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KEYWORDS Abstract. The exceptional mechanical performance and outstanding material properties
of biological structures have attracted much attention during recent decades. Finite
Element (FE) Method is one of the most useful tools for investigating the effects of different
parameters on the mechanical behaviour of such complex structures. This method, however,
presents a major challenge for engineers and scientists, because many biological structures
have complex shapes and geometries that are almost impossible to be modelled by using
traditional modelling techniques. In this paper, we present a simple modelling method
which is applicable for two- and three-dimensional (2D and 3D) geometric modelling
of planar structures that are mainly made of one or two materials. The results show
that the proposed method, which employs a Digital Image Processing (DIP) technique,
is successfully able to develop precise FE models of natural structures considering their
complex shapes and corrugated patterns.

(© 2016 Sharif University of Technology. All rights reserved.

Biological tissue;
Finite element
modelling;

Image processing;
Insect wing;

2D and 3D modelling.

1. Introduction most frequently used numerical techniques for the ap-
proximate solution of partial differential equations [11].
It has also been widely employed in engineering me-
chanics to study the mechanical behaviour of engi-
neering structures under various conditions [12-15].
Simplicity, cost efficiency, capability of applying differ-
ent boundary conditions, and material properties are
some of the advantages of this numerical method [16].
This efficient and versatile method is hindered by

Recent scientific discoveries have revealed that many
biological tissues and structures exhibit impressive
physical and mechanical properties [1-5] and, therefore,
they can be used as potential sources of ingpiration for
the design and development of new engineering struc-
tures [6-10]. Obviously, the first step in this process is
to gain a thorough understanding of their mechanical
characteristics and structural features. Besides the the need to develop a precise model. Due to this
experimental studies, numerical methods are beneficial issue, different methods of modelling have been sug-
to investigate the effects of different parameters on the gested [17,18].

mechanical behaviour of such structures.

e ) Computer-Aided Design (CAD) modelling is one
The Finite Element (FE) Method is one of the

of the most common techniques amongst engineers
in order to develop a desired model. This simple
% Corresponding author. Tel.: +{9-431-8804505; method faces serious deficiencies when working on
Faz: +49-431-8801389 structures with complex geometries [19,20]. In order
B-mail address: hrajabi@zoologie.uni-kiel.de (H. Rajabi) to solve this difficulty, mathematical modelling can be
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employed. However, this method seems to be useful
only when the overall shape of the sought structure
can be mathematically derived [21-23]. This mod-
elling procedure further requires advanced knowledge
in mathematics, which is another challenge to create
an exact model.

Due to the complex shape and geometry, nu-
merical modelling of various biological materials is
not easily possible using common modelling strategies.
Digital Image Processing (DIP) seems to be a useful
technique in such cases. Although DIP has been widely
used in engineering applications, the combination of
this technique with FE method has been very rarely
reported [24-27]. On the other hand, most of the
proposed methods require extensive computations [28§],
a specific set of inputs such as high-resolution or vector
digital images [25,27], special facilities to produce the
inputs [29,30], or long runtimes [28]. What, however, if
we need a numerical model with a reasonable accuracy
that runs in a short time? Even more importantly,
what if we do not have access to advanced technical
devices to provide such inputs? In other words, how
can we develop an FE model of a complex geometry
when we just have an image of it?

The present paper is an attempt to find a solution
for the abovementioned issues. Here, we introduce a
very simple two- and three-dimensional (2D and 3D)
modelling technique with an application in biclogy
and engineering. This method, which is implemented
in a computer program (Matlab R2012a, Mathworks,
Natick, MA, and USA), employs DIP to automatically
develop a 2D meshed model of a specific structure
only using an input image. In order to develop a 3D
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model, the method requires two images as input. This
additional image is used for determining the height
differences. The present article is intended to present
a simple FE modelling method for complex geometries
considering accuracy, time saving, and ease of use.

2. Modelling method

The present modelling method is based on the DIP
technique. The aim is to develop a 2D or 3D planar
FE model of the desired structure. In this method,
first, a digital image is taken from the structure. In
order to simplify the computation, the obtained image
is converted to black and white format by the program
to develop an FE model.

2.1. Two-dimensional modelling
Consider the image shown in Figure 1(a) as an input
image. The process of 2D modelling is started by
converting the image to greyscale colour mode by using
“rgb2gray” function of Matlab through an automated
process (Figure 1(b)). This greyscale image is then
transformed to a binary (black and white) format
(Figure 1(c)) by defining a contrast ratio between 0
and 1. The next step is to extract the boundary of
the object in the image. For this purpose, the program
checks all the rows of the corresponding matrix of the
image pixel by pixel, starting with the first row to find
any existing black pixels. If there is no black pixel, it
checks the next row (Figure 1(d)).

When a black pixel is detected, the modelling
process continues by identifying the next black pixel
in the row. The first white pixel between them serves

-

(e)

()

Figure 1. The main steps of 2D modelling process of a schematic structure made of one material: (a) Input image; (b)
the input image in greyscale; (c) the greyscale image after contrast enhancement; (d) searching for finding white pixels
inside the boundary of the object; (e) first element of the model; and (f) developed FE model of the input image.
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as the modelling base. But, it should be checked
whether this white pixel is located inside the object
or not. The simplest way is to check all four sides of
the white pixel in order to find out if it is surrounded
by any black pixels or not. If the mentioned pixel
is surrounded by black pixels in all the four sides,
then it is in the boundary of the object. This white
pixel serves as the first point of the first rectangular
element.

The next pixel is investigated in the same manner.
If it satisfies the criterion, as the previous pixel, it is
considered as the second point of the element. In order
to form a square element, two more white pixels are
required. Therefore, in the next step, the program
analyses the condition of the pixels below the first
and the second ones. In other words, four adjacent
white pixels inside the object define a square element
(Figure 1(e)). The coordinates of the pixels that define
this element are saved in a text file that is written
in ANSYS Parametric Design Language (APDL) and
can be readily imported into ANSYS. This process
is continued until a meshed model of the object is
developed (Figure 1(f)).

In some cases, as shown in Figure 2(a), the
structure under investigation may be composed of
two different materials. Hence, it is necessary to
distinguish between the different components. In such
cases, the program takes another approach. After pre-
processing steps (see Figure 2(b) and (c)), the entire
object is meshed by a specific mesh size (Figure 2(d)).
In the second step, the program develops an FE
model of the areas of the image with white colour
(Figure 2(e)). After removing the overlapped areas,
an FE model of the other part of the object with
black colour is obtained (Figure 2(f)). In this manner,
both parts of the structure are modelled separately

(Figure 2(g)).

The program is also able to check the image with
a user-defined step instead of checking all pixels one by
one. Although it causes an increase in the mesh size
and may affect the accuracy of the results, it plays an
important role in reducing the cost of run-time.

2.2. Three-dimensional modelling

Many biological materials in nature comprise com-
plex corrugated patterns. It is assumed that the
corrugations have significant role in improving their
mechanical behaviour and biological performances. In
order to investigate such effects, in a numerical manner,
these corrugations must be included in their mod-
els. 3D modelling of such structures requires detailed
knowledge about the quality of the corrugations. Such
data needs to be provided in an additional image. The
image must present the areas with relatively higher
heights in black and grey colours. The intensity of
the grey colour at each point represents the relative
height of that point compared to the others. In
this regard, the maximum and the minimum heights
are shown with the black and white colours, respec-
tively.

The main and the additional images are analysed
simultaneously by the program. Whenever in the
modelling process the program hits a black pixel, the
corresponding height value is given to it automatically.
The value of the height corresponding to black pixels
(maximum height) is defined by the user. The height
of each individual pixel with grey colour is set as a
proportion of this defined value. Due to the relative
differences between the colours, this method, in some
cases, may cause abrupt local height changes on the
surface of the model. In order to prevent this prob-
lem, the following formula is used to make a smooth
transition between the maximum and minimum height
values:
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Figure 2. The main steps of 2D modelhng process of a schematic structure made of two different materials: (a) Input
image; (b) the input image in greyscale; (c) the greyscale image after contrast enhancement; (d) FE model of the whole
structure as one material; (e) FE model of white sections; (f) FE model of black section that is obtained by removing the
overlapped areas of the models in (d) and (e); and (g) FE model of the structure in the input image that is obtained by

joining the FE models in (e) and (f).
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Figure 3. A flowchart summarizing the whole modelling technique.

Hi(’lfl); vice versa. By using the above equation, the height of
colour of pixel = black the black pixels remains the same, but the other pixels
experience a small change in their heights. Figure 3
i3 i1 shows a flowchart describing the main stages of the

Hf];) _ 10 x HZ(I; D Z H((lkj D4 Z Hék]) described modelling technique.

a=1+1 a=1—3
&3 k—1 = k 1 3. Results and discussions
+ Hi(,b )+ > Hi(,b) X 550

b=j+1 b=j—3 In this section, four examples are presented to demon-
colour of pixel # black strate the validity and feasibility of the proposed
method. FEach example gives a special case and its
where ¢ and j represent the row and column indices of specific details. The first three examples describe
the pixel, respectively; H is the height of the pixel in 2D modelling of two tree leaves (Morus alba and
the range of 0 to 1; k is the iteration number and is Platanus orientalis) and a crane-fly wing (Nephrotoma
defined by the user. Increasing the value of k& provides cornicina). The 3D modelling of a dragonfly wing

a smoother transition between different colours, and (Orthetrum sabina) is presented in the last example.
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(a) / (e)
Figure 4. Comparison between Morus alba leaf and its
developed FE model: (a) Input image; (b) and (c)
generated black and white images by the code; (d)
developed model in Matlab; and (e) leaf model in ANSYS
environment.

3.1. Example 1

Figure 4(a) shows an image of M. alba leaf. As men-
tioned in the previous section, in such cases that the
object is made of more than one material, the program
generates two black and white images of the given input
image (Figure 4(b) and (c)). The obtained images are
used to develop two FE models: one representing both
materials as one and the other including only one of
them. By removing the overlapped areas, a model
of the second part of the object is constructed. In
this way, FE models of both leaf veins and blades
are developed separately and then combined in an
integrated model (Figure 4(d)).

Figure 4(e) illustrates the model of the leaf in
ANSYS environment. Veins and blades are shown with
orange and green colours, respectively. As seen in the
figure, the program is able to successfully create the
teeth-like margin of the leaf. Comparison of the final
FE model with the input image of the leaf reveals
a very good apparent agreement between them (see
the central part of Figure 4). Both veins and blades
are exactly modelled in their proper locations. The
developed model is shown at increasing magnifications
in Figure 5, representing the detailed characteristics of
the model and its meshed construction.

3.2. Example 2

A P. orientalis leaf is displayed in Figure 6(a). As
previously mentioned, one of the first steps in the
modelling process is to identify the pixels inside the
object. For this purpose, the program checks all four

O

Figure 5. Magnified views of the FE model of Morus alba
leaf.

o
¥

Figure 6. Comparison between Platanus orientalis leaf
and its developed FE model: (a) Input image; (b)
generated black and white image by the code; (c) black
and white image provided by the user; (d) developed
model in Matlab; and (e) leaf model in ANSYS

environment.

sides of a single white pixel to find any black ones.
If the pixel under consideration is surrounded by black
pixels in all four sides, then it is located in the boundary
of the object and is considered as a part of it. Referring
to Figure 6(b), it can be seen that there are some
points in notches between the lobes of the leaf with the
mentioned condition. In other words, there are some
white pixels in the regions between the lobes that are
surrounded by black pixels and do not belong to the
leaf. These regions are shown with red colour.

In order to identify these regions, the program
follows a different approach. In such situations, the
user must provide a supplementary image. The image
must include all regions that seem to be appearing in
the model, in black colour (Figure 6(c)). This image is
employed to detect the boundary of the object and the
program only analyses the nodes inside this boundary.
The modelling process is completely the same as the
one described in the previous section. The developed
models in Matlab and ANSYS are shown in Figure 6(d)
and (e), respectively. As illustrated in the figure, there
is a very good consistency between the leaf and its
FE model. All the veins and blades are satisfactorily
modelled and they are closely matched with the input
image.
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(e)

s

(2)
Figure 7. Comparison between Nephrotoma cornicina
cornicina wing and its developed FE model: (a) Input
image; (b) generated black and white image by the code;

(c) developed model in Matlab; and (d) wing model in
ANSYS environment.

3.3. Example 3

Many insect wings reveal complex structures composed
of a network of veins and membranes [31-33]. The veins
and membranes exhibit different material properties,
and therefore need to be modelled as different materi-
als. Numerical modelling of such biological structures
is a difficult and time-consuming process [34].

A crane-fly wing (N. cornicina) is shown in
Figure 7(a). After conversion to a black and white
image (Figure 7(b)), the program uses the obtained
image to develop an FE model of the wing in Matlab
(Figure 7(c)). Figure 7(c) represents this model in
red (as veins) and dark grey (as membranes) colours.
The developed final model in ANSYS environment is
demonstrated in Figure 7(d). As seen in the figure,
the model provides a reasonable representation of the
shape and appearance features, including the overall
size and position of the membranes and the venation
pattern of the insect wing (see the image in the middle
of Figure 7).

3.4. Example 4
Previous studies indicated that dragonfly wings form
a corrugated pattern [35]. It is estimated that the
corrugations play an important role in improving the
flight performance of dragonflies [36,37]. Creating a
3D model containing the wing corrugations gives the
opportunity to study the qualitative effects of these
structural parameters. But, developing a comprehen-
sive numerical model of the insect wings is still a great
challenge for researchers [33,38-40].

Figure 8(a) shows the hindwing of an O. sabina.
The cross sections of the wing were obtained by embed-

(e)

Figure 8. Comparison between Orthetrum sabina wing
and its developed FE model: (a) Input image; (b)
generated black and white image by the code; (c) 2D FE
model of the wing; (d) areas with maximum heights; and

(e) 3D FE model of the wing.

ding the wing in epoxy resin and then cutting it into ten
segments. Fach segment was carefully observed under
an optical microscope to extract the cross sections of
the wing along its length. Figure 8(d) represents the
data from these measurements. In this figure, the
nodes with the maximum heights are displayed with the
black and grey colours. The nodes with higher heights
are represented by darker grey colours. Figure 8(d),
together with Figure 8(b) that shows the insect wing
in binary format, is directly used by the program to
develop 2D and 3D planar FE models of the insect
wing. Figure 8(c) shows the developed 2D model of
the wing in red and dark grey colours, which are used
to display the wing veins and membranes, respectively.
As illustrated in this figure and in the central part
of Figure 8, the model is in a very good accordance
with the input image. All veins and membranes are
thoroughly modelled, especially the small ones near
the wing tip. The developed 3D model of the wing
is presented in Figures 8(e). The height and location
of the corrugations reasonably match the data given in
Figure 8(d).

The computation process of the presented exam-
ples was performed using a personal computer (Core
i7-4510U CPU running at 2.0 GHz, 8GB RAM). The
computation time for each individual example, detailed
information of the input images, and the developed
models are listed in Table 1.

In this article, we have focused on the FE
modelling (and not FE analysis) of a few biological
structures. Indeed, based on the fact that except
for the accuracy of the model, there are many other
parameters that can affect the results of an FE analysis,
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Table 1. Information of input images, developed models, and processing times of the presented examples.
. . Processing time
Image Image Mesh Vein Membrane Total Computation
Example . i . i to develop
size size size mesh mesh mesh time
no. . . the APDL
(MB) (pixel) (pixel) number number number (second)
model (second)
1 1.54 3223 x 4646 15 4201 29058 33259 212 14
2 2.54 6000 x 5346 20 1565 18735 20300 140 11
3 0.1 780 x 401 3 3666 4992 8658 17 5
4 0.7 2280 x 1584 7 8912 6928 15840 247 12
performing a numerical simulation is out of the scope Acknowledgements

of this research. However, for more validation studies,
the authors refer the readers to their recently published
article [4]. Further research will focus on improving
the method for developing numerical models of the
structures consisting of more than two materials as well
as unstructured mesh generation.

4. Conclusion

This paper was devoted to describing a simple mod-
elling technique, which was suitable for materials with
complex shapes and geometries; it is specifically ad-
vised for numerical modelling of planar biological ma-
terials. The proposed method was applied to develop
FE models of two tree leaves and two insect wings.
Comparison of the overall shapes of the developed
models and the input images revealed a good agreement
between them.

The main advantages of the presented method are
as follows:

1. This method is very simple and it is a powerful tool,
which is potentially able to develop realistic models
of complex geometries. The method can be readily
applied to develop numerical models of any other
artificial and biological planar structures made of
one or two materials. The required input for this
method is one and in some cases two images;

2. The output of the program is a text file that can be
easily imported into a commercial software package
such as ANSYS;

3. The computation time of the method is sufficiently
short (a few minutes), even when the input image
contains a complex geometry;

4. There is no need for a high-resolution image. The
method can be potentially applied to an image with
a low quality;

5. Both 2D and 3D planar modelling approaches are
available in this method.
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