated. For this purpose, the relationship between
the Young’s modulus (E) and bone tissue density (p), developed in the studies by Carter
and Hayes [28], was used.
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3.3. Results

The analyses resulted in a numerical representation of the change in MSC concentra-
tion and the value of Young’s modulus in the callus.

It has been established that a transverse fracture with a small fracture gap heals
in about 12 weeks [29]. Therefore, 84 calculation steps were established, each repre-
senting one actual healing day. Having implemented the algorithm, the analysis was
performed on the basis of the percentage change of mesenchymal cells in the callus
and the change in the Young’s modulus of the callus. The percentage change of mes-
enchymal cells was obtained by averaging all concentration values obtained for ele-
ments and dividing the mean by the area of the callus. In the case of Young’s modu-
lus of callus, a mean was calculated from all values obtained for each element, which
was then divided by an initial value of 2.

3.3.1. Mesenchymal cells migration to fracture gap

From the obtained data, the mean percentage of MSC in the callus for each of the cal-
culation steps was estimated. Fig. 3.5 shows the percentage change in the MSC con-
tent in the callus within 7 weeks for transverse and oblique fractures (with a fracture
angle of 15°, 30° and 45°).

g al5d2.5
2 )
A0 q15d5.0
20 | |emmme a15d7.5
----- a15d10.0
0 7 1421283542 49
Days Days

00 7 14 21 28 35 42 49 00 7 14 21 28 35 42 49
Days Days

FIGURE 3.5. Change in the percentage of MSC in callus within 7 weeks for a fracture with an angle
of:a) 0°b) 15°; c) 30°; d) 45°
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Increasing the width of the fracture gap increased the time for MSC to com-
pletely fill the callus. It can be seen that the curves representing the same fracture
gap and another fracture angle coincide. This means that the fracture angle does not
affect the rate of diffusion of cells to the fracture gap. Within 7 weeks, the complete
filling of the callus is observed for the gap width of 2.5 mm, 5.0 mm and 7.5 mm.
Fractures with a 10 mm gap are completely filled with MSC over a period of more
than 49 days.

The obtained data was then used as input values to determine the change in Young’s
modulus of the callus during the tissue differentiation and bone remodeling phases.

3.3.2. Changes in Young's modulus of the callus

The results from the second part of the simulations were presented in the form
of changes in the mean value of Young’s modulus of the callus within 84 days.
Fig. 3.6 shows the effect of the fracture gap width on the healing phases in transverse
and oblique fractures.
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FIGURE 3.6. Change in Young's modulus of the callus during phase Il and Il of bone fracture heal-
ing for a fracture with an angle: a) 0°; b) 15°
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FIGURE 3.6. Change in Young's modulus of the callus during phase Il and Il of bone fracture heal-
ing for a fracture with an angle: c) 30°; d) 45°

The graphs presented in Fig. 3.6 show the process of both phases IT and III
of the bone healing process, while the transition from one to the other is character-
ized by a relatively sudden change in the Young’s modulus change rate. During phase
I, the mean Young’s modulus of the callus increases nearly linearly, while in phase
IIT its value changes non-linearly.

The analysis of the results showed that the width of the fracture gap influences
the time that the healing process takes. As the distance of bone fragments increases,
the time needed to fully heal the injury also increases. Moreover, it was noticed that
an increase of a fracture gap also results in delaying a transition from phase II to phase
I11, which was presented in Fig. 3.7.
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FIGURE 3.7. Days to transition from phase Il to phase Ill for each type of fracture
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In addition, irrespective of the fracture type, a larger fracture gap resulted
in slower callus resorption. It was noticed on the basis of a more intensive increase
in the mean Young’s modulus at the beginning of phase III for the gap of 10 mm,
compared to the gap of 2.5 mm.

3.4. Discussion

The algorithm used for the analyses was based on three basic assumptions: Fick’s first
law (diffusion law), the theory of mechanoregulation of fracture treatment accord-
ing to Claes and Heigele and the theory of bone tissue remodeling by Huiskes et al.
Fick’s first law was used to simulate the diffusion of MSC into the callus. The mecha-
noregulation theory of bone healing described how callus evolved under the influence
of mechanical stimulus. On the other hand, the theory of Huiskes et al. was applied
to simulate bone tissue remodeling. Therefore, all phases of fracture treatment were
taken into account in the conducted analyses, while the phase of callus formation
was considered with the design of an appropriate geometry. A literature review has
shown that scientists often focus only on the influence of mechanical stimuli on one
of the described phases.

In the presented study, the operation of the designed algorithm for the assess-
ment of bone fracture healing was verified. The functionality of the algorithm was
confirmed by comparing the obtained results with the data available in the literature.
The pattern of callus evolution obtained in 2D analyses coincides with the biological
sequence of tissue creation. Similarities can also be found in the works of Isaksson
and Lacroix [18,30]. In their research, they proved that the change of Young’s modu-
lus in the callus is related to the rate of migration of MSC to the fracture area.

Ghiasi in his research also discussed the effect of the distance between bone frag-
ments on the time needed to fully restore the bone to its initial efficiency. According
to the results, the increase in the fracture gap delays the healing of the fracture [20, 26].
In the presented research, the influence of the fracture gap on the bone healing process
for the transverse and oblique fractures was also verified. According to the obtained
data, irrespective of the type of fracture, the time necessary for the full healing
of the injury increased with the increase of the fracture gap.

Interestingly, during the preparation of the geometry for analyses, it was also noticed
that the width of the callus increases with the increase in the width of the fracture gap.
This phenomenon is also observed in clinical and experimental analyses. Larger cal-
lus is needed with an enlarged fracture gap to achieve the appropriate healing process
[30]. This allows to conclude that the elimination of the fracture fissure will reduce
the resulting callus. This also confirms the assumptions necessary for primary healing.

The verification of the designed algorithm proved that the combination
of the selected concepts and theories correctly predicts the course of bone fracture
healing in numerical simulations.
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3.5. Conclusions

The designed algorithm is an innovative tool for evaluating long bone fracture healing
processes. It is one of the few that includes the three phases of healing and can be used
not only for transverse, but also oblique fractures. The analyses carried out with the use
of the above-mentioned algorithm filled a significant gap in the literature. The designed
algorithm can be used to speed up the treatment process and enable designing a more
effective rehabilitation for an individual patient.

3.6. Limitation of the study

The presented study is characterized by limitations typical of numerical research. Among
them, there can be distinguished the use of a simplified bone model as well as neglecting
other factors (such as chemical) that have a direct influence on fracture healing. However,
the adapted simplifications are commonly used in numerical analyses and are crucial
for evaluating the influence of selected variables on the analyzed process. For this rea-
son, they are not negatively affecting the quality of the obtained and presented results.
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