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Abstract—The authors propose an algorithm for gener-
ating a regular finite-element mesh, based on the three-
dimensional «vertebrae-intervertebral disk-vertebrae» stl
model, that resistant to defects in the model, which al-
lows the model to be correctly partitioned if there are
intersecting objects or objects with incompletely touching
surfaces. The resulting finite elements of different objects
will be guaranteed to match, that is, the sides and edges
of neighboring elements will be guaranteed to repeat each
other.
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I. INTRODUCTION

In the study of the state of the lumbar spine of a
person, very often there is the problem of identifying
areas of the spine that are exposed to the greatest loads.
This will allow to choose the best treatment method
and, as a result, minimize the rehabilitation period. In
addition, when choosing a surgical procedure, it is often
necessary to estimate how the stress-strain state of the
vertebra changes, how the surgery affects the stress-strain
state of other vertebrae, and how the stress-strain state
of the lumbar spine changes over time after surgery [1],
[2].

To estimate the state of the lumbar spine usually used
radiographic methods, which make it possible to get a
visual picture of the current state of the spine [3] (Fig. 1).

Figure 1. An example of radiography (a) and computer tomography
(b) images

But radiographic pictures do not allow us to estimate
the stress-strain state or predict the development of the
resulting stresses over time.

Thus, when treating a patient and examining the state
of his lumbar spine, necessary to solve a number of
problems presented in Fig. 2

Figure 2. The general scheme of studying the state of the lumbar spine

To generate STL files based on the results of CT
images obtained in the DICOM format, an algorithm
based on vertebral search and localization [4] was used.

To determine the stress-strain state of mechanical and
biomechanical systems, in practice very often the finite
element method [5] is used, which allows one to find
deformations from the action of different loads on any
complex non-uniform three-dimensional objects.

II. EXISTING SOLUTIONS TO THE PROBLEM

When using the finite element method, the initial
stage is the approximation of the studied area and its
discretization into grid cells (finite elements). This stage
is one of the key and most significant ones, as further
calculations are completely based on the obtained results
of discretization the source domain. Due to the various
features of the structure, shape and size of the stud-
ied three-dimensional models, an individual approach
is required for the correct execution of the discretiza-
tion stage, except for cases with simple models. Finite
element meshes can be separated into regular (fig. 3
a), containing objects of the same shape and size, and
irregular (fig. 3 b), varying the size of the elements for
maximum match the original shape [6].

When discretizating objects of complex shape on an
irregular grid, there may be places where finite elements
acquire an irregular shape, an uneven size of the sides
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Figure 3. Regular (a) and non-regular (b) finite element mesh

(the size of one side greatly exceeds the others) or the
finite element becomes too small. As a consequence of
these problems, the calculation becomes impossible, or
the accuracy of the calculation results based on a such
model decreases.

In this paper, the model is a «vertebrae – intervertebral
disk – vertebrae» system, which is determined by a stl-
file with a three-dimensional model (Fig. 4) describing
the surfaces of vertebrae and intervertebral disks.

Figure 4. Example of stl-model «vertebrae - intervertebral disc -
vertebrae»

On the basis of this model, the construction of a finite
element mesh is carried out. This file was formed as a
result of reconstruction of the spinal column according
to the results of image analysis obtained using computed
tomography and X-ray, in connection with which the
objects of the stl-model have uneven edges, and may not
completely touch the surfaces or intersect and overlap.
Described factors impose limitations for partitioning the
model into finite elements by standard means.

Existing software for mesh creating, such as NetGen
[7] and TetGen [8], allows to customize various param-
eters of a finite element mesh, but when constructing
a mesh, they produce a discretization based on their
algorithms not only on the internal area of a three-
dimensional object, but also on its surface. The result
of approximation of the surface by finite elements is its

simplifications and distortion, in consequence of which
between the vertebrae and intervertebral discs are formed
the intersection of surfaces or gaps with the lack of
direct contact, which results the impossibility of further
calculations.

Using Gmsh software [9] allows you to avoid this
problem, since this software performs the discretization
of the internal area of the object based on the existing
surface points. The resulting finite element meshes have
the original correctly touching surfaces, without gaps
and intersections. However, Gmsh makes it impossible to
correctly split into finite elements wide and flat objects,
such as an intervertebral disk. With a small distance
between the upper and lower planes, the application
performs a separation by connecting the points of these
planes directly, which leads to the appearance of a
small number of finite elements whose dimensions of
the sides are comparable to the size of the entire disk.
The presence of such elements makes it impossible to
correctly calculate the stress-strain state of the spine.

III. DEFECT-RESISTANT REGULAR MESH
PARTITIONING ALGORITHM

The authors propose an algorithm for constructing a
regular finite-element mesh based on a three-dimensional
model of the human spine, that allow to avoid intersec-
tions of the boundaries of elements of various objects,
resistant to arbitrary irregularities of the surfaces of
model objects, defects of objects, as well as gaps between
objects. The application of the proposed algorithm to the
stl-file allows you to get a regular finite element mesh
for the entire model.

The algorithm for constructing a finite element mesh
can be separated into the following steps:

• the establishment of maximum and minimum values
of the length, width and height of the analyzed
model and the formation of the corresponding re-
gion of space;

• dividing the resulting region of space into a finite set
of regular parallelepiped cells by forming vertical
and horizontal lines — constructing a regular grid;

• finding the set of points of intersection of the formed
straight lines with the elements of the objects of the
analyzed three-dimensional model;

• removal of parallelepiped cells that are not related
to any of the objects contained in the model;

• the division of parallelepipeds into finite elements
(tetrahedra);

• correlation of the resulting tetrahedra with the cor-
responding model objects.

The first step of the algorithm is to establish a working
region of space in which the model is considered. This
area is a parallelepiped wrapping the model, to obtain the
dimensions of which, the points (vertices) of the consid-
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ered model are searched for, which have the smallest and
largest values for each of the coordinate axes.

The second stage of the algorithm is based on the con-
cept of regular (structured) meshes, according to which
the model under consideration is completely placed in
the resulting region, on which the grid is subsequently
superimposed. This mesh is formed by constructing a set
of straight lines defined by a fixed step in three directions
of coordinate axes. In this case, the step in each of the
three directions may differ from each other, which allows
to vary the shape and size of the final finite elements.

In other words, at this stage determined by a plurality
of straight lines that define a set of ribs parallelepipeds
serving as the basis for the further formation of the finite
element.

At the third stage, the whole set of triangular elements
included in the three-dimensional stl-model presented
is traversed in order to find the points of intersection
with the previously constructed set of lines forming a
regular mesh. The points of intersection of lines with
triangles obtained as a result of this stage are fixed,
thereby forming a set of segments located inside the
region defined by the initial stl-model.

As a result of the analysis of the obtained segments
in the fourth stage, a set of parallelepipeds is com-
piled, which are guaranteed to be part of the three-
dimensional model under consideration. Parallelepipeds,
in the construction of which the obtained segments were
not involved, are discarded.

Then each parallelepiped is discretized into 6 equal
tetrahedra. For each tetrahedron checked affiliation of
its model and determines which element of the lumbar
spine it belongs. Depending on the element belonging, its
physical and mechanical characteristics (elastic modulus
and Poisson’s ratio) are determined.

A total of 4 different structural elements are considered
[10]:

• the cortical tissue;
• the intervertebral disk;
• the spongy tissue;
• the transverse processes.
An example of a finished finite element mesh is shown

in Fig. 5
With such partition into finite elements boundary

planes of different objects are guaranteed to be the
same, i.e. the part of parallelepipeds forming neighboring
finite elements and their eedges obtained as a result
of sampling will be guaranteed to repeat each other,
which would eliminate the possibility of the empty space
between the elements and the intersection boundaries of
objects.

The regular mesh obtained as a result of applying the
algorithm makes it possible to perform a to perform finite
element modeling of stress-strain state model of the hu-
man spine, the results of which can then be used to solve

Figure 5. The results of the finite element mesh generation for a system
of «vertebrae – intervertebral disc – vertebrae» based on stl-model.

such problems as determining the risk and predicting the
course of diseases of the musculoskeletal system, and
selecting the optimal treatment strategy before surgery
and evaluation of the effectiveness of measures taken in
the treatment process.

IV. VERIFICATION OF THE PROPOSED
DECOMPOSITION ALGORITHM

To verify the finite element mesh generated by the
proposed algorithm and verify its suitability for solving
real problems of stress-strain modeling, the simulation
results in FreeFem software using the built-in irregu-
lar mesh generator were compared with the simulation
results based on the mesh generated by the proposed
algorithm.

As the first test case was considered a cylinder with a
radius of 11 mm. and a height of 90 mm from the same
material. Applied vertical load is concentrated at the top
center of the cylinder plane. Fig. 6 presents the obtained
displacement values for both meshes.

It can be seen from the graph that the displacement
values for the resulting mesh and for the mesh from the
FreeFem program are almost identical, the error does not
exceed 3%.

V. FINDING THE STRESS-STRAIN STATE OF THE
LUMBAR SPINE

The proposed algorithm was tested on a real model
of the human lumbar spine, reconstructed on the basis
of medical images. The model contained two groups of
elements with different material characteristics - L1-L5
vertebrae and intervertebral disks.

The material of the vertebrae is bone, possessing the
following physical characteristics:

• Young’s modulus 3432 MPa
• Poisson’s ratio of 0.3
• Density of the fabric is 2020 kg/m3
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Figure 6. Comparison of the results of the calculation of the test model
with the cylinder using its own mesh and mesh of FreeFem software

The material of the intervertebral disc has the follow-
ing physical characteristics:

• Young’s modulus 559 MPa
• Poisson’s ratio of 0.4
• Density 1090.3 kg/m3

A vertical uniformly distributed load is applied to
the upper plane of the vertebra L1. Fig. 7 presents the
obtained values of displacements in this model.

Figure 7. Graph of displacement in the lumbar spine model

From the graph one can see a clear dependence of the
displacement values on the material of the object — a
sharp change in displacements occurs at the border of
intervertebral disks.

VI. CONCLUSION

Algorithm for constructing regular finite element mesh
based on the three-dimensional stl-model «vertebrae
- intervertebral disc - vertebrae» was developed. The
algorithm is resistant to arbitrary irregularities of the
surfaces of model objects, defects in objects and gaps
between objects, which allows applying it to models of
any quality.

The correctness of the algorithm is verified by compar-
ing the simulation results based on the grid generated by
the algorithm with the simulation results in the FreeFem
software package.
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АЛГОРИТМ ГЕНЕРАЦИИ
КОНЕЧНОЭЛЕМЕНТНОЙ СЕТКИ ДЛЯ

СИСТЕМЫ «ПОЗВОНОК –
МЕЖПОЗВОНОЧНЫЙ ДИСК – ПОЗВОНОК»

НА ОСНОВЕ STL МОДЕЛИ

Курочка К. С., Панарин К. А., Карабчикова Е. А.

Авторами предлагается устойчивый к дефектам
модели алгоритм генерации регулярной конечноэле-
ментной сетки на основе трехмерной stl-модели «по-
звонок – межпозвоночный диск – позвонок», позво-
ляющий производить корректное разбиение модели
при наличии пересекающихся объектов или объектов
с не польностью соприкосающимися поверхностями.
Получаемые конечные элементы различных объектов
будут гарантированно совпадать, т.е стороны и ребра
соседних элементов будут гарантированно повторять
друг друга.
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