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Abstract 
Human tibial fractures are complex injuries that usually result in long periods of hospitalization and 

rehabilitation. During the slow healing process, the bone callus gradually increases its mechanical 

properties. The aim of this work is to evaluate the structural influence of the gradual mechanical 

properties of a callus bone due to a transverse tibial fracture. Thus, a 2D tibia model was constructed 

and analysed using the finite element method (FEM). At the transverse fracture site, a bone callus was 

considered. In order to simulate the healing process, four distinct Young’s moduli were assumed for 

the bone callus, ranging between the soft callus (250 MPa) and hard callus (6000 MPa) stages. All 

materials were assumed homogeneous, isotropic, and linear elastic. Distinct geometries and load cases 

were considered, simulating a normal alignment and malalignment conditions, such as a valgus and a 

varus knee. Each model was analysed with FEM assuming an elasto-static analysis and using constant 

strain triangular elements. Von Mises effective stress and principal stress fields were obtained for each 

model. The obtained results show that, compared to the aligned condition, both malalignment 

conditions induce the highest stress levels in the model. The maximum stresses were observed in the 

tibia model with the 250 MPa callus and gradually decreased with the increase of the mechanical 

properties of the callus. 
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1 Introduction 
The skeletal system is formed by living tissues that support the other tissues of the human body, however its integrity 

can be compromised when fractures occur. The prediction of fracture healing remains one of the major challenges [1]. 

Among long bones, tibial fractures are the most common fractures and usually result in long periods of hospitalization 

and rehabilitation [2]. The conventional method of assessing fracture healing in long bones is by a combination of passive 

manipulation of the injured limb, to access the strength of the fracture, along with medical imaging to determine the 

volume and state of fracture-binding tissues, referred to as callus. However, this assessment method is subjective and 

unanimity lacks among clinicians [3]. Even though there is no consensus when a fracture is consolidated, clinical studies 

and individual patient assessment require a measurable definition that indicates the end of the consolidation. Thus, in 

research environment, there has been a need for objective, quantitative and simulation methods that allow monitoring 

the consolidation of the fracture, assisting the diagnosis and treatment of delayed unions and non-unions, as well as 

helping to identify the endpoint of healing, avoiding prolonged treatments.  

One of the most notable features of living tissue is its ability to self-regenerate [4]. The healing process strongly 

depends on the mechanical actions on the callus, which determine the relative movement of the bone fragments. It is a 

complex process involving cellular differentiation, strongly stimulated by mechanical loading [4]. Knowledge of the 

mechanisms involved and their interdependencies with external factors supports the understanding of the accelerated 

regeneration processes and the success of rehabilitation [4]. The fractured bone is immobilized using a specific method 

to repair and restore its main function. In this process, the bone goes through four main phases: inflammation, soft callus 

formation, hard callus formation and bone remodelling. The healing process can be influenced by certain factors that can 

be divided in two categories: systemic factors such as age, pathologies or external factors, and local factors such as the 

degree of fracture, type of bone, blood supply, degree of vascularity and mechanical factors [4]. 

Mechanical stress or strain in fracture sites are typically estimated using finite element analysis (FEA). The Finite 

Element Method (FEM) is the most frequently used numeric tool for the analysis of bone architectures in structural 

mechanics. When a structure is loaded, stresses are generated in its constituent materials, characterized by their 

https://publicacoes.isep.ipp.pt/jcaimb
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magnitude and orientation, and by their distribution along the structure volume [5]. Those attributes depend not only on 
the constituent materials’ properties and their spatial and geometric organization, but also on the intensity and position 

of the applied loads, and the system’s boundary conditions [5]. Each element is associated with a material and a geometric 

shape, which define its stiffness. By assembling the stiffness matrix of all elements, it is possible to construct the global 

stiffness matrix of the model, 𝑲, in which are imposed the essential boundary conditions. The natural boundary 

conditions (external forces), 𝑭, are defined and the system of equations is established: 𝑲𝑼 = 𝑭, which allows to 

determine the displacement field, 𝑼. FEM allows the division of a complex problem by discretizing the global structure 

into several simpler polygonal elements. The FEM is a useful tool to assess mechanical stimuli within healing fractures 

that cannot be measured directly during experimental investigations. Therefore, to simulate the consolidation process, 

the mechanical properties of the callus in its different phases must be known and reproduced. Although there are many 

studies in the literature on sheep and rat bone healing [6,7], some data can be found on callus stiffness in humans, as 

observed in Nikiforidis et al. [8] and Claes and Cunningham [9]. The approximate values of the Young’s modulus of 

tissues can be found in numerical studies on bone consolidation simulation, in Milan et al. [10], Byrne et al. [11], Lacroix 

et al. [12] and Mehboob et al. [13]. In another study, some materials were used to simulate the consolidation phases [14].  

This work aims to study how the variation of the Young’s modulus of the bone callus (due to a transverse tibial 

fracture) influences the stress field in the healing fracture vicinity. Thus, the mechanical response of the tibia model, with 

a callus possessing distinct mechanical properties, is analysed using the finite element method. Furthermore, it is 

investigated how the geometry of the tibia, combined with the presence of a bone callus, influences the stress magnitude 

and distribution. Therefore, three models of the tibia were constructed, each one possessing its own load case: a normal 

tibia showing a normal alignment and two malalignment conditions, such as a valgus and a varus knee.  

 

2 Materials and Methods 
Three 2D models of the tibia bone were constructed in FEMAP© software (student version). The 2D models were 

obtained from anonymized radiographs of an adult male healthy individual, an adult male individual possessing the 

valgus malalignment condition and an adult male individual possessing the varus malalignment condition.  All the models 

represent a left tibia model. A knee that is perfectly aligned has its load-bearing axis on a line that runs down the middle 

of the leg, through the hip, knee, and ankle. If the knee is not perfectly aligned, it is described as either valgus (knock-

kneed), if the distal part is more lateral, or varus (bowlegged), if the distal part is more medial. 

The three 2D models possess the same number of nodes and elements: 2461 nodes and 4574 triangular elements 

(constant strain elements). After the construction of the models, the corresponding node/element mesh was imported to 

the “Finite Element and Meshless Methods Analysis Software”, FEMAS©, an academic freeware using MATLAB© 

environment (cmech.webs.com). All the models possess at the middle of the tibial diaphysis a transverse fracture, which 

was filled with callus material. The material properties and the essential and natural boundary conditions are inserted in 

FEMAS. The model is composed of two distinct materials: the homogeneous bone tissue and the callus. In this work, the 

homogenized bone tissue assumed the mechanical properties of a cortical bone. The mechanical properties of each one 

of the materials are represented in Table 1, in which it is possible to visualize the four different Young’s moduli that 

were considered for the callus. The intention is to have the representative behaviour of each healing stage, in a range of 

elasticity values that vary between the soft callus, until a phase that represents the hard callus stage. Both Young's 

modulus (E) and Poisson's coefficient (υ) were obtained from the literature. All materials were assumed to be 

homogeneous, isotropic, and linear elastic. 

 
Table 1 - Mechanical properties of the materials [12]. 

 

Material Young’s modulus (MPa) Poisson's coefficient 

Homogenized Bone Tissue 16700 0.3 

Callus 1 (Cartilage) 250 0.4999 

Callus 2 (Intermediate bone) 1500 0.4999 

Callus 3 (Mature bone) 4000 0.4999 

Callus 4 (Mature bone) 6000 0.4999 

 

Regarding the essential boundary conditions (displacements constrains), the model was fixed in the distal extremity, 

with no displacement allowed in any of the directions of the two degrees-of-freedom. Concerning the natural boundary 

conditions (external forces), this work intends to analyse a peak load during walking for an approximately 80kg human 

being. Thus, assuming that the individual is standing in one leg, all the load is applied to the proximal tibia distributed 
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into a 10 × 10 𝑚𝑚2 surface. For the 2D analysis, is was considered the plane strain deformation theory. Thus, only a 

2D slice with 1𝑚𝑚 thickness was analysed. The load on that 1𝑚𝑚 thickness was distributed at the proximal tibia (thus, 

only 1/10 of the total load). In this work, three 2D models were constructed, each one representing a health condition: 

normal alignment (case 1), 10º valgus malalignment (case 2) and 10º varus malalignment (case 3). Each one of these 

models will possess its own load. Therefore, for the normal alignment (case 1) it was considered: �⃗�1 = {0,80}𝑇 𝑁, for 

10º valgus malalignment (case 2) it was assumed: �⃗�2 = {13.89, −78.78}𝑇𝑁  and for 10º varus malalignment (case 3) it 

was considered: �⃗�3 = {−13.89, −78.78}𝑇𝑁. 

 

3 Numerical Results 
The models described previously were analysed with FEM and the stress fields of the von Mises effective stress, 𝜎𝑒𝑓, 

and the principal stresses, 𝜎1 and 𝜎2, were calculated. In Fig.1, for each bone callus and each geometric model, the 

obtained stress distribution maps are shown. 

 
 Case 1 (Normal) Case 2 (10º valgus) Case 3 (10º varus) 
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Fig.1 – Stress maps obtained with each model case: von Mises effective stresses (𝜎𝑒𝑓) and principal stresses (𝜎1 𝑎𝑛𝑑 𝜎2) for each callus. 

 

Fig.2 shows the average stress at the bone callus. The average stresses were obtained with: �̅� = 𝑛−1 ∑ 𝜎𝑖
𝑛
𝑖=1 , being 𝑛 the 

number of elements belonging to the bone callus area and 𝜎𝑖 the stress on element 𝑖 (belonging to the bone callus). In 
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Fig.3, the stress variation along two region lines (region 1 represent the lateral zone of the diaphysis and region 2 

represents the medial zone of the diaphysis) is shown for each bone callus and each geometric model. 

 

   

 

(a) (b) (c)  

Fig.2 – Average values at the callus’ region for each case: von Mises effective stress 𝜎𝑒𝑓 (a), principal stress 𝜎1 (b), principal stress 𝜎2 (c). 

  

4 Discussion 
In this work, the main goal was to understand the mechanical behaviour of the tibia with a callus of different 

mechanical properties that simulate the healing process. Furthermore, the influence of the geometry was also 

investigated, by analysing models presenting normal alignment and malalignment conditions, such as a valgus and a 

varus knee. Twelve models were constructed and analysed with FEM (three distinct geometries in which the Young’s 

modulus of the bone callus was varied four times between 250MPa and 6000MPa). The FEM allowed to obtain the stress 

fields of each model, corresponding to the von Mises effective stress, 𝜎𝑒𝑓, and the principal stresses, 𝜎1 and 𝜎2. The von 

Mises stress is a yield criterion that evaluates the maximum distortion energy of a material: a material starts to fail when 

the von Mises stress value approaches the material characteristic yield strength [15]. In the colour maps of Fig.1, the 

highest von Mises stresses are concentrated in different regions, being the highest values found at the tibial diaphysis. 

Considering Fig.2(a) and focusing only in the callus’ region, the maximum average von Mises stresses were observed in 

the tibia model with the 250 MPa callus and then, it gradually decreased with the increase of the bone callus Young’s 

modulus. This observation is valid for three 2D models analysed. Fig.2 shows that the both valgus knee (case 2) and 

varus knee (case 3) present very close average stresses. With Fig.2 it is possible to understand that the malalignment 

conditions (case 2 and case 3) induce stresses 350%-400% higher than a normal alignment condition. Thus, it is expected 

that malalignment conditions require larger immobilization periods when compared with a normal alignment condition 

(higher stresses at the bone callus can induce further damage and re-inflammation). The same observations can be made 

when the principal stresses 𝜎1 and 𝜎2 are analysed. In a 2D model, the highest positive values of 𝜎1 represent the highest 

tensile stress and the highest negative value (absolute value) of 𝜎2 represent the highest compressive stress. Fig.1 shows 

that the valgus knee (case 2) induces higher tensile stresses at the medial line of the diaphysis and higher compressive 

stresses at the lateral line of the diaphysis. On the other hand, the varus knee (case 3) induces higher tensile stresses at 

the lateral line of the diaphysis and higher compressive stresses at the medial line of the diaphysis. 

Fig.3 allows to visualize the stress distribution with detail in both lateral diaphysis line (region 1) and medial diaphysis 

line (region 2). Thus, considering the diaphysis regions of the tibia, the lateral line (region 1) presents higher stress in 

each of the load cases compared to the medial line (region 2). Thus, in the lateral region, case 1 (Fig.3), the maximum 

von Mises effective stress was 6.07 MPa, the principal stress 𝜎1 was 0.3 MPa (absolute) and principal stress 𝜎2 was 6.48 

MPa (absolute). These values are observed near the distal extremity of the tibia, for all the models of the tibia with callus’ 

Young's modulus from 250 to 6000 MPa. On the other hand, in case 2 (Fig.3), von Mises' maximum stress was higher 

in the callus region, particularly in the model with the callus possessing a Young's modulus of 250 MPa, with a peak of 

29.92 MPa, as well as for the principal stress 𝜎2 of 31.46 MPa (absolute). Near the distal extremity of the tibia, a second 

peak was observed for von Mises' stress, 𝜎𝑒𝑓=29.62 MPa, and for the principal stress 𝜎2=30.41 MPa (absolute). For case 

3 (Fig.3), the maximum peak is observed at the callus region, in which von Mises' stress reaches 19.54 MPa, principal 

stress 𝜎1 reaches 20.47 MPa and principal stress 𝜎2 achieves 2.02 MPa. These highest values are obtained for bone callus 

with a Young’s modulus of 250 MPa.  
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Fig.3 – Values of the von Mises effective stress 𝜎𝑒𝑓, principal stress 𝜎1 and principal stress 𝜎2, for each model case, at region lines. 
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Mises stress of 22.63 MPa and principal stress 𝜎1 of 23.77 MPa, for the model with the callus’ Young's modulus of 250 

MPa. Lastly, in case 3 (Fig.3), the maximum stresses are obtained for the bone callus possessing a Young’s modulus of 

250 MPa. Thus, a maximum von Mises' stress of 27.63 MPa is observed and a principal stress 𝜎1 of 3.22 MPa (absolute) 

and principal stress 𝜎2 of 29.1 MPa (absolute).  

 

5 Conclusions 
Tibia is one of the most important long bone and the main weight-bearing bone of the human leg, being responsible 

for receiving the body weight and transmit it to the foot when a human being stands or walks. A 2D simulation was 

performed aiming to obtain the stress distribution in the tibia. In order to perform the computational simulation, several 

approximations were assumed to simplify the model, e.g. the bone was considered isotropic and the FEM analysis was 

performed assuming the 2D plane strain deformation theory (2D-PSDT). These simplifications only allow to approximate 

the solution. Nevertheless, since 2D-PSDT is a simplification of the full 3D deformation theory for a target observation 

plane, it is expected that the obtained 2D stress distributions are very close with the real 3D stress distributions in the 

observed plane. Thus, the obtained results allow to understand the stress distribution in the tibia bone and predict which 

locations are under higher stress levels. This work also shows how a material discontinuity, such as a bone callus, 

influences the stress distribution, as well as variations in the geometry of the tibia bone and in the material properties of 

the callus bone. 
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Abstract 
The vertigo symptoms are commonly related with inner ear diseases and it affects 20%-30% of the 

world population, and its prevalence increases with age. In this work, a three-dimensional 

computational model of the semicircular canal of the vestibular system, containing the fluids which 

promote the body balance, was used. The smoothed-particle hydrodynamics method was the 

computational process used to simulate the fluid behaviour, in which the elements are represented by 

particles and have constant mass. The other vestibular components were discretized using the finite 

element method. The movement performed to endolymph/cupula interaction analysis was reproduced 

in the simulation through the acquisition of the displacement field based on image analysis. The results 

obtained with the frames of the video recorded during the process is the appropriate method to simulate 

the real moves, due to the analysis of the region of interest located near the inner ear. The data obtained 

from the video acquisition were the input in the simulation with the semicircular model. The principal 

stress cupular response allowed to understand the interaction of the vestibular structures during a 

vertigo episode, and the influence of the otoconia in the cupula displacement. This model is the first 

step to improve the vestibular rehabilitation and the quality of life of patients suffering from vertigo.  
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1. Introduction 
The main sensory component of the vestibular system is the cupula, located in the semicircular canal (SCC). This 

structure combined with the macula in the vestibule, comprise the human balance system, which is fulfilled by a fluid 

called endolymph. The vestibular system, placed in the inner ear, coordinate the gait and body balance function, 

associated with visual and proprioceptive systems. The vestibular system sends signals primarily to the neural structures 

that control eye movements, and to the muscles that contributes to keep upright position. Our movements consist of 

rotations and translations, which are processed in cupula and macula respectively [1]. The macula is a gel layer membrane 

that contains calcium carbonate crystals called otoconia and have substantially more mass than the cupula. The mass of 

the otolithic membrane causes the maculae to be sensitive to gravity and linear acceleration. When the otoconia debris 

is detached from the macula and lost in the SCC, it will influence the endolymph flow and consequently the cupula 

oscillatory movements will change. This will be translated in an electrical signal distinct from the one that occurs when 

just the endolymph influences the cupula movement, which will lead do vertigo. According to the body movement 

performed, a specific electrical signal is expected, however the otoconia in the SCC will change this information and it 

will not pair with the muscle signal, which will lead to mismatch information in the brain, translating in a vertigo episode. 

It will lead to a perception of spinning motion, an impression of displacement of the environment to the individual or an 

intensive sensation of rotation inside the head [2]. The otoconia influence in cupula displacement is not fully understood, 

which combined with the incapacitate condition of a vertiginous syndrome, turn this an issue of utmost importance 

regarding a biomechanics point of view.  

There are several disorders affecting the vestibular system, most of them lead to vertiginous syndrome, which is the 

most common symptom in older people. Since vertigo episodes lead to a false sense of rotation, it is important to avoid 

that kind of symptoms, which in severe cases could cause a fall [3], [4]. Falls are the second leading cause of accidental 

or unintentional injury deaths worldwide, according to World Health Organization [5]. The vestibular system research 
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could be a partner in prevention strategies development to reduce or avoid the risk of fall. The main treatment applied in 

the vertigo symptoms caused by otoconia in the SCC is the vestibular rehabilitation procedure, which consists in a set of 

personalized programed exercises, known as the otoconia repositioning manoeuvres [6]. After the diagnosis, where the 

affected canal is defined, the suitable manoeuvre is selected. The procedure integrated few evolutions since the 

manoeuvres creation during the 80’s [7], [8]. Some rehabilitation protocols include limitations of movements, until some 

days after the procedure, which causes anxiety to several patients [9]. Furthermore, the vestibular rehabilitation fails in 

a certain amount of cases. 

The present work goes further than others existing in the literature on obtain a personalized movement of the 

manoeuvres performed and used it combined with a computational model. This allow to study the cupular movement 

with less costs compared to other methods (as animal models [10], [11] ) as a first step towards a personalized medicine 

tool, as we could evaluate which movement achieve faster results in the patient, restoring the otoconia back to the 

vestibule. The aim of the present work is to simulate and analyse the influence of lost otoconia in the cupula activity 

using computational models, with the last goal of improve quality of life of patients suffering from vertigo, through 

improved rehabilitation procedures. 

 

2. Methodology 
 

2.1. Geometrical model and properties 

The 3D model of the SCC was developed with finite element method (FEM) and composed of three main parts (Fig. 

1); a small shell ring that represents one SCC, particles that represent the endolymph fluid inside (simulated with 

smoothed particle hydrodynamics (SPH)) and the cupula. A mesh with 4478 elements was used to simulate the 

endolymph as a convergence analysis was performed in the previous SCC model [12]. The model represents the 

vestibular membrane of the SCC and it is defined as rigid body. In table 1, can be found the properties of the model, as 

described in the literature for the components of the vestibular system. The model dimensions were defined according 

the human vestibular system. An otoconia particle is also modelled and included in the SCC, sized 0.15 mm. 

 

 
 

Fig.1 - Semicircular canal with endolymph particles (blue) and the cupula (orange). 

 

Table 1: Properties used in the model [13]. 

 

 
Young’s 

Modulus (Pa) 

Poisson’s 

ratio 

Density 

(kg/m3) 

Viscosity 

(Pa.s) 
Element type 

Fluid - - 1.0x10-3 4.8x10-3 PC3D 

Cupula 5.0 0.49 1.0x10-3  C3D4 

Membrane 13.7 0.3 1.85x106 - S4R 

Otoconia 6.6 0.45 3.0x10-9  C3D4 

 

2.2. Numerical method and boundary conditions 

FEM is one of the most common discrete numerical tool used to solve complex problems, such as domains with 

irregular geometries or structures built with materials showing a non-linear behaviour, which are common features in 
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biological systems such as the vestibular system. This method is widely used in some scientific fields, including several 

biological researches to reproduce human systems, due to its great flexibility and efficiency, since cellular level [14] to 

organs [15] or fully body models [16]. Combined with a constitutive equation, FEM allows the analysis of displacements, 

stresses and strains, among other measurements [17]. Achieve reliable results without use animal’s models in the research 

performed is another advantage of FEM models. 

The SPH method used to simulate the endolymph fluid is a meshless method that works by dividing a continuous 

field into a set of discrete sample points, with a defined spatial distance, over which their properties are "smoothed" by 

a kernel function. This approximation is based on the following two steps: the kernel approximation and the particle 

approximation [18]. The result of the first step is the following quantity function: 

 

𝑓(𝑥) = ∫  𝑓(𝑥′)𝑊(𝑥 − 𝑥′, ℎ)𝑑𝑥′
 

𝑁

 (1) 

 

Where 𝑥 is any point in the support domain (N), and W(x-x’,h) is a smoothing kernel function. The influence area of the 

smoothing function W(x-x’,h) is defined by the smoothing length (h), which can be fixed in space and time. The SPH 

potential was obtaining by assigning to each particle its own smoothing length (variation with time), which can lead to 

an automatic adaptation of the simulation resolution depending on the domain conditions [18]. W(x) and f(x) as 

demonstrated below lead to equation 1. The three dimensional position vector 𝑥, is the root of integral representation of 

a function used in SPH: 

 

𝑓(𝑥) = ∫   𝑓(𝑥′)𝛿(𝑥 − 𝑥′)𝑑𝑥′
 

𝑁

 (2) 

 

Where 𝛿(𝑥 − 𝑥´) represents the Dirac delta function given by 

 

𝛿(𝑥 − 𝑥′) = {1          𝑥 = 𝑥′
0          𝑥 ≠ 𝑥′

            (3) 

 

If the delta function of equation 3 is replaced in the equation 2 by the smoothing function 𝑊(𝑥 − 𝑥´, ℎ), it is possible to 

obtain the equation 1. The particle approximation plays an important role within the SPH method. The mass of a particle 

is defined by the relation of density and volume (𝑚 = 𝑉𝜌). Thus, the approximation function for a particle i can be 

represented by the following equation, being the infinitesimal volume dx’ in the above equations replaced by the finite 

volume of the particle j. Where the 𝜌𝑗 in the density of each particle in the domain N and 𝑚𝑗 is the mass of each particle. 

 

𝑓(𝑥𝑖) = ∑
𝑚𝑗

𝜌𝑗

𝑓(𝑥𝑗) 𝑊(𝑥𝑖) 𝑊(𝑥𝑖 − 𝑥𝑗 , ℎ)

𝑁

𝑗=1

 (4) 

 

The boundary conditions imposed in the model include the general contact between the fluid, the membrane and the 

cupula. The otoconia contact with all the structures is also defined. The gravitational force is imposed to act as a real 

environment, and finally the angular movement to reproduce the head movement detailed in next sub-section. 

The software used to build the model of the vestibular system with finite elements is ABAQUS  [19]. This software 

is one of the most well-known and robust computational frameworks developed for finite element analysis, mainly 

used for solid models but also successfully used to study biological models [20], [21]. 
 

2.3. Video acquisition of the manoeuvres 

The movement performed by the audiologist expert during the rehabilitation process will be numerically obtained 

through video image acquisition. The data retrieved from the video frames, recorded during the therapy, will be used to 

identify and define analytically the spatial position along time of the interest region located near the inner ear. 

A small blue object placed over the ear, in this case a blue bottle cap, was used to trace the head displacement in the 

sagittal plan by video acquisition. Each point in Fig. 2 represent a step along time during the movement performed. The 

imposed movements in the SCC model are represented in Fig. 2. The Fig 2(a) corresponds to a benchmark square shape 

example of the method developed for the present work. The Fig. 2(b) was obtained when the blue bottle cap was placed 
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in the outer ear, and a flexion extension neck move was performed. The algorithm was able to choose the bluish pixels 

of the video, as it selects 30 frames per second of the video to identify the coordinates in the plane of the bluish pixel (by 

a RGB analysis) and save all the data sequentially to trace the displacement of the object in the sagittal plan, which was 

used as an input in the computational model of the SCC. There are two limitations in the present method, one is that the 

physician should guarantee that there isn’t any other blue area in the frames captured in order to not bias the result and 

the other is the inability to obtain three-dimensional data. 
 

 
(a) 

 
(b) 

Fig.2 - Object displacement in sagittal plane obtained with the frames of video acquisition. (a) benchmark, square shape, (b) flexion-extension 

neck movement.  

 

The two axis correspond to the axial and sagittal planes. The first displacement obtained (Fig. 2(a)) was used in the 

SCC without otoconia, to notice the fluid flow inside the canal and also the cupula endolymph interaction. The 

displacement corresponding to a human physiologic motion (Fig. 2(b)) was simulated with the otoconia inside the canal. 

The results obtained inside the canal, the fluid flow and the otoconia path are shown in the next section. 

 

3. Results 
The displacement obtained in the two movements was used as an input in the model of the SCC in two distinct 

simulations. The square shape movement (Fig 2(a)) was imposed as a boundary condition in the SCC with the cupula 
and fluid, while the flexion extension neck movement (Fig 2(b)) pretend to simulate a realistic condition with an otoconia 
inside the canal. 

The interaction of the fluid particles with the cupula in the square shape simulation was obtained as expected, and the 
fluid flow along time was also perceived as could be analysed in Fig.3(a). The results obtained in this benchmark example 
intends to be a qualitative analysis of the endolymph flow inside the canal and the cupula/fluid interaction under an 
imposed movement. Fig. 3(a) shows the velocity (magnitude) of the fluid near da cupula during the first horizontal 150 
mm section of Fig 2(a), where it is possible to observe an increase in the fluid velocity in the first five steps and then the 
fluid velocity decline as a change in the direction of the movement occurs. The cupula velocity also increased when the 
fluid interacts with it as consequence of the experimental displacement input as expected.   

In the second simulation, using the displacement of Fig 2(b) as an input, the otoconia pathway inside the canal was 

obtained and presented in Fig. 3(b). The colour bar legend represents the path evolution along time, the bluish pixel is 

the initial location of the otoconia at the beginning of the simulation and the yellowish is the final location after the 

imposed displacement representing the flexion extension neck movement. 
Under these results, placing a small blue object near the patient’s ear during the manoeuvres will allow to obtain the 

real movement performed during rehabilitation. When applied to this model, it will allow analysing the interaction of the 
SCC components. This is an effective and effortless way to obtain the movement performed without disturb the clinical 
practice. This outcome will improve the rehabilitation since a personalized set of exercises could be prescribed and 
adapted at each session. 

The movement obtained will be applied to this model, it will allow to analyse the interaction of the SCC components, 

mainly the otoconia path inside the canal. To analyse the cupula behaviour during the flexion extension movement with 

an otoconia inside the canal, the maximum stress in two nodes in the cupula was obtained (Fig. 4). The nodes A and B 
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where the stress data were obtained are detailed in Fig. 3(b). The max principal stress (MPa) shown in Fig. 4 corresponds 

to the node A (red) and node B (blue). The stress result obtained in the two nodes shows the cupula oscillation along the 

simulation with an amplitude increase in the stress values as the otoconia is closer to the cupula, which proves the 

influence of the otoconia in the cupula signal transduction. In order to support this argument, a conversion from 

mechanical energy to electrical energy, as an electrical impulse, should be performed, with the purpose of accurately 

evaluate the difference between both cases, since it is the brain’s input signal regarding the body balance position that 

triggers dizziness symptoms. 

 

 
(a) 

  Time (s) 

(b) 

Fig.3 – (a) Fluid flow (velocity) evolution with the square shape input displacement along time. (b) Otoconia pathway inside the canal along 

time with the flexion-extension neck movement. 
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4. Discussion 
The model used is the first step to the creation of a complex finite element model of the vestibular system, with all 

the components. The final model will be built using images from Magnetic Resonance Imaging (MRI), this will help to 

obtain a more realistic model, which allow to get better results. The results obtained with the frames of the video recorded 

during the process will be the most appropriate method to simulate the real moves, due to the analysis of the region of 

interest located near the inner ear. The displacement of the particles inside the shell ring that represent one SCC is similar 

to the expected and follows the ring moves, as the experimental results obtained in controlled environment of the work 

of Obrist et al [22], which study a canalithiasis condition as the present work. So this method seems appropriated to 

simulate the rehabilitation manoeuvres. The results will allow to understand the behaviour of the vestibular structures 

during the rehabilitation process. Regarding the numerical methods, the SPH fluid particle simulation seems to be the 

most suitable method for this case, apart from the relevance of explore this methodology combined with FEM.  

Obtaining the electrical signals from the mechanical stimulus obtained in FEM simulations could open a new research 

branch to develop new technologies to be applied in vestibular implants. The computational models allow an infinite 

hypothesis evaluation without using animal models. 

After discovering the right cause of the vertigo in specific individual person it is important to start as soon as possible 

the rehabilitation process. Although rehabilitation process can be influenced by external factors, which can lead to some 

less effective results, this method is the most used currently. Understand better the biomechanics of the vestibular system 

is the first stage to could prepare different kind of simulations with the model. The development of one tool that can help 

audiology experts in the treatments that they use daily is an important step in that scientific field and can contribute to 

the fast evolution of the patient. 

 

 

 
Fig.4 – Maximum Principal Stress of the two nodes in the cupula. 
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Abstract 

Ribs have crucial functions in the human body, most importantly provide protection to the 

vital inner organs such as heart and lungs. Yet the rib fractures are the most common bone 

fractures in blunt force accidents. Therefore, understanding more about the impact responses 

of the ribs is necessary. This study analyses the impact responses of the first and third ribs 

using the finite element method. A CT image of the thorax was used to obtain the geometric 

model of the individual ribs. Models with 3D tetrahedral meshes were created and 

appropriate boundary conditions were imposed. The material of the bone was considered 

elastic, isotropic and homogenous. The elasto-static analysis was conducted using FEMAS 

academic software. Distinct variable fields, such as displacement, von Mises equivalent 

stress, first and third principal stresses, were studied when a constant magnitude load is 

applied to three different points on the ribs, assuming two distinct directions. Displacement 

and stress variations along the inner and outer borders of each rib were analysed. Obtained 

results suggest that a load applied to the lateral region of the bone is the most acute case, 

showing the highest displacement and stress values. Thus, such findings, indicate the location 

of a possible fracture (or catastrophic damage) in both rib bones. 
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1 Introduction 
Rib cage provides protection and support to the human body. The heart and lungs are protected by the ribs. Hence rib 

fractures can lead to injuries in the internal organs causing severe situations. Rib fractures are regular in automobile 

crashes and fallings, and represent the most common bone fracture occurring in 10–20% of all blunt trauma patients [1]. 

However, uncomplicated single rib fractures can be managed easily but multiple rib fractures may result in a 

pneumothorax, a life-threatening emergency [2].  

Humans have 24 ribs, in 12 pair. Each rib is a curved, flattened bone that contributes to the wall of the thorax. The 

superior ribs (1 to 3) are relatively protected by the scapula, clavicle, and soft tissue [3]. Ribs have 3 major regions 

namely posterior, anterior and lateral. The anterior extremity is connected to costal cartilages of the sternum and the 

posterior extremity is connected to the respective thoracic vertebra. The ribs are constituted by cortical and trabecular 

bones [4]. 

In the field of biomechanics, post‐ mortem human subject (PMHS) tests, anthropomorphic test devices (ATDs) and 

computational simulations have been applied over the years to analyse the structural variations of the ribs during impact. 

With recent developments in computational methods, such as finite element methods, meshless methods and other 

discrete numerical techniques, the use of computational models to simulate real scenarios has been increased.  However, 

the accuracy of the computational methods mainly depends on the model quality, geometry and mechanical properties. 

Finite Element Method (FEM) is the most popular discrete technique used in modern biomechanical analysis. 

Automotive crash simulations and injury analyses are performed with different testing methods, mostly with full thoraces 

models, full-body models or lab models. When analysing the impact responses on rib bones, generally thoracic models 

or individual ribs have been used. However small-scale refined models are believed to represent an accurate geometric 

model since large scale models usually present an oversimplified geometry [5][6][7]. Past studies suggest that cortical 

bone thickness and cross-sectional geometry are important factors of rib impact response analysis, which can be achieved 

through FE models [8]. 
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This study aims to analyse the impact responses of the first and third rib when loads are applied to different regions 

of the rib as well as in distinct directions. The Finite Element and Meshless Analysis Software (FEMAS) academic 

software (cmech.webs.com) was used to perform the structural analysis of the ribs. 

 

2 Methodology and Materials 
This study utilizes models of first and third ribs which were obtained from anonymized CT images of the thorax, 

which allows to acquire an accurate geometric model. CT image was converted into 3D solid meshes with tetrahedral 

elements for each separated rib. 

A first rib model with 1531 nodes and 5417 elements and third rib model with 1253 nodes and 3815 elements were 

obtained. The human ribs consist of highly vascular cancellous bone, enclosed in a thin layer of cortical bone. Previous 

studies propose that human rib bones are anisotropic and viscoelastic [9][10]. However, since the cortical and cancellous 

bones have different material properties, their contribution to the whole rib properties are different as well. As Ayagara, 

2019 explains, the cortical bone can be modelled as isotropic [11]. In another study conducted by Li et al., 2010, it was 

found that in human ribs, changes of trabecular bone properties has negligible influence on rib responses compared to 

cortical bone [12]. Hence, in this study, the rib models consist of a cortical bone shell with variable thickness, which is 

assumed to be elastic, isotropic and homogenous. The average mechanical properties were adopted from literature 

analysis ([7] [12] [13] [14]), as Young’s modulus to be 13.9GPa and Poisson’s ratio to be 0.3. Finally, the computational 

mechanical analysis was conducted on the two models using FEMAS academic software. 

In each rib, three points were chosen, and a determined force was applied from two directions making 6 load cases, 

to analyse the loading impacts on the ribs. The analysed load cases consist of three loads applied in the 𝑂𝑧 direction (F1, 

F2, F3) and another three loads applied in the Ox direction, (F4, F5, F6), as figures 1(b) and figure 2(b) show. All the 

applied loads possess the same absolute magnitude of 500N. As depicted in figure 1 a) and 2 a), both extremities of the 

ribs are fixed where the rib connects with the costal cartilage and thoracic vertebra, constraining the degrees of freedom 

off all nodes indicated in white. To analyse the regional variations of stresses and displacement, inner and outer border 

of the ribs, as indicated in figure 1 c) and figure 2 c), were selected.  

 

 
   (a)     (b)     (c) 

Fig. 1 - First Rib bone (a) Boundary conditions (b) Applied load cases (c) Analysed regions 

 

 

 
   (a)     (b)     (c) 

Fig. 2 - Third Rib bone (a) Boundary conditions (b) Applied load cases (c) Analysed regions. 
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3 Results 
The elasto-static analysis was conducted on each rib using constant strain tetrahedral elements. Absolute 

displacement, Von Mises stress, first and third principal stresses were analysed in both ribs with 6 different load cases.  

Figures 3 and 4 present the absolute displacements of the first and third ribs respectively, with their maximum and 

minimum values. The first rib reaches a maximum displacement of 0.55mm when F2 is applied (negative 𝑂𝑧-direction), 

0.055mm is the lowest displacement reached by F6 (positive 𝑂𝑥-direction). The highest value of the third rib is 7.9 mm 

when the F2 is applied and 0.73 mm minimum displacement was reached when F4 is applied. 

 

 
Fig. 3 - Displacement colour maps of the first rib with each load case from F1 to F6, respectively 

 

 
Fig. 4 - Displacement colour maps of the third rib with each load case from F1 to F6, respectively. 

 

In von Mises failure theory, it is considered that energy absorbed during the distortion is responsible for failure [15]. 

In this theory, if the stress exceeds the yield stress, failure occurs. Figures 5 and 6 present the von Mises stress from the 

first and third rib, respectively. A maximum of 52 MPa von Mises stress value was reached when the F1 is applied. 
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Minimum stress was obtained in the F3 with 30MPa. In the third rib, comparably high stresses can be observed with the 

maximum value of 270 MPa in F2 and the lowest value of 52 MPa when the F4 is applied. In most cases, the highest 

stress is concentrated on the rib where it connects with the rib cage (anterior and posterior articular facets). 

 

 
Fig. 5 - Von Mises stresses of the first rib with each load case from F1 to F6, respectively. 

 

 
Fig. 6 - Von Mises stresses of the third rib with each load case from F1 to F6, respectively. 

 

Principal stresses in a complex 3D load case indicate the maximum and minimum normal stresses that a point reaches 

in a particular plane. The first principal stress indicates the highest value in an element and the lowest value is considered 

as the third principal stress. Figures 7 and 8 represent the first principal stresses and figures 9 and 10 present the third 

principal stresses. The first principal stress of the first rib (Figure 7), the F1 causes the highest maximum principal stress 

(71 MPa) and the lowest maximum stress were caused by the F6 (-4 MPa). The highest minimum principal stress of the 
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first rib is noted to be -59MPa (Compressive Stress) from F4 and the lowest minimum stress is 7 MPa from F6, as figure 

9 shows. 

Figure 8 includes the first principal stress of the third rib from load case F1 to F6. In the third rib, the highest both 

maximum and minimum stresses were obtained when the F2 applied, values being 370 MPa and -255 MPa, respectively. 

And the lowest both maximum and minimum stress were observed in the F4 with -13 MPa and 8 MPa, respectively, as 

in figure 10. 

 

 
Fig. 7 - First principal stress of the first rib with each load case from F1 to F6, respectively. 

 

 
Fig. 8 - First principal stress of the third rib with each load case from F1 to F6, respectively. 
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4 Discussion 
This study was conducted to analyse the load impact on the first and third rib bone using the finite element method. 

Displacement, von Mises stress and principal stresses were obtained for each rib when 6 different load cases were applied. 

Analysing the results from the obtained figures, the third rib suffers considerably higher stresses and displacements than 

the first rib when enforced the same magnitude of loads. This can be expected since the first rib has a higher cross-

sectional area compared with the third rib. In both ribs, the lateral section of the rib displaces more than the posterior or 

anterior ends in all load cases, mostly concentrated on the load applied point. The first rib seems to be having higher von 

Mises stress, first and third principal stresses in the tubercle articular facet of the rib. The third rib has its higher stresses 

in the sternal extremity. 

 

 
Fig. 9 - Third principle stress of the first rib with each load case from F1 to F6, respectively. 

 

 
Fig. 10 - Third principal stress of the third rib with each load case from F1 to F6, respectively 
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Furthermore, observing colour maps for the first rib, the F2 load is noted to impose the highest displacement and 

highest von Mises and first principal stress are inflicted by F1 and F2 load cases, F4 and F5 impose the highest third 

principal stresses. In the third rib, the highest displacement, highest von Mises stress, maximum first and third stresses 

were obtained when F2 applied. To obtain a clearer idea of the impact change of each load along the ribs, displacements 

and stresses were analysed along the points of both interior and exterior borders of each rib and graphed against the 

border length.  

As seen in figures 11 and 12, the inner border of the first rib is less displaced, but allows higher von Mises, first and 

third principal stresses compared with the exterior border. In addition, it can be observed that in both borders the F2 and 

F5 load cases cause maximum displacement and higher stresses while F6 imposes the lowest values. F1, F3 and F4 load 

cases have occasional higher values mostly where the loads are applied. The load cases F1 and F2 are noted to have a 

higher displacement in both the inner and outer borders of the third rib. Higher von Mises, first and third principal stresses 

are caused by F1, F2 and F3 load cases. Moreover, F4, F5 and F6 loads have a relatively lower impact on the third rib, 

as presented in figure 13 and 14. 

 

 

  
(a) (b) 

  

(c) (d) 

Fig. 11 - Structural analysis of the outer region of the first rib (a) Displacement (b) von Mises stress (c) First principal stress (d) Third principal 

stress, graphed against the distance from the first point. 

 

5 Conclusion 
Results were studied by enforcing the same magnitude load on 3 different points with two directions on each rib bone. 

In the first rib, the severer load was found to be F1 having maximum von Mises stress and first principal stress. 

Furthermore, F2 load case is having relatively higher stresses. The highest displacement was caused when a load applied 

to the lateral region of the rib (F2 and F5). Loads applied to the anterior region are noted to cause the least impact. 

In the third rib, unlike the first rib, the severe load case depends more on the applied direction rather than the position. 

It was noted that loads applied from Ox-direction had a higher impact on bone than the Oz-direction. The most acute 

load case was applied to the lateral position of the rib, F2. Meanwhile, in both ribs, the outer border suffers higher 

displacement and higher stresses than on the inner border. 

There are a few limitations regarding the model and properties used in this study. Constant material properties were 

used throughout the rib but in reality, the Young’s modulus might vary in the lateral, posterior and anterior regions of 

the rib [16]. 
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(a) (b) 

  
(c) (d) 

Fig. 12 - Structural analysis of the inner region of the first rib (a) Displacement (b) von Mises stress (c) First principal stress (d) Third principal 

stress, graphed against the distance from the first point. 

 
 

  
(a) (b) 

  
(c) (d) 

Fig. 13 - Structural analysis of the outer region of the third rib (a) Displacement (b) von Mises stress (c) First principal stress (d) Third principal 

stress, graphed against the distance from the first point. 
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(a) (b) 

  

(c) (d) 

Fig. 14 - Structural analysis of the inner region of the third rib (a) Displacement (b) von Mises stress (c) First principal stress (d) Third principal 

stress, graphed against the distance from the first point. 

 

Soft tissues and internal organs also affect the impact responses of the ribs, hence ribs have complex 3-dimensional 

boundary conditions, which are complex to simulate. The bone mechanical properties were assumed to be elastic, 

homogenous and isotropic. Despite these limitations, this study has shown that it is possible to use open source software 

to perform computational analysis of impact testing of individual ribs.  
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Abstract 

Electrospinning is currently one of the most used techniques to produce fibrous synthetic tissues such 

as cartilage and bone. To replicate cartilage tissue engineering functionality, one of the most important 

characteristics is the alignment of the resulting fibre meshes in a three-dimensional (3D) fashion. Here, 

a newly developed electrospinning collector system is tested in order to understand how the process 

parameters affected the obtained fibre meshes topography. For that, a polymer consisting of 

PCL/Gelatin was electrospun using the electrostatic potential to create a fibre mesh. A Design of the 

Experiments (DoE) approach was implemented, to determine whether the variation of the main process 

parameters led to significant effects on the mesh dimensional characteristics. The process parameters 

analysed were the velocity of the collecting bands, the linear velocity of the fibre deposition table and 

the flow rate. The analysed mesh characteristics were the fibre diameter, the distance between the 

fibres and pore size. The effect of each of the three factors was statistically analysed using ANOVA, as 

well as the interaction between them. Complementary an ANOVA linear regression approach was 

developed to predict the distance between the fibres. This statistical regression was then compared 

with a predictive theoretical model and with the experimental results. The results obtained indicate the 

presence of interactions between the three process parameters analysed. The three process parameters 

showed statistical significance in the distance between the fibres, however, the velocity of the deposition 

table was the process parameter that presented the highest effect. 
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1. Introduction 
In the current days, one of the biggest challenges in cartilage tissue engineering (TE) is the difficulty to mimic the 

biomechanical environment of cartilage’s native tissue [1-8]. So far, various biofabrication techniques have been used 

[1, 9-15], in which it was possible to develop artificial cartilage with similar biochemical properties to the native tissue. 

The main limitation remains on the fact that the artificial cartilage developed does not recapitulate the fibril zonal 

variances the native cartilage tissue does [1, 12-15]. The organization of the collagen fibrils through the depth of the 

cartilage tissue is extremely important and should be replicated in the artificial tissue for it to become mechanically 

functional [12-14, 16]. This can be achieved using anisotropic fibrous scaffolds since they allow mimicking the 

extracellular matrix (ECM) structure/organization of native tissues [11-14]. Electrospinning is a process for the 

development of polymer nanofibres [1, 5-6, 8] using electrostatic potential to create a continuous fiber that can be 

collected in the form of a mat. This technology has been widely used in the field of TE to produce synthetic tissue, such 

as cartilage [9-15]. However, it is necessary to find an efficient way to control the alignment of polymeric nanofibres 

matrices during the electrospinning process in order to mimic the topography of the native cartilage ECM [9-15]. In this 

study, a recently developed electromechanically electrospinning system [17] was employed on the fabrication of aligned 

nanofibres mats. This electrospinning platform has the capacity to control the fibre alignment as well as the distance 

between the aligned fibres and thus the scaffold pore size. The pore size, as the fibre diameter, are important factors 

affecting tissue regeneration efficiency [11-12]. Thus, an experiment plan (DoE) for the automated electrospinning 

system was developed in order to understand how the velocity of the collecting bands, the velocity of the deposition table 

and the flow rate would affect the dimensional characteristics of the resulting nanofibres mats, as the fibre diameter and 

pore size. Complementary, a mathematical model was developed capable of predicting the dimensional characteristics 

of the nanofibres mats, and the results compared with the experimental ones. 

https://publicacoes.isep.ipp.pt/jcaimb
https://zenodo.org/
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2. Methods and Materials  
2.1. Materials  

Polymeric solutions of polycaprolactone (PCL; Sigma-Aldrich) and Gelatin from porcine skin (Sigma-Aldrich) were 

dissolved separately in 2,2,2-trifluoroethanol (TFE; TCI) at a concentration of 10 wt % and mixed in a 60:40 volume 

ratio, respectively, to be used throughout the entire experimental procedure. Previous studies have reported the use of 

that PCL blends to produce aligned nanofibres and to recreate cartilage's composition [11-12, 18]. PCL is a biodegradable 

polymer extensively used in TE due to its suitable tensile property and biocompatibility [9-15]. However, this polymer's 

hydrophobicity and slow biodegradation rate are restraints on its applications. Gelatin is a congener protein of collagen 

and is a widely utilized biomaterial [10-11]. However, its fast degradation time and its highly hydrophilic surface may 

not be appropriate as the base material. To overcome the respective limitations of these two materials and take each 

other's advantages, PCL/gelatin hybrid nanofibrous structures obtained by electrospinning have been successfully 

developed for biomedical applications [10-11]. 

 

2.2. Electrospinning System 

A new electrospinning system was used [17] where the PCL solution was placed inside a syringe attached to a pump, 

which forms the emitter module (+20kV) of the system, as it can be seen in Fig. 1. Besides the emitter module, the system 

also contains a collecting and deposition module. The collecting module, also shown in Fig. 1, consists of two rotating, 

metallic bands (Band 1 and Band 2), that attract the electrospun fibres. The result is a fibre mat formed in the gap between 

the two bands, as shown in Fig. 1, the bands are the only metallic component in the module which are negatively charged 

(-5kV). The moving deposition table then collects a specific ratio of the resulting mat of fibres. The deposition table 

moves linearly along the three-axis (XYZ), and rotates around the Z-axis (C), as schematically explained in Fig. 2. The 

resulting deposited fibres on the table, look like the example also shown in Fig. 2.  

A specific software was developed to control the various movements of the modules of the electrospinning system 

[17]. This software has both a manual and an automatic mode, and it allows to create a routine of steps for the modules 

of the system to follow, such as the flow rate, the position and the linear velocity of both the collecting bands and the 

deposition table, and the rotational velocity of the latter. The number of repetition cycles can also be defined by the 

software.  

 

 

Fig. 1 – Electrospinning setup and its fibre-collecting module. 

The experiments (each sample) were conducted with five repetition cycles for each orientation of the deposition table 

(0º and 90º), this means that, in total, the experimental samples had ten layers of fibres. The resulting meshes were 

visualized via scanning electron microscopy (SEM, Hitachi TM4000 plus, Japan) at an accelerating voltage of 5 kV. 

Based on the SEM images, fibre diameter, pore size and distance between the aligned fibres were determined using 

Image JPro Plus software. 
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Fig. 2 – Electrospinning setup and its fibre deposition system. 

 

 

2.3. Design of Experiments (DoE) 

Having a better understanding of how the electrospinning equipment's modules work, helps to make a prediction on 

which factors could have a direct effect on the distance between the fibres and consequently in the mesh porosity. The 

velocity of the collecting bands (A), as well as the velocity of the deposition table (B), are the two factors that stand out 

for the ease of control they provide. Moreover, the flow rate (C) is also a defining factor on the distance between the 

fibres since it controls the amount of fibre that leaves the syringe which are collected by the two bands. 

 
Table 1 – Design of Experiments table. 

 Factors Interactions between factors Experimental Values 

Experiment A B C AB AC BC ABC 
A 

(mm/min) 

B 

(mm/min) 

C 

(mL/h) 

1 -1 -1 -1 1 1 1 -1 2000 250 2 

2 1 -1 -1 -1 -1 1 1 6000 250 2 

3 -1 1 -1 -1 1 -1 1 1000 500 2 

4 1 1 -1 1 -1 -1 -1 6000 500 2 

5 -1 -1 1 1 -1 -1 1 1000 125 3 

6 1 -1 1 -1 1 -1 -1 4000 250 3 

7 -1 1 1 -1 -1 1 -1 2000 500 3 

8 1 1 1 1 1 1 1 6000 500 3 

9 -1 -1 -1 1 1 1 -1 1000 500 2 

10 1 -1 -1 -1 -1 1 1 5000 500 1,5 

11 -1 1 -1 -1 1 -1 1 3000 750 1,5 

12 1 1 -1 1 -1 -1 -1 4000 750 1,5 

13 -1 -1 1 1 -1 -1 1 2000 500 4 

14 1 -1 1 -1 1 -1 -1 4000 500 4 

15 -1 1 1 -1 -1 1 -1 3000 750 4 

16 1 1 1 1 1 1 1 5000 750 4 
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The output mesh variables to be evaluated will be the distance between the fibres since the main goal of the present 

work is to understand how this variable is affected to find an effective way to produce meshes with aligned fibres with 

controllable spacing between them. The second output variable to be screened is the mesh pore size, which is highly 

dependent on the previous variable mentioned. Finally, the third output variable will be the diameter of the resulting 

fibre. The distance between the fibres is the main factor to be analysed because it is highly connected with the size of the 

pores of the resulting fibre matrix. The pore size is a critical factor for the chondrocytes' migration progress into the 

scaffold [11-14]. 

A two-level factorial design was used to generate the DoE. Since there are three factors, 23 experiments needed to be 

conducted; however, to reach more accurate results and to analyse the interaction between elements, replication was 

used. The full DoE matrix is represented in Table 1, with a total of 16 experiments. The parameter’s low and high values 

were defined based on previous experiments realised in other studies [9-15], such that the difference between the high 

and low levels would most likely have a statistical impact.  
 

2.4. Theoretical Model  

Theoretically analysing the entire process of the electrospinning system is fundamental to have a general idea of the 

output results, if no outside factors were influencing. Thus, a mathematical function was developed, taking into account 

the variables of the electrospinning process; flow rate (F), the velocity of the collecting bands (𝑉𝑏𝑎𝑛𝑑𝑠), and velocity of 

the deposition table (𝑉𝑡𝑎𝑏𝑙𝑒) -, to calculate the distance between the fibres deposited in the table. 

Consider that the polymer used on the experiment is released from the syringe at a constant velocity, calculated as 

shown in Eq. (1). 

 

 𝑉𝑓𝑖𝑏𝑒𝑟 =
𝐹

𝜋∙𝑟𝑛𝑒𝑒𝑑𝑙𝑒
2     [mm/min] (1) 

 

The collecting bands have a width of 12 mm each, as well as the distance between them. Thus, the total width (W) 

available for the deposition is 36 mm. Considering that the velocity of the collecting bands is zero, the time it takes to 

deposit a thread of fibre (𝑡𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛) can be calculated by Eq. (2). 

 

 𝑡𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛 =
𝑊

𝑉𝑓𝑖𝑏𝑒𝑟
     [min] (2) 

 

Having the time each segment of fibre takes to be deposited on the collecting bands, it is possible to calculate the 

distance between the fibres on the collecting bands (𝑆𝑏𝑎𝑛𝑑𝑠) by multiplying the time of deposition with the velocity of 

the collecting bands, as shown in Eq. (3). 

 

 𝑆𝑏𝑎𝑛𝑑𝑠 =  𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝑡𝑑𝑒𝑝𝑜𝑠𝑖𝑡𝑖𝑜𝑛     [mm] (3) 

 

In order to calculate the distance between the deposited fibres on the deposition table, since its velocity is a parameter 

that can be controlled, a simple multiplication of the latter Eq. (3) by the time it takes to deposit the fibres on the collecting 

bands should result in the distance between the fibres on the deposition table – Eq. (4).  
 

 𝑆𝑡𝑎𝑏𝑙𝑒 =  
𝑆𝑏𝑎𝑛𝑑𝑠

𝑉𝑏𝑎𝑛𝑑𝑠
 ∙  𝑉𝑡𝑎𝑏𝑙𝑒     [mm] (4) 

 

This theoretical model was tested in Matlab to see if it can predict the behaviour of the resulting distance between the 

fibres. For an analysis on how each variable affects the result maintaining the other parameters constant, it was conducted 

a graphical interpretation of the problem, represented in Fig. 3. The graphs show that the velocity of the collecting bands 

does not have any effect on the distance between the fibres collected by the deposition table. This makes sense since 

when the fibres are on the collecting bands, the only factor that should affect the distance they will have on the deposition 

table is the velocity of the latter. The faster the table moves the fewer fibres it collects, thus, the bigger the distance 

between them. 
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Fig. 1 – Theoretical model’s response to input variations (left) and its response to random inputs generated by Matlab (right). 

 

3. Results and Discussion 

3.1. Statistical Analysis 

Using ImageJ, and after defining the right scale for the SEM image, ten measurements of the distance between the 

most parallel aligned fibres at 0º and 90º were made (Fig. 4).  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 4 – Examples of SEM images of two mesh samples: experiment 15 (up) and experiment 2 (down). 

 

With the ten measurements made for each experimental trial, a statistical analysis was conducted using a three-factor 

ANOVA. Table 2 shows the results for the distance between the aligned fibres. Of all the information presented in the 

ANOVA table, the primary interest will be focused on “p-value", because this is the exact significance level of the factors. 

If p<0.05 then the effect is said to be significant. 
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Table 2 – ANOVA table for the distance between the aligned fibres (SS- sum-of-squares; df- degrees of freedom; MS- mean squares; F- F ratio). 

Factors & Interactions SS df MS F p-value 

𝑉𝑏𝑎𝑛𝑑𝑠 (A) 415,906 5 83,181 3,429 0,007 

𝑉𝑡𝑎𝑏𝑙𝑒 (B) 421,222 3 140,407 5,788 0,001 

𝐹 (C) 588,885 3 196,295 8,092 0,000 

𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝑉𝑡𝑎𝑏𝑙𝑒  (A x B) 283,062 15 18,871 0,778 0,699 

𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝐹 (A x C) 1099,347 15 73,290 3,021 0,001 

𝑉𝑡𝑎𝑏𝑙𝑒 ∙ 𝐹  (B x C) 1125,434 9 125,048 5,155 0,000 

 

Analysing the table presented, it can be concluded that all three independent factors have significance (p<0.05) in the 

resulting distance between the fibres. Moreover, the interactions between the flow rate (F) and the 𝑉𝑏𝑎𝑛𝑑𝑠, as well as 

between 𝑉𝑡𝑎𝑏𝑙𝑒 and the flow rate, also show significance in the results. The next step is to understand precisely how, and 

how much, the factors, and the interaction between them, influence the results. To do that, the measured values of the 

distance between the fibres were processed to produce main effect plots and interaction plots, represented in Figs. 5 and 

6, respectively. 

  

 
 

Fig. 5 – Effects of the input parameters on the distance between the aligned fibres 

 

The values presented in Fig. 5 are the means at each level (high/low) under consideration for the parameters, stated in 

the DoE. Each graph has two points connected by a solid line. The steeper the gradient of the line, the more significant 

the difference between the two means and, consequently, the higher the influence of the factor. Thus, it can be concluded 

that the element that has the most impact on the distance between the fibres is the velocity of the deposition table. When 

increasing the velocity of the deposition table, the distance between the fibres also increases, which was expected. The 

flow rate has a negative effect, as it can be seen by the slope of the line; when increasing its value, the distance between 

the fibres will decrease, which was also expected.  

 

 
Fig. 6– Interaction plots for the distance between the fibres.  

The interaction plots, shown in Fig. 6, give indicators as to how the factors affect the output parameters in combination 

with each other. The indication is provided by the slope of the 2 lines of each plot, such as the less parallel the lines are, 

the more likely there is to be a significant interaction between the factors.  

Regarding the first interaction plot (𝑉𝑏𝑎𝑛𝑑𝑠  and 𝑉𝑡𝑎𝑏𝑙𝑒), since line 𝑉𝑡𝑎𝑏𝑙𝑒 (+) is, in general, higher than 𝑉𝑡𝑎𝑏𝑙𝑒(-), it can 

be concluded that the main effect should be expected in this factor, such that high values of the table’s velocity leads to 
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a higher distance between the fibres. This states that when the factors interact, the dominant factor is the velocity of the 

deposition table. Even though there is an interaction between the two factors, as the graph proves, the ANOVA table 

states it is not significant for the results.  

There is an interaction between the 𝑉𝑡𝑎𝑏𝑙𝑒  and the flow rate since the lines are not parallel at all. Since the values for 

the Flow rate (-) are not higher or lower than the values of the Flow rate (+), there is no main effect for flow rate when 

in combination with the velocity of the deposition table. This is because the velocity of the deposition table shows, in 

general, a higher impact on the results than the flow rate.  

The same analysis was conducted for the fibre diameter. Table 3 contains the results of the ANOVA calculations and 

it can be concluded that both the velocity of the collecting bands and the flow rate have some significance on the resulting 

diameter of the fibres. Moreover, both the interactions between the flow rate (𝐹) and the 𝑉𝑏𝑎𝑛𝑑𝑠, and the 𝑉𝑡𝑎𝑏𝑙𝑒 and the 

𝑉𝑏𝑎𝑛𝑑𝑠, also have significance.  

 
Table 3 – ANOVA table for fibre diameter (SS- sum-of-squares; df- degrees of freedom; MS- mean squares; F- F ratio). 

Factors & Interactions SS df MS F p-value 

𝑉𝑏𝑎𝑛𝑑𝑠 (A) 0,088 5 0,018 5,574 0,001 

𝑉𝑡𝑎𝑏𝑙𝑒 (B) 0,018 3 0,006 1,881 0,138 

𝐹 (C) 0,038 3 0,013 3,983 0,010 

𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝑉𝑡𝑎𝑏𝑙𝑒  (A x B) 0,135 15 0,009 2,831 0,001 

𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝐹 (A x C) 0,131 15 0,009 2,759 0,001 

𝑉𝑡𝑎𝑏𝑙𝑒 ∙ 𝐹  (B x C) 0,025 9 0,003 0,884 0,543 

 

As it can be seen in Fig. 7, the parameter that has a more significant influence in the fibre diameter is the flow rate 

(p<0.05), as it is the line with the highest slope. The 𝑉𝑏𝑎𝑛𝑑𝑠 also shows a significant effect on the fibre diameter, 

increasing the value of the diameter as 𝑉𝑏𝑎𝑛𝑑𝑠 also increases. The parameter indicating the least amount of influence, and 

according to ANOVA, not presenting any significance, is the 𝑉𝑡𝑎𝑏𝑙𝑒.   

 

 
 

Fig. 7 - Effects of the input parameters on the fibre diameter. 

 

Analysing the interaction plots in Fig. 8, it can be deduced that the flow rate interacts energetically with the velocity 

of the collecting bands; however, the main effect, when the two parameters interact, is expected to be the 𝑉𝑏𝑎𝑛𝑑𝑠. 

The lines in the plot of flow rate and 𝑉𝑡𝑎𝑏𝑙𝑒 do not cross each other, which leads to the idea that, if there is an interaction 

between the two factors, it is very tiny. The ANOVA table shows that there is no significance in the interaction between 

these two factors, which was expected since, by the time the fibres arrive at the deposition table, the diameter is already 

defined.  

In the plot regarding the interaction between the 𝑉𝑏𝑎𝑛𝑑𝑠 and 𝑉𝑡𝑎𝑏𝑙𝑒, the lines come very close to crossing each other, 

which leads to consider there should be an interaction between the two factors, however, not significant. 

The three-factor ANOVA results for the data regarding the pore size are indicated in Table 4. By analysing the data 

from this table, it can be concluded that, similarly to the results from the distance between the fibres, all the three factors 

have significance on the results, as well as the interactions between the flow rate and the 𝑉𝑏𝑎𝑛𝑑𝑠, and the flow rate and 

the 𝑉𝑡𝑎𝑏𝑙𝑒. It was expected that the same factors showed significance since the pore size is highly dependent on the 

distance between the fibres. 
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Fig. 8 - Interaction plots for the fibre diameter. 

Table 4 – ANOVA table for pore size (SS- sum-of-squares; df- degrees of freedom; MS- mean squares; F- F ratio). 

Factors & Interactions SS df MS F p-value 

𝑉𝑏𝑎𝑛𝑑𝑠 (A) 34,051 5 6,810 4,779 0,001 

𝑉𝑡𝑎𝑏𝑙𝑒 (B) 17,758 3 5,719 4,013 0,010 

𝐹 (C) 29,195 3 9,717 6,818 0,000 

𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝑉𝑡𝑎𝑏𝑙𝑒  (A x B) 6,048 15 0,403 0,283 0,996 

𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝐹 (A x C) 56,837 15 3,789 2,659 0,002 

𝑉𝑡𝑎𝑏𝑙𝑒 ∙ 𝐹  (B x C) 32,588 9 3,621 2,541 0,012 

 

As it can be seen in Fig. 9, the parameter that has a more significant influence in the pore size is the velocity of the 

deposition table, which is in accordance with the results from the effect analysis of the distance between the fibres. The 

velocity of the bands shows a similar effect on the pore size to the one showed on the distance between the fibres, such 

that higher values lead to bigger pore sizes and the flow rate shows a positive impact. It should be expected that the 

parameters behaved similarly to the distance between the fibres, however, that is not the case for the flow rate.  

 

 

 

 

 

 

 

 

 

 

Fig. 9 - Effects of the input parameters on the pore size. 

 

 

 

 

 

 

 

 
 

Fig. 10 - Interaction plots for the fibre diameter. 
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The fact that the measurements of the pore size took in consideration the smallest distance of the pore is probably the 

reason behind the difference on the calculation of the effect of the flow rate. The velocity of the deposition table, however, 

presents the higher effect on the pore sizes of the resulting fibre matrices, as it should be expected. As for the interaction 

between effects – Fig. 10 - it can be concluded that there is an interaction between all the combinations analysed and the 

most significant one is between the 𝑉𝑏𝑎𝑛𝑑𝑠 with 𝑉𝑡𝑎𝑏𝑙𝑒. 

3.2. ANOVA Linear Regression vs. Theoretical Model 

A linear equation was obtained with the coefficients calculated with ANOVA for each parameter and a constant 𝐾, 

which predicts the distance between the fibres (𝑑𝑓𝑖𝑏𝑒𝑟) in [𝜇𝑚] after the electrospinning process, having as base the 

experimental results. In general, the linear regression equation – Eq. (5) - shows sufficiently good results in the prediction 

of the distance between the fibres, with a standard error for the regression of 4,746, which means the experimental values 

tend to differ from the ones predicted by the ANOVA model on about 4%.  

 

 
𝑑𝑓𝑖𝑏𝑒𝑟 = 0.1196 ∙ 𝑉𝑏𝑎𝑛𝑑𝑠 + 1.285 ∙ 𝑉𝑡𝑎𝑏𝑙𝑒 + 0.108 ∙ 𝐹 − 0.959 ∙ (𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝑉𝑡𝑎𝑏𝑙𝑒  ) − ⋯ 

… − 0.754 ∙ (𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝐹) + 1.272 ∙ (𝑉𝑡𝑎𝑏𝑙𝑒 ∙ 𝐹) − 0.663 ∙ (𝑉𝑏𝑎𝑛𝑑𝑠 ∙ 𝑉𝑡𝑎𝑏𝑙𝑒 ∙ 𝐹) + 𝐾 
(5) 

 

As shown previously, a Matlab theoretical model simulation was conducted to predict how the factors should 

influence the distance between the fibres. The graph on the left hand-side of Fig. 11 shows the comparison of the 

theoretical model with the experimental results. The variance on the results is noticeable, which was somewhat expected. 

While the results from the experiments vary from 10 to 25 µm, the theoretical model range of values goes from 10 to 

120 µm. The difference is notorious, and it comes from the fact that, in theory, several external physical factors cannot 

be accounted. Moreover, the theoretical model assumes the three parameters have the same percentage of relevance on 

the results, and as seen previously on the statistical analysis, that is not the case. 

The model can, however, predict how the variations on the input parameters will affect the distance between the fibres 

- increase it or decrease it. The theoretical model can also be optimized by adding some adjustment constants that consider 

the level of significance of each factor. The graph on the right hand-side of Fig. 11 shows the result when the theoretical 

equation is adapted by taking the effect of parameters into consideration. A significant change can be seen on the outcome 

results. However, it is still not an accurate prediction since there is a substantial variance between the experimental results 

and the model's prediction, having an overall average of error of 30%, which is a highly significant value for an error 

percentage. This outcome is to be expected since electrospinning is a highly complex process, and there are always 

external factors affecting the results that, in theory, cannot be accounted for. One factor that can be modified to improve 

the results of the current mathematical model, is the non-consideration that the table velocity is constant throughout its 

entire displacement, as the table inverts the movement between each deposition of fibres, taking time (acceleration) to 

reach the programmed velocity, this means that the fibres deposited in reality are at a shorter distance between them 

because the mean velocity is lower than programmed velocity. 
 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

Fig. 11 – Comparison of the theoretical model with the ANOVA model (left) and comparison with the optimized theoretical model with the 

ANOVA model (right). 
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4. Discussion 

Electrospinning is a simple, unique, versatile, and cost-effective technique widely used for the fabrication of aligned 

nanofibres [17]. The morphology of the nanofibres is significantly affected by the various parameters such as polymer 

concentration, viscosity, molecular weight, applied voltage, tip-to-collector distance, and solvent [9-15]. However, in the 

context of this work, different parameters were analysed to understand if, and how, they would affect specific 

characteristics of the resulting nanofibres mats. In summary, the three experimental factors, velocity of the collecting 

bands, the velocity of the deposition table and the flow rate, show significance for the distance between the fibres and 

the pore size in the obtained electrospun mesh. It is notorious that, for these two output variables, the parameter with 

higher effect on the results is the velocity of the deposition table, such that higher values of this parameter lead to bigger 

distance between the fibres and bigger pore sizes. The velocity of the collecting bands also showed similar effects on 

both the distance between the fibres and the pore size, such that higher values for this parameter lead to higher distance 

between the fibres and bigger pore sizes. The flow rate showed a negative effect on the distance between the fibres, such 

that increasing its value leads to smaller distance between the fibres. However, it shows an opposite behaviour on the 

pore size, having a positive effect. The reason behind these results probably lays on the fact that, electrospinning is 

sensible to many external factors as temperature, humidity, which cannot be accounted for, could have affected the pore 

size results. To reduce the randomness of the process, and consequently, the effect of the uncontrollable external factors, 

more experiments must be performed and accounted for in the statistical analysis.  

The model resulting from an ANOVA statistical linear regression, which predicts the result of the distance between 

the fibres, presented excellent results. However, further optimisation should be conducted to reduce even more the error. 

This can be achieved by performing more experiments and inserting the resulting data into the ANOVA calculations. 

The same can be stated for the theoretical model developed. The model should take into consideration on how much each 

parameter affects the results and maybe, even consider the interaction existent between factors. This can be performed 

making use of the statistical analysis done throughout this work.  

The study on how the various parameters of the electrospinning process affect its results is of great importance, since 

electrospun nanofibres have found numerous potential applications in almost every field, including enzyme 

immobilisation, sensing membranes, protective clothing, wound healing and of, course, bone, and cartilage tissue 

engineering. The study on how to control the alignment and distance of the nanofibres is essential since one of the 

limitations of the resulting electrospun nanofiber scaffolds is that cells show reduced infiltration into it. Controlling the 

arrangement, and thus the distance between the fibres is one step closer to the making of 3D scaffolds with the perfect 

pore sizes for cell infiltration. The ideal pore size for cartilage tissue engineering is not yet determined, however the 

native cartilage presents chondrocytes sizes around 15 μm [19], which assumes that a pore sizes greater than this value 

are sufficient to guarantee cell migration. The amplitude of the pore sizes obtained from all DoE experiments done was 

between 10 μm and 20 μm, which are in the range of the mean chondrocyte sizes reported. The results showed that the 

parameter with a more significant impact on the distance between the fibres, and consequently pore size, is the velocity 

of the deposition table. Thus, inserting a moving deposition module, with both linear and rotational movement, to 

electrospinning equipment is of great help to control the fibre alignment, allowing significant progress for the 

construction of tissue-engineered cartilage, since it facilitates the replication of the native tissue's complex fibrillar 

organisation. Thus, allowing to create engineered tissues with anisotropic mechanical properties, like the native tissue of 

cartilage. 
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