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ABSTRACT

Purpose: The general topic of this paper is the computer simulation with the use of finite element
method for determining the internal stresses in the internal oesophageal prosthesis based on long-fibre
composite material.

Design/methodology/approach: Modelling of stresses in the internal oesophageal prosthesis was
performed with the help of finite element method in ANSYS environment. Application of Finite Element
Method was discussed and essential advantages resulting from application of it are pointed

Findings: The presented model meets the initial criteria, which gives ground to the assumption
about its usability for determining the stresses in the internal oesophageal prosthesis, employing the
finite element method using the ANSYS program. The computer simulation results correlate with the
experimental results.

Research limitations/implications: Applied Finite Element Method enables modelling of stresses and
deformations arises in composite material in the conditions representing real experimental investigations
as well as condition similar to those prevailing in human body after prosthesis implementation.
Originality/value: Developed simulation simplifies and reduces cost of optimization of the internal
oesophageal prosthesis properties by simulation of this properties without necessity of additional
laboratory investigations.

Keywords: Finite Element Method; Materials; Composites; Engineering polymers; Biomaterials;
Oesophageal prosthesis
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1. Introduction expand a contracted oesophagus), natural ,,prostheses” (vital
tissues of the patient - the remnants of digestive system, e.g.

Nowadays in Poland, depending on the level of cancer stomach - are used for reconstruction of the loss) and so called
development, there are used interchangeably, stents (in order to extracorporeal tube (used in the case of loss of large part of
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digestive system like resection of oesophagus, stomach and
duodenum). The last case, extracorporeal tube, is connected
with several health complications as well as limited mobility of
the patient, huge discomfort and social exclusion [6-9, 20]

A lack of existing true solution of nutrient transport of
patients with removed large parts of the digestive system
justifies the need of searching for the solution leading to
development of internal oesophageal prosthesis. The prosthesis
could be successfully used in digestive surgery, especially in the
case of patients with highly developed pathological changes of
this organ [6,9,20].

Because there is no possibility of determination of
mentioned prosthesis after implantation in “in vivo” conditions,
it was decided to make numerical analysis of the prosthesis with
the use of Finite Element Method. The literature studies shows
that that kind of analyses have not been done yet [5-7, 20-30]

The main assumption of Finite Element Method is
discretization of continuous geometrical systems. It is based on
division of main system onto finite number of subregions.
Complicated parts, and even very complex units are represented
by simple components. The more such components, the more
precise calculations are. In construction mechanics this method
is used in almost every kind of problems. The designing of own
computer programs based on Finite Element Method requires
very good grounds in the range of mathematics, numerical
methods and theory of analysed problems. [1,4, 10-20, 23-
29].Whereas applying ready-made, checked packages of FEM,
there is only necessity of understanding of the method and its
mathematical basics and knowledge of used program and
knowledge of simulated phenomena. In every case, solutions
calculated in FEM program should be verified by simplified
analytical calculations and control of quality correctness of
given partial results (e.g. continuity of stress field or compliance
with boundary conditions) [3,5,7,9,13,19,30].

In many composite constructions, especially multilayer
ones, there can be distinguished layers with orthotropic
properties, i.e. where material properties changes in
perpendicular directions other than main axes of established
coordinate system. This is in the case of considering the
construction made from resins reinforced with continuous fibres
as well as microstructure of some ceramic or metallic materials
[17, 18,20, 22, 30].

Due to specific functional properties of internal oesophageal
prosthesis, it has been decided to evaluate the composite

a) b)

material which is characterized by biocompatibility and high
purity as well as specified mechanical properties. Taking into
consideration the length of the prosthesis and high probability of
occurrence of internal tissues injures resulting from prosthesis
presence it has been specially emphasized the adequate
elasticity and biocompatibility of the material to avoid such type
of medical complications [5-9, 20].

After initial verification, following
composite material have been chosen:
e Aramid fibre characterized by following properties:

e Density 1.44 g/cm’;
Young’s modulus 105 GPa;
Tensile strength 3053 MPa;
Ultimation at rapture 2.70%;
Decomposition temperature 490°C;
Contraction in hot air (15 min at the temperature of
190°C) => 0.1%j;

e Thermal resistance

200°C) => 90%.

e Medical silicon, with following physical properties:

e Boiling temperature/ranges > 82°C;

e Flash-point 13.3°C (Pensky-Martens closed crucible);

e Specific gravity 0.865 g//cm’;

e Viscosity 132 ¢St (at the temperature of 25°C).

In the presented article, there is considered problem of
modelling multi-layered composite materials, there are
presented basic mechanical relations of such materials.

components  of

(48h at the temperature of

2. Investigation methodology

Considered in the work orthotropic material contain nine
independent coefficients in the matrix determining relation
between components of stress and strain states. These
coefficients interpretational reflects materials constants, i.e.
Young’s modulus E (E11, E22, E33), constant Poisson v (v21,
v31, v32) and Kirchoff’s modulus G (G23, G31, G12). Modulus
E11, E22, E33 are determined from static tensile test along main
orthotropic axes, modulus G23, G31, G12 requires appropriate
shearing test, and each constant vij is determined by ratio - gjj/
eii for the specimen loaded only by tensile stress oii [2,17,18,
21,22,30]. The assumptions made in this work are as follows:

Fig. 1. Geometrical model of internal oesophageal prosthesis: a) the model of type 1;b) the model of type
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e modules E11 and E22 are equal and have been determined
from static tensile test of newly evaluated composite
material with fibres arranged in the angle of 0° in the
matrix; additionally from this test v21 has been determined
on the basis of measurements of strains in longitude and
across direction;

e parameter E33, that is stiffness in direction perpendicular to
the layer of composite material, as well as v31 = v32 and
G23 = G31 have been determined from tensile test of pure
medical silicon - matrix treated as an isotropic material,

e parameter G12 has been determined on the basis of results
of static tensile test of composite material with the fibres
arranged in the angle of 45°.

Numerical analysis has been made in ANSYS Workbench
12.0 program [30].

Because there is no possibility of determination of mentioned
prosthesis after implantation “in vivo” conditions, additional
model representing done pressure tests was made. This model
enables verification of constructional and material assumptions
correctness of the full model of the prosthesis.

In the work, there are presented geometrical models on the
Figs. 1a and 1b. Discretization of these models was made using
multi-layered elements of the SHELL 181 type.

There has been selected covering element because of not large
thickness of the object in relation to its real dimensions. This
element models in which bend stresses dominates very well, even
though it does not take into consideration stresses perpendicular
to the surface. The finite element has four nodes and the thickness
is the parameter affecting its stiffness (it is not geometrically

. Fixed Support
. Pressure: -0,25 MPa
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modelled). In the first case model was composed of 3843
elements and 3906 nodes, while in the second one of 5536
elements and 5568 nodes. The thickness of finite covering
elements is estimated as an average of real dimensions of the
objects. The established coordinate system takes into account
directions of orthotropy occurred in real material (Fig. 2).
Determined boundary conditions represent supports and loads
occurring in considered real objects:
e pressure exerted on internal surface of the prosthesis which
simulates experimental test in laboratory condition,
e load by forces simulating internal organs pressure when the
prosthesis is implanted into the patient.
Loads and strengthens of both models are presented on
Figs. 3 and 4.

Fig. 2. The setting of the slope of orthotropic layers in an ANSY'S
Classic

Fig. 3. The adopted boundary conditions of the model- type 1
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Fig. 4. The adopted boundary conditions of the model - type 2
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Forces for the second geometrical model has been chosen
basing on virtual experiment to obtain displacements similar to
real one in human body after implantation of the prosthesis
according to the considerate third dimension of the prosthesis.
(Fig 5). Results of calculation analysis made using Finite
Elements Method enables to determine if in the option of most
loaded prosthesis implantation its diameter would be closed or
destroyed.

According to Huber-Misesa-Henck’s hypothesis obtained
results of displacement and stresses analyses are reduced values.

1I'* OPTION

I OPTION 11" OPTION
Fig. 5. Adopted options for a possible oesophageal prosthesis
implantation intra-corporeal.

3. Investigations results

Symbols of prostheses prototypes assumed in this work are
listed in Table 1, and in the Fig. 6 there are presented exemplary
results of numerical analysis based on Finite Elements Method
collected as stress pattern maps in composite material dedicated
for oesophageal prosthesis.

Evaluated model of prosthesis enables simulation of loads in
the most difficult third prosthesis implantation option.

It has been checked if the diameter of the prosthesis would
stay open or will be closed and damaged.

In order to verify applied numerical analysis of the
prosthesis laboratory strength tests of the tube specimens have
been used. Determined characteristics of tubular specimens
applying Finite Elements method are consistent with results
obtained experimentally (Fig. 7).

On the basis of performed numerical tests it can be
emphasized that reduced stresses for prostheses with the beam
roll ,,19\2 17 equals to 15,33 Mpa, and for the prosthesis with
the beam ,,23\2 1”and ,,43\ 1” respectively equals to 11.07 and
11,05 MPa. This difference results from orthotropic properties
of the composite material. Prostheses with the wrap beaml
,»23\2” and ,,43\2” are characterized by small, nearly one percent
difference in simulated results depending on the number of
layers. In the prosthesis with the beam roll 19/2 this difference
reaches 31%.
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Table 1.
Symbols adopted for prototype prosthesis

The number of

fibres bundles 19 23 43
The type of roll 2 2 2
The number of the 3 04 2 3 4 1 15 2
layers
— (@] on — N on — [\l o
Designations 9' 9‘ g' g' g' g' g‘ g' g'
adopted 2 2 2.8 8 8 @ ¢ 9

The smallest strain have been found for the prosthesis with
the beam roll ,,43\2 3” (22.92 mm) and ,,23\2_3” (23.60 mm)
characterized by the highest stiffness also in experimental tests.
For the prosthesis with the beam roll 19/2 the highest
movements were detected in the range 25.86-44.81 mm as
regards other prosthesis.

Performed numerical analyses applying Finite Elements
Method confirms real properties of oesophageal prostheses
made from newly-evaluated composite material. It is implied by
the fact of high resistance to closing prosthesis diameter during
or after implantation. Obtained results of stresses for each
considered type of prosthesis suggest that there is no possibility
of any damage of the prosthesis during its exploitation.

4. Conclusions

Worked out numerical analysis using Finite Elements
Method in the environment of the ANSYS Workbench 12.0
program for complex properties of internal prosthesis of
oesophagus allows to determine state of displacements, strains
and stress in two load options according to Hubera-Misesa-
Henck’s effort hypothesis. This investigations have been made
in order to determine if considered oesophageal prosthesis will
deform in implantation conditions leading to closing its
diameter what could be very dangerous for patients health and
even life and resulting in the necessity of reoperation of already
weakened organism. In the analysis, there has been assumed
mechanical properties of composite material, diversified in the
type of warp beam and the layers, determined experimentally.
The evaluated simulation enables prediction of material
properties, and thus oesophageal prosthesis with higher or lower
number of layers in given type of warp beam. It is possible to
support optimization of the works related with the selection of
appropriate prosthesis stiffness considering its future application

and required comfort of its exploitation.
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a)

Ai1922
Equivalent Stress

Type: Equivalent (von-hises) Stress - Top/Bottam
Unit: WPa

Tirne: 1

15,733 Max
13,553
11,872
10,192
85113
66308
5,1504 [——
3,4699
1,7885
0.109

0.00 a0.00 100,00 ey
1

25.00 75.00

b)

F2322
Equivalent Stress

Type: Equivalent (van-Mises) Stress - Top/Battam
Units MPa

Time: 1

11,053 Max
9,8337
8,6145
13854
5,172
49571
3,737
25188

0.00 30.00 L00.00 {rrimy
25.00 75.00

<)

E4321

Equivalent Stress

Type: Equivalent (von-Mises) Stress - Top/Bottam
Unit: MPa

Tirne: 1

11.075 Max

0.00 50,00 100.00 {ram}

25.00 75.00

Fig. 6. The adopted boundary conditions of the model: a) 19/2 1;b) 23/2 1;¢)43/2 1
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O The experimeental research E The numerrical research
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The diameter of the tube sample [mm]

% 1 2 3 1 2 3

1912 232 4312

The designation for prototype prosthesis

Fig. 7. Comparison of experimental results and numerical
changes in diameter of pipe samples
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