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Bone fracture healing is a unique biological process that initiates immediately 

following bone tissue injury(1). Unlike other tissues that heal by forming scar 

tissue, bone heals by forming new bone tissue. The healing process involves 

complex and multifactorial molecular and cellular events that can lead to the 

formation of new bone. New bone is continually remodeled and, after healing, 

the original site of injury is difficult to distinguish from the surrounding bone(2). 

Bone healing generally occurs in a stepwise manner through a tissue 

differentiation process where the formation of intermediate tissues prepares 

the conditions for osteogenesis(3). The mechanisms by which mechanical 

stimuli are converted into biological responses are not yet fully understood(4). 

A deeper comprehension of these processes will facilitate the creation of more 

accurate strategies for fracture treatment. Mechanobiology examines the 

ways in which mechanical loads are conveyed to cells through signaling(5). By 

better understanding the effects of mechanical stimuli on the formation of 

different tissues, it is possible to adjust physiological conditions and drug 

factors for better and faster formation of the desired tissue. The utilization of 

computer modeling has significantly influenced the domain of 

mechanobiology(6). Computational models have enabled the investigation of 

the connection between mechanical loads and the local stresses and strains 

that influence tissue development. Numerous biological processes, such as 

bone healing, are inherently complex, making it frequently time-consuming, 

costly, or even unfeasible to ascertain their precise characteristics through 

experimental methods. Consequently, simplified mathematical modeling is 

extensively employed to replicate intricate systems within this domain.  

Abstract  
The healing of bone fractures is a multifaceted process that ultimately leads to the creation of new bone tissue. A 
significant factor influencing this process is the mechanical environment present at the site of healing. 
Computational models that employ mechanobiological algorithms are capable of simulating the impact of 
mechanical stimuli on the differentiation of stem cells into various tissue types during the bone healing process. 
This paper provides a review of the domain of computational mechanobiology, particularly concerning bone 
healing, and evaluates the existing mechanobiological models. Furthermore, it discusses recent developments and 
the current challenges faced in this area. Recently, there has been a growing interest in integrating 
mechanobiological algorithms with a more comprehensive depiction of cellular and molecular events. A primary 
challenge in this domain is the validation of these models through their comparison with experimental data. Such 
models can enhance our understanding of the bone fracture healing process and improve the design of implants 
and treatment analyses. However, existing mechanobiological models are still in their early stages and require 
ongoing updates and refinements to keep pace with the continuous advancements in the field of stem cell 
mechanobiology. 
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In mechanobiology, computational models, in 
conjunction with in vivo and in vitro experiments, are 
employed to quantitatively determine the rules that 
link mechanical loads to the differentiation, growth, 
and maintenance of various tissues(5). In these 
models, mechanical forces are exerted on the 
geometry of the model, while the mechanical 
properties of the tissue are evaluated through finite 
element analysis. The biological component of the 
calculations relies on several assumptions that treat 
particular mechanical variables as triggers for distinct 
cellular functions(7). Computational models are 
growing more intricate due to the enhancement of 
computational capabilities and the expanding 
understanding of mechanobiology. Additionally, both 
experimental and computational research play a 
crucial role in enhancing our comprehension of 
mechanobiology. The convergence of these two 
domains is vital, as models can facilitate the analysis 
of experiments, while experiments can yield insights 
and correlations that inform the refinement of 
current models. 
In this article, existing mechanobiological algorithms 
are briefly reviewed. Our focus is on studies that have 
used these algorithms in conjunction with the finite 
element analysis to study bone fracture healing. 
Recent advances in this field, along with existing 
challenges, are also presented, and future capacities 
are discussed. The aim of this research is to describe 
the most important existing works and emphasize 
certain advancements and prospective pathways in 
bone healing modeling. 

Stages of Bone Fracture Healing 

A bone fracture triggers a sequence of tissue 
reactions that eliminate bone debris, restore blood 

circulation, and generate a new skeletal matrix(8,9). 
After the healing and remodeling process of the 
fracture site, the structure reverts to its condition 
prior to the injury (Figure 1). Bone healing may take 
place via either primary or secondary mechanisms. 
Primary healing, also referred to as direct healing or 
intramembranous bone formation, entails the direct 
generation of bone without the development of 
external tissue (callus)(10). This process occurs only 
when displacements are very small or the fracture 
gap is very narrow (800 μm to 1 mm)(11). Unlike direct 
healing, secondary healing, also known as 
endochondral bone formation, occurs more often in 
conditions of interfragmentary movement. Most 
fractures heal via endochondral ossification. 
Secondary healing is divided into three general 
stages: inflammation (hematoma formation), healing 
(formation of soft and then hard callus), and finally 
remodeling (Figure 1)(8). In the inflammatory phase, 
mesenchymal stem cells move towards the fracture 
site to create granulation tissue(12). These cells 
proliferate and subsequently differentiate into 
various cells that can produce fibrous, cartilaginous, 
or bone tissue(13). The broken bone fragments are 
initially connected by an external callus of soft tissue 
(fibrous or cartilaginous tissue)(14). Gradually, the 
cross-sectional area and stiffness of the callus 
increases, and the fracture site becomes 
mechanically more stable. Interfragmentary 
movements at the fracture site decreases over time 
as the callus stiffens, and eventually, portions of the 
callus are transformed into a bony bridge between 
the fracture fragments through the deposition of 
calcium(15). Following the formation of the bony 
bridge within the callus and the rejoining of the 
fracture fragment ends, the processes of remodeling 
and bone resorption commence(16).  

 

 
Figure 1: Stages of Bone Fracture Healing: a) Inflammation (Hematoma Formation) b) Soft Callus 

Formation c) Hard Callus Formation d) Bone Remodeling (Figure adapted from(9) with slight modifications) 
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The newly created, initially disorganized bone tissue 
is progressively substituted by more structured and 
robust lamellar bone tissue. This remodeling process 
reinstates the healing area to its original architecture 
and characteristics prior to the fracture.  

Relationship between Bone Healing and 
Remodeling 

It is crucial to note that bone healing and remodeling 
are two distinct yet interconnected biological 
processes occurring in bone tissue. Although these 
phenomena share similarities, they have different 
objectives and operate through different 
mechanisms. Bone remodeling is a lifelong process 
involving the coordinated activity of osteoclasts, 
osteoblasts, and osteocytes to replace old or 
damaged bone tissue with new bone tissue(17). 
Ensuring bone strength, maintaining calcium and 
phosphate balance, and adapting to existing 
mechanical environmental conditions are the 
primary goals of the remodeling process. On the 
other hand, bone healing is the process of repairing 
bone tissue after a fracture. A chain of events occurs 
after a bone fracture to refill the fracture site with 
new bone. These events include an initial 
inflammatory response, bone healing with the 
formation of a soft callus, and its replacement with a 
hard callus and bone(18).  
Newly formed bone remodeling primarily begins 
after the completion of the healing process and 
continues until its mechanical properties reach the 
initial state. The focus of this research is to review 
algorithms related to bone fracture healing, as 
examining algorithms related to remodeling itself 
requires a separate study.  

 

The use of mathematical modeling with numerical 
solution methods has significantly improved medical 
analysis(19). Computational mechanobiology seeks to 
determine the governing laws of stem cell 

differentiation, tissue growth, adaptation, and 

maintenance under the influence of mechanical 
loading(5).  
These processes are simulated using 
mechanobiological algorithms (models describing 

biological activities) and generally with numerical 

solution methods (including the finite element 
analysis). These models are based on the assumption 
that local mechanical variables (such as stress, strain, 

fluid velocity, etc.) are the driving force for the 
differentiation of stem cells into other cell types at 

the fracture site. In the following, some 
mechanobiological algorithms for bone healing are 
reviewed.  

Early Theories  

In 1960, Pauwels was the pioneer in suggesting a 
distinct theoretical framework regarding the impact 
of mechanical forces on the pathways of tissue 
differentiation (Figure 2a)(20).  

He proposed that various tissues are adapted to 

endure particular mechanical conditions. For 
example, tension encourages the development of 

fibrous tissue, whereas hydrostatic pressure results in 
the creation of cartilaginous tissue. In his perspective, 

the formation of bone necessitates a relatively stable 
mechanical environment characterized by low stress, 

and ossification occurs only after the soft tissues have 

adequately stabilized the surroundings. Given that 

the direct formation of a bony bridge is initially 
unfeasible to connect the two sides of an unstable 
gap, intermediate tissues serve to stabilize the 

fracture gap to some extent and establish a stable 
mechanical environment conducive to ossification. 

Pauwels, for the first time, based on clinical 
observations and reasoning, theorized about the 

influence of the mechanical environment on the 
development of various tissues and established the 
groundwork for the rationale behind all 

contemporary models. In 1980, Perren and Cordey 

suggested that the formation of different tissues 

depends on the resistance of each tissue to strain(21).  
A tissue that fails at a particular strain level cannot 

form in a region with the same or higher strain. 
Interfragmentary strain is calculated by dividing the 
longitudinal displacement of the fracture gap (small 

movements of the gap due to loading) by the initial 
size of the gap. As the interfragmentary strain 
decreases, granulation tissue differentiates into 
fibrous tissue, then cartilaginous tissue, and finally 

into bone tissue (Figure 2b). However, this hypothesis 
only considered axial strains and did not include the 
effect of other important strains, such as radial and 

circumferential strains, which certainly have an 
impact on the healing process. 

Mechanobiological Models of Bone 

Fracture Healing 
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Figure 2: Different Mechanoregulation Models: a) Pauwels b) Perren et al. c) Carter et al.d) Claes and 
Heigele e) Lacroix and Prendergast f) Isaksson et al. (Figure adapted from(14) with slight modifications) 

 

Single-Phasic Finite Element Models  

In 1988, Carter et al. proposed a model based on 
Pauwels' model, in which the process of tissue 
differentiation over time could be predicted based on 
the history of local stress and strain(22). A decade 
later, in 1998, they developed this model into a more 
general model in which, if the callus is subjected to 
high tensile strains, fibrous tissue is formed, and 
when the pressure is high, cartilaginous tissue is 
formed (since this tissue can withstand hydrostatic 
pressure)(3). Bone is only formed when the 
hydrostatic pressure is low (Figure 2c). Although 
Carter and his colleagues did not introduce a specific 
threshold for tension and pressure in their research, 
it was the first study in which finite element analysis 
was used to investigate the relationships between 
local stress and strain levels and differentiated tissue. 

They stated that adequate blood flow is essential for 
bone formation, and insufficient blood supply leads 
to the formation of cartilaginous tissue. 
In 1998, Claes and Heigele conducted an 
interdisciplinary study comparing histological data 
from animal experiments and finite element analysis 
to evaluate the effects of gap size and 
interfragmentary strain on bone healing(23). Based on 
histological observations, Claes and Heigele 
developed a mechanobiological algorithm similar to 
that of Carter et al. and, for the first time, 
quantitatively defined the thresholds for stimulating 
the formation of different tissues (Figure 2d)(24). To 
achieve this objective, the researchers employed a 
hyperelastic solid finite element analysis, adjusting 
the mechanical properties of the model at various 
time intervals throughout the fracture healing 

a                                                                                    b 

c                                                                                    d

e                                                                                   f
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process. By juxtaposing finite element analysis with 
histological findings, they successfully linked 
intramembranous ossification to local strains of 
under 5% and hydrostatic pressures ranging from ± 
0.15 MPa. It was determined that compressive 
hydrostatic stresses exceeding 0.15 MPa and strains 
below 15% acted as catalysts for endochondral 
ossification. Conversely, alternative conditions 
resulted in the development of fibrous or 
fibrocartilaginous tissue. In the investigation 
conducted by Claes and Heigele, the tissue formation 
process was not modeled in an adaptive manner (i.e., 
gradually and incrementally); instead, the focus was 
on examining the mechanics of the healing tissue at 
designated time points to ascertain the stimulation 
threshold necessary for the development of each 
type of tissue. 

Biphasic and adaptive finite element 
models  

In a biphasic simulation of tissue differentiation 
around an orthopedic implant, it was observed that 
interstitial fluid flow had a significant effect on the 
stress distribution in the callus tissue under 
mechanical loading(25–27). This highlighted the 
importance of two-phasic modeling. Therefore, in 
2002, Lacroix and Prendergast based their tissue 
differentiation model on a finite element analysis 
with the properties of poroelastic materials from the 
process of tissue healing around an orthopedic 
implant(28). They proposed two stimuli, deviatoric 
strain in the solid phase and fluid velocity in the 
interstitial fluid phase, as regulators of the cell 
differentiation process (Figure 2e). High values of 
either of these two variables led to the formation of 
fibrous tissue, and only when both variables were low 
enough did ossification occur. 
Isaksson et al. in 2006, in a biphasic fracture healing 
model, compared and analyzed the 
mechanobiological algorithms of Carter et al., Claes 
and Heigele, and Lacroix and Prendergast, and 
introduced a new mechanobiological algorithm 
based solely on deviatoric strain (Figure 2f)(3,7,24,28). In 
this work, it was observed that all the compared 
algorithms produced relatively similar results. This 
can be attributed to the presence of both a 
volumetric and a deviatoric component in each of 
these algorithms. Another interesting point in the 
study of Isaksson et al. was that the simulation results 
based solely on deviatoric strain were very close to 

the results of the Lacroix and Prendergast 
algorithm(28,29). 
Therefore, they concluded that the deviatoric 
component may be a more important factor in 
predicting the outcome of the fracture healing 
process than the volumetric component.  

Callus Growth Models 

In the tissue differentiation process, not only the 
tissue of callus but also its geometric shape changes. 
In all the studies mentioned earlier, volumetric 
growth of the callus tissue was neglected. In 2006, 
Isaksson et al., using the Lacroix and Prendergast 
algorithm and adding volumetric growth of the callus, 
simulated tension-based bone formation and 
validated the results with experimental studies(28,30). 
Also in the same year, Aznar et al. proposed a 
continuous mathematical model of tissue 
differentiation and volumetric growth of callus in 
fracture healing(31). Their model simulated 
phenomena such as migration, proliferation, and 
differentiation of stem cells, and death of various cell 
types. They also incorporated a criterion for tissue 
damage and remodeling within their model. The 
second variable of the deviatoric stress tensor was 
regarded as a stimulus for the tissue differentiation 
process. Volumetric growth was determined by the 
quantity of tissue production and was simulated 
independently in a finite element model that utilized 
thermal expansion. Although the predicted callus 
shape was not completely physiological at its edges, 
the prediction regarding the alteration in callus size in 
response to variations in interfragmentary 
movements, fracture gap dimensions, and the 
stiffness of the fixator was executed accurately(31). 
Bailon-Plaza and van der Meulen were the first to 
develop a mathematical framework for investigating 
the effect of growth factors on bone healing(32). They 
employed the finite difference analysis to simulate 
cellular phenomena and the differentiation of tissue-
specific cells in the callus. Unlike previous models, in 
their model, cellular differentiation was controlled by 
two growth factors (instead of mechanical 
stimulation). 
In 2006, Perez and Prendergast developed a new 
model to simulate cell movements in the callus(33). 
The model of random cell walk included both directed 
and undirected cell migration, leading to anisotropic 
cell proliferation and migration. In this study, a 2D 
cross-section of the implant and bone was modeled 
using their random cell walk model and the 
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mechanobiology algorithm of Lacroix and 
Prendergast(29). The simulation results of both models 
were similar, although the random cell walk model 
predicted a more irregular tissue distribution 
compared to the diffusion model. Although the 
results of each simulation varied slightly due to the 
stochastic nature of the model, there was a good 
qualitative agreement between the histological data 
and the simulation results in simulating the data of a 
bone chamber experiment(34). 

Greater attention to biological aspects of 
healing process 

Although sufficient blood supply is essential for the 
delivery of oxygen and nutrients to cells, the 
previously discussed models have indicated that the 
mechanical environment was the only determinant of 
cellular functions. Given that a low-oxygen 
atmosphere promotes cartilage development while 
bone formation requires a high-oxygen environment, 
angiogenesis, which refers to the formation of new 
blood vessels, plays a crucial role in the process of 
bone healing(35). Geris et al. expanded upon the 
Bailon-Plaza and van der Meulen model by 
incorporating angiogenesis influenced by growth 
factors, and they contrasted their findings with 
experimental data pertaining to normal fracture 
healing(32,36,37). Oxygen diffusion is restricted to a 
mere few hundred micrometers surrounding the 
capillaries, thus the configuration of the newly 
formed vascular network is crucial in the process of 
bone healing. Checa and Prendergast expanded upon 
the Perez and Prendergast random cell walk model to 
incorporate angiogenesis as well(33,38). They 
replicated tissue differentiation in the space between 
the implant and bone while subjected to shear 
loading, discovering that their model could replicate 
a vascular network akin to that observed in the 
experimental setup. This resulted in a forecast of 
more varied and natural tissue differentiation in 
contrast to earlier simulations. Furthermore, this 
model took into account mechanical influences and 
demonstrated that increased loading could diminish 
the rate of vascular network development and 
postpone the formation of bone tissue. 
Given that ultrasound has the potential to markedly 
elevate the concentrations of cytokines, fibroblast 
growth factor, and vascular endothelial growth factor 
(VEGF), which influence angiogenesis, Vava et al. 
suggested a comprehensive mathematical model 
that incorporates partial differential equations to 

depict the spatiotemporal development of soft 
tissue, bone, and vascular networks(39). In this model, 
which is grounded in prior experimental research, 
ultrasound was identified as the primary factor 
influencing VEGF. This model offers novel 
perspectives on the impact of ultrasound on bone 
development and angiogenesis(39,40). 
Considering that the precise role of immune cells and 
their influence on fracture healing remains unclear, 
Kojouharov et al. introduced a novel mathematical 
model composed of nonlinear ordinary differential 
equations. This model aims to investigate the initial 
inflammatory responses during the bone healing 
process, integrating immune cells, histiocytes, and 
their regulatory signals(41). Their numerical 
simulations indicated that administering anti-
inflammatory cytokines at the onset of the healing 
process could potentially expedite the healing 
duration. The ideal dosage is contingent upon the 
specific type of fracture, and elevated levels of 
inflammatory cytokines adversely affect the healing 
time of fractures.  
In the work of Kojouharov et al., the first attempt was 
made to include macrophages in a mathematical 
model simulating the fracture healing process(41). 
Trejo et al. extended the that work by including two 
other types of macrophages and proposed a new 
mathematical model consisting of nonlinear ordinary 
differential equations to study macrophage-
controlled inflammation in the early stages of 
fracture healing(42). 
Zhang et al. have also recently explored the 
inflammatory processes that occur during the initial 
phases of healing. In order to examine the impact of 
tumor necrosis factor (TNF) on the early stages of 
fracture healing in both normal and diabetic 
conditions, the researchers developed a numerical 
model composed of partial differential equations that 
characterize the roles of cells and cytokines in 
fracture wounds(43).  
They determined that an optimal concentration of 
TNF-α exists, which can enhance the healing of 
fractures, whereas excessively high levels (as 
observed in diabetic conditions) or significantly low 
levels of TNF-α can hinder the healing process. 

Implementation of Mechanobiological 
Models 

Mechanobiological models are commonly employed 

to simulate the fracture healing process in long bones 

(Figure 3)(44). Initially, a numerical model (typically 
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finite element model) of the fracture, along with the 

geometry of the callus, is created. The material 

properties of the granulation tissue for the callus are 

then assigned. Subsequently, the model is subjected 

to a specific load, and the value of the mechanical 

variable or variables (mechanical stimulus) within the 

callus tissue is calculated. Based on the 

mechanobiological model and the concentration of 

stem cells, the type and quantity of tissue that should 

be formed are computed. To modify the properties of 

the callus tissue, one of the numerical smoothing 

methods is used to prevent abrupt and unnatural 

changes in the mechanical properties of the tissue(45). 

The fracture model with the new material properties 

is subjected to the load again, and a new mechanical 

stimulus is calculated. This cycle continues until the 

solution converges, and the callus tissue reaches its 

final properties. 

 

Determining the external mechanical loads 

transferred to the fracture site through new tools is 

no longer challenging. Bone healing simulations can 

determine how these loads are converted to tissue-

level stimuli through mechanobiological models. 

However, determining how mechanical loads at the 

tissue level are converted to the cellular level and the 

mechanical stimulus that each cell senses, as well as 

how these stimuli are translated into biochemical 

signals by these cells, has been difficult and has 

recently attracted the attention and focus of 

researchers in this field(46).  

The finite element analysis is a powerful tool that 

allows scientists and engineers to predict the 

mechanical response of biological tissues using 

mechanobiological models and to simulate complex 

processes such as bone fracture healing(10). Although 

new software has eliminated many time-consuming 

modeling steps and enabled more people to enter 

this field, this simplicity can also increase the 

likelihood of incorrect simulations or the production 

of inaccurate results(47).  

It should be noted that computational models will 

never perform better than their worst initial 

assumptions. Adding any new mechanical or 

biological aspect to the model increases the number 

of parameters involved in the modeling, and how to 

determine each parameter and its accuracy can 

present new challenges for the researcher. 

 

 

Figure 3: Flowchart of the Application of Mechanobiology Models and the Finite Element Method in 
Simulating the Bone Fracture Healing Process (Figure adapted from(44) with slight modifications) 

 

Discussion 
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Among the presented models, there are some 
common shortcomings that are listed as follows: 

1. The exact mechanisms, functions, and 
cellular interactions are not fully understood, 
and there is no consensus yet on which 
mechanical stimulus (interfragmentary 
strain, interstitial fluid flow, shear strain, 
hydrostatic pressure, etc.) affects the healing 
process. 

2. In some models, only the biological factors 
affecting the healing process are considered 
without considering the mechanical stimuli 
that are important for fracture healing. In 
another group of models, only mechanical 
stimuli is emphasized, and biological aspects 
are considered in a highly simplified manner. 

3. In these models, due to the limitations of the 
methods used to solve the equations, 
simplified geometry and isotropic and 
homogeneous material properties are 
generally used, whereas bone has a complex 
geometric structure with anisotropic and 
inhomogeneous material properties. 

4. In these models, only one or a few factors 
that may affect the healing outcome are 
considered, and the healing process is viewed 
from a specific aspect, and other factors are 
not included in the models or are considered 
with significant simplification. 

5. The issue of validation of these models, 
which is considered one of the most 
important aspects of any modeling, exists as 
a fundamental challenge in this field, which 
will be discussed further below. 

A key challenge in mechanobiological modeling is 
model validation. In other words, determining the 
extent to which the model's assumptions, 
parameters and simulation results represent reality is 
a significant challenge in these simulations(47). 
Validation of mechanobiological models is generally 
achieved by comparing simulation results with 
experimental data. For more accurate validation, it is 
recommended that both the experiment and 
numerical analysis be conducted by the same 
research group(2,30,48,49).  
Since this is not always feasible, comparing and 
matching parts of the model with experimental data 
from different laboratories has become common 
practice, which is a point worth considering. In this 
case, the increased possibility of error in correctly 
assigning numerical model parameters, 

corresponding to what happened in the actual 
experiment, exists because some details of other 
research groups' laboratory work, such as the 
mechanical properties of the tissue or boundary 
conditions, are not always clear and available(50).  
With increasing modeling complexity, researchers 
often encounter situations where they cannot 
accurately determine parameter values. For example, 
the cell migration rate measured in in vitro 
experiments is also considered approximately the 
same value when interpreting in vivo experimental 
results. Additionally, experimental data obtained 
from different animal species are used for other 
species or humans with scaling, which is certainly not 
an accurate method. In these cases, to determine the 
degree of confidence in the simulation results, 
parametric analysis or sensitivity analysis should be 
performed. For example, to evaluate the importance 
of assumptions made about cell activity rates, tissue 
mechanical properties, and assumptions related to 
angiogenesis, the design of experiments or 
parametric analysis has been used (29,38,51). If the 
model is not sensitive to parameters whose exact 
value is less well-known, greater confidence in the 
simulation results is obtained. However, if the 
simulation is highly dependent on a parameter for 
which there is insufficient experimental data for 
accurate determination, that simulation may not be 
much valuable(47). 

Future Work 

Although there are significant limitations in the field 
of numerical simulations, especially in evaluating 
initial assumptions, the use of mechanobiological 
modeling has led to significant advancements in this 
area. Validated mechanobiological models can 
contribute to improve our understanding of the 
biology of bone healing processes and identify areas 
that require further research. Validated models can 
be used in the design of new experiments alongside 
theoretical models and animal experiments and raise 
future research questions. One of the most important 
applications of mechanobiology is the development 
of new treatment methods (e.g., in the treatment of 
bone fractures). For example, Geris et al. investigated 
the ability of their model to predict the outcomes of 
certain treatments, such as the injection of stem cells 
and growth factors to increase bone formation(52,53).  
Other areas of mechanobiological modeling 

application include its use in improving the design of 

implants and bone tissue engineering(54). 
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Furthermore, parametric studies of the factors 

affecting endochondral bone formation have 

identified three material properties (permeability of 

granulation tissue, Young's modulus of cartilage 

tissue and permeability of immature bone) as the 

most important factors affecting the numerical 

simulation results of this phenomenon(29).  

Further experimental studies to more accurately 

measure these parameters, especially in relation to 

humans, can lead to more realistic simulations in this 

area. With the increasing computational power of 

computers, it can be expected that in future models, 

biological aspects (growth factors, angiogenesis, cell 

distribution and movement, etc.) and mechanical 

aspects (geometry and material properties and 

natural loading, etc.) of the healing process will be 

simultaneously considered and we will have more 

coupled, comprehensive, and accurate models in this 

area. 

 

Numerous biological processes, such as bone healing, 
are so intricate that addressing certain related 
inquiries through physical experiments is often 
exceedingly time-consuming, expensive, and at times 
unfeasible. Theories in mechanobiology have 
demonstrated their capability to elucidate the 
influence of the mechanical environment on tissue 
differentiation, growth, maintenance, remodeling, 
and degradation. Over the last thirty years, 
computational models of bone healing have 
advanced significantly, evolving from basic single-
phasic linear elastic models that were solely 
developed and resolved for a specific duration of the 
healing process, to more sophisticated adaptive 
models that incorporate the definition of porous 
materials(3,27).  
Recently, attention has shifted from developing 
mechanical analyzes to considering more biological 
dimensions, including the effects of different cells, 
growth factors, and the emergence of blood vessels. 
Despite the remaining challenges in accurately 
validating the results of computer simulation-based 
research, mechanobiological modeling can 
significantly increase our knowledge of the 
mechanisms of biological phenomena and guide 
future research areas and the invention of more 
efficient methods and tools in this area. 
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