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ABSTRACT: The characterization of the two-dimensional (2D) leaf sheath of the coconut palm Cocos
nucifera from digital images is part of a research project that focuses on the feasibility of using a local
natural resource, the leaf sheath of the coconut palm C. nucifera (2D), for the development of a green
composite material and the analysis of the influence of this type of reinforcement, which has the advantage
of being naturally woven, on the properties of the biocomposites obtained. In order to characterize these
properties, it is essential to extract information from the leaf sheath samples. This work consists of
counting and evaluating the thicknesses and directions of all the fibers that make up the sheath. In simple cases, from sample
photographs, we wish to propose a processing chain capable of automating this extraction process. We are interested here only in
samples with areas of spacing between the fibers. Therefore, our proposal cannot be a solution for tightly packed fibers. The data are
represented by photographs of leaf sheath samples taken with a high-resolution microscope. This results in color images of 3000 ×
3000 pixels. In the following, we will call EI a space in which it is possible to locate a pixel by its spatial coordinates, and we will call
EC another space in which it is possible to locate the color of a pixel by its colorimetric coordinates. In EI, the set representing the
pixels denoting the fiber will be denoted EF and that representing the void areas will be denoted EV. From these starting sets, the
work consisted of finding a process that allows the extraction and characterization of points of interest representing the leaf sheath.

■ INTRODUCTION
Integration of local natural resources, such as the two-
dimensional (2D) leaf sheath of the coconut tree Cocos
nucifera L., in the design and development of green materials is
an important issue.1 Indeed, this reinforcement is naturally
woven. In this context, the innovation consists of replacing the
petrochemical or organic compounds generally used in the
construction sector by vegetable material, for green composite
elaboration. In order to propose the leaf sheath tissue as part of
construction product as well as synthetic fibers of known and
regular morphology, a large number of samples of these fabrics
have to be evaluated in terms of morphological, structural, and
mechanical properties. The work is carried out on the basis of
images obtained by optical microscopy. The images will be
exploited in algorithms in order to provide, in the case of low-
complexity woven support (loose mesh), a large volume of
primitives that can be used in pattern analysis or statistical
studies. During the investigations, we are positioned at the
level of image processing of the leaf sheath of the coconut palm
C. nucifera L. (2D), in order to extract primitives automatically
using dedicated algorithms. First, we will propose a study of
the acquired images; then, we will present two algorithms
whose goal is to extract and to characterize the leaf sheath
tissue fibers. These algorithms have been tested with
experimental and simulated data but also with real data from
different leaf sheath samples. Obtained results are encouraging
because they allow the extraction of first characterization data.

■ CONTEXT AND ISSUES
Context of Study. The aim of the work was to study the

potentiality of leaf sheaths of coconut tree to make naturally
woven composites. Indeed, it is a vegetable sustainable material
abundantly available in Guadeloupe. Moreover, this unex-
ploited resource is a woven material, a natural textile, which
does not need manufacturing to present a textile form.

Quantitative and qualitative morphological characterizations
of fibers and modeling of textile meshing are elements of great
importance in the field of eco-materials.2,3 Faced with the
challenges of sustainable development in recent decades, the
potential use of plant fibers as reinforcement in composite
materials has been the subject of research.4,5 Most of these
studies concern organic matrices reinforced by short natural
fibers, usually randomly distributed in the matrix.6,7

Prior to the development of biocomposites, an exploratory
approach of the leaf sheath fibers needs to be led in order to
characterize and to model their fibers because the proper use of
the composites depends on the properties of the latter. Hence,
evaluation of morphological properties, which partly deter-
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mines physical and mechanical properties of fibers8,9 and those
of the composites, is necessary.

The use of professional software and the increasing
computational power of modern computer systems make it
possible to efficiently solve computational problems concern-
ing the deformation of woven structures. However, in order to
obtain accurate results with this approach, an adequate
description of the geometry of the weaving of the threads in
the woven structure is necessary.10 Consequently, this image
analysis was carried out in order to provide geometrical
parameters of the leaf sheaths according to its future
applications, to rationalize its organization, and to model this
organization by developing a digital image analysis application.
Problematics. Characterization of the leaf sheath of the

coconut palm C. nucifera L. (2D), based on digital images (see
Figure 1), is a part of the study of the feasibility of the use of

this local natural and woven resource as reinforcement of
biocomposites. It is essential to extract numerical information
from leaf sheath samples; treatment carried out consists of
counting the number of fibers per leaf sheath and evaluating
their thickness and direction using a digital image. In cases that
do not present a high level of complexity, our goal is to
propose a processing chain capable of automating this
extraction process.

We are only interested here in samples showing fiber spacing
zones. Therefore, our proposal cannot be a solution in the case
of tight fibers with no empty spaces. The data are represented
by photographs of leaf sheath samples taken with a binocular
magnifier. This results in color images with a size of 3000 ×
3000 pixels as shown in Figure 2.

The previous image is split into subsets as shown in Figure
3to allow parallel processing of the operations.

In the following, we note by EI the space in which it is
possible to locate a pixel by its spatial coordinates and by EC
that in which the detection of the color of a pixel is made,
thanks to its colorimetric coordinates. In EI, the set
representing the pixels designating the fiber will be denoted
as EF and that representing the empty areas will be denoted as
EV. From these starting sets, the work consists of finding a

process that allows the extraction and characterization of
interesting points representing the leaf sheath.
State of Art. In the literature, the morphological

characteristics of the fibers and/or fibrous cells composing
them mainly concern their length, thickness, or cross-sectional
area as well as the shape of their cross section and the
topography of their surface.2,3 The evaluation of quantitative
parameters can be carried out directly on fibrous samples when
their size allows it. In this case, measuring instruments are
used.

1. Fiore et al. evaluate the length of Arundo fibers after
mechanical extraction using a ruler graduated in
centimeters and millimeters.11

2. It is the same for assessing the length of flax, yucca, and
Nile rose fibers,12−14 respectively.

3. In addition, in other research, caliper15−17 and micro-
meter18−20 have been used to measure the diameter of
the fibers under study.

4. To evaluate these morphological characteristics, other
authors have used non-contact techniques using optical
instruments (binocular magnifier, optical microscope,
and scanning electron microscope) to acquire images of
the samples and image processing software (Image J,
Motic Images, ArchiMed, and Leica) with which
distance measurements are determined between two
points positioned by the operator, and the areas are
calculated for the surface delimited by the user.8,21−26

The assessment of qualitative morphological parameters
such as the cross-sectional shape of the fibers and/or fibrous
cells and the topography of their surface is made by observing
images taken by optical instruments. Indeed, from electron
microscope images, Amel et al. observed the impact of different
extraction methods on the cross-sectional shape and surface
configuration of kenaf fibers.27 The observations by optical
microscopy of raw gomuti fibers28 reveal observations under an
optical microscope, that they have a transverse ellipsoidal or
circular shape and a surface covered with cavities containing
white substances, the thyllas.

In order to pursue studies in the field of eco-materials
reinforced by short natural fibers, research projects in the
recent years have been carried out on the extension of the use
of biocomposites by developing vegetable textile reinforce-
ments.6,29 Compared to materials reinforced by randomly
distributed short fibers, textile composites have better
mechanical properties in the direction of fiber reinforce-
ment30,31 and therefore are able to be used in high stress
applications.6,32 Vegetable textile reinforcements consist of the

Figure 1. Image of a coconut leaf sheath Cocos nucifera L. (2D).

Figure 2. Sample of Cocos nucifera L. coconut leaf sheath mesh (2D).

Figure 3. Representation of the grid used in the design of sub-images
for algorithmic treatments (each red square measures 1.875 mm on a
side).

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02748
ACS Omega 2022, 7, 34789−34800

34790

https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig1&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig2&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig3&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig3&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


entanglement of several yarns that are made up of the assembly
of thousands of lignocellulosic fibers. Three main architectures
of textile exist: (1) woven, (2) braided, and (3) knitted,33,34

whose several variants for each mode of interweaving is the
origin of the plurality of textile structures that can be
developed. Faced with this observation, in order to anticipate
and to optimize the development of textile preforms, many
studies on the prediction of their mechanical properties and
their composites have emerged. Indeed, although experimental
mechanical tests are direct and efficient, they are often long,
difficult to implement, expensive, and destructive.35,36 Models
for simulating the mechanical behavior of textile reinforce-
ments first require the most accurate textile mesh modeling
possible,37,38 which usually appeals as input parameters, the
shape and geometric dimensions of the yarn cross section, the
distance between yarns, the yarn crossing pattern, and the
number of yarns in each direction.39,40 These latter elements
are to be filled in by the user. On this principle, many authors
have developed geometric reconstruction models of the
structure of textiles in two dimension and/or three dimension
in order to predict their mechanical behaviors. For example,
the WiseTex software was developed by Lomov et al.41−43 and
Verpoest and Lomov,44 from which the Gentex model
developed by Couegnat45 was derived. Sherburn of the
University of Nottingham developed the TexGen software
during his PhD thesis.46 Commercial software packages with
comparable functionality include TechText CAD and Weave
Engineer, developed by TexEng Softawre Ltd.47 Based on the
same basic principle of previous programs, Hivet and Boisse
proposed a geometric model of woven structures.48,49 A
significant contribution for 3D woven fabrics has been made to
this model.50,51

Thus, it appears, at the end of this state of the art, that the
methods of appreciation and evaluation of the qualitative and
quantitative morphological characteristics of fibers, found in
the literature, require the intervention of the operator.
Moreover, textile reconstruction models require as input data
the geometrical and structural properties of the representative
elementary volume, which constitutes the smallest elementary
cell, allowing, by repetition, to reconstruct the entire
textile.39,42 Indeed, man made textiles form quasi-uniform
periodic environments. Thus, these models cannot be
transposed to reinforcements naturally in textile form, such
as the leaf sheaths of the coconut tree C. nucifera L., their
natural character, their maturity, and the different pedo-
climatic conditions of coconut tree growth, conferring a great
variability in the qualitative and quantitative characteristics
defining their architecture.52 In view of these observations, this
study is part of a contribution to the characterization of
coconut leaf sheath fibers and to the 2D modeling of their
mesh using digital image-processing methods, freeing itself
from any operator intervention, thus saving time. This work
consists, on the one hand, of the exploratory phase, of
automating the extraction of morphological characteristics of
the fibers, namely, their thickness and their orientation with
respect to the horizontal, and on the other hand, of the
reconstruction in 2D of the fibrous organization of the coconut
leaf sheaths that will help the user to rationalize the complex
architecture of the leaf sheaths as well as allow the
development of models for the mechanical simulation of leaf
sheaths in a second step.

■ MATERIALS AND METHODS
We have two types of data at our disposal in this work,

5 Real data that are represented by images obtained with
the binocular loupe. The latter consists of a Nikon 1000
camera, whose lens is equipped with a Nikon DXM
1200F digital camera. The software implemented in this
system allows the acquisition of images that are 3000
pixels wide by 3000 pixels high within the framework of
our use. These images are cut into thumbnails in the
algorithmic treatments that we have implemented.

6 Simulated data generated by Algorithm 3, which allows
us to provide for each randomly generated fibers, their
positions, directions, and thicknesses.

As part of the evaluation of the algorithms implemented for
the reconstruction and characterization of the fibers,

7 Concerning the position of the fibers in space, we use
the sensitivity and specificity parameters for the
validation of the fiber representation. These parameters
are standard criteria used in image processing in order to
validate the good representation of the results provided
by the algorithms.

8 Concerning the thicknesses and directions provided by
the algorithms,

• For real data, we use the image J software for
comparison and student tests in statistics.

• For simulated data, we automatically compare the
simulated data with the data provided by the
algorithms.

■ DATA AND SOFTWARE AVAILABILITY
In this analysis, we had 5 images from the scanning electron
microscope of dimensions 3840 × 3072. Each of these images
generated 42 images of dimension 500 × 500 for a total of 210
real data. In this study, we have generated simulated images for
the evaluation of the proposed algorithms. For these images,
we varied the number of fibers and their representation. In this
context, we have a total of 480 simulated data. All these images
in the analysis context are independent, as we evaluate the local
properties of each of the fibers.

The processing chain starts from a sub-image taken with an
electron microscope; a set of algorithms is linked to this data in
order to provide for each of the coordinates designating a
portion of fiber: the thickness and the direction.

The first phase is devoted to the pre-processing of the image.
This part is not presented in the book. It represents 5
treatments that work in order: cutting the image into
thumbnails to reduce the processing time by reducing the
exploration area; a segmentation method (MeanShift) to
obtain a reduction of the colorimetric diversity (fiber and
background); detection of the points representing the edges of
the fibers; places of passage of the color of the fibers to the
background color; and a fusion of the remaining similar colors
to obtain two colors by classification.

The second phase allows the extraction of the desired
knowledge from three algorithms which constitute our
contribution. We in order: an algorithm that provides a
definition of the contours of each of the void spaces in a fiber
image�we use the Freeman coding on the result of the
detector of contours and then we cut it into segments whose
orientation and size are based on a principal component
analysis; an algorithm that performs the mapping of the walls
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of the empty spaces�these walls delimit portions of fibers;
and an algorithm that allows the construction of close to the
completeness of the fibers from their portions initially
extracted.

■ PROCESS OF SEARCHING FOR THE POINTS OF A
FIBER IMAGE DESIGNATING THE LEAF SHEATH

In the first step, we divide the pixels of the image into two
groups by performing a segmentation. The purpose of this
operation is to extract the pixels designating the leaf sheath
that we store in the EF set, while the pixels designating empty
spaces are stored in EV. We use for this purpose the
colorimetric space EC, because for this type of representation,
the difference between the colors of the fiber and the empty
spaces is rather marked. We place in EC two class centers
resulting from a study of the average observed color of the
fibers, for the first one, and of the empty spaces, for the second
one. The segmentation process on a leaf sheath sample is
carried out by expression 1; its result is shown in Figure 4.
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where P(x,y) is the x and y coordinates of a pixel, CMF is the
average color designating the fiber, CMV is the average color
designating the empty areas, color() is the function providing
color, and d() is the function providing the Euclidean distance.

The second computational step in the search for the points
of a fiber image is dedicated to the creation of a new set named
EFF. Its role is to represent the set of pixels of the image
designating the edges of the fiber, which is described using
expression 2.

P tq B P

B P

EFF 0 ( , ) EF and

( , ) EV

x y x y

x y

( , ) ( , )

( , )

= { >

} (2)

where B P( , )x y( , ) is a ball of center P(x, y) and radius l.
At the end of the treatment, in order to identify only the

areas of net fibers, we introduce a last set noted C. It comes
from the result of a contour detector, designating the pixels of
the image placed on areas of strong variation in EC. Using all
these tools and from EV space, we represent each contour of
the related pixel groups using a set of fitting segments.
Edge Segmentation of Empty Areas. In the set of EV,

we perform a first construction of the edge for related pixels
groups. We call Ti the set of labeled related pixels i in EV and
Fi the set of pixels that bound its boundary. We then represent
each set Fi using Freeman’s algorithm53 and then decompose it
into fitting segments named Si,k (see Figure 5). Each segment
Si,k has the properties, directrix ai,k, and intercept bi,k.
Extraction of Fiber Points. The extraction of points from

a fiber relies on a process of finding nearly parallel facet
matches. The parallel aspect between two facets of void
boundaries related to the same fiber is rarely detected. We have
therefore developed a procedure (Algorithm 1) to allow the
matching of facets showing a certain degree of parallel aspect
between them. The procedure and the algorithm are described
below.

Let P1 be a void contour point designating a facet (Figure 6a
or 6e). In the first step, we detect the parallel aspect, following
a tolerance between two facets represented by P1 and P2
(Figure 6b or 6f). In the second step, we construct the parallel
line of P1 passing through P2 that we call D1′ (Figure 6c or
6g) and then the point P1′ resulting from the intersection
between the orthogonal line D1′ passing through P1 (Figure
6d or 6f). If the latter is connected to the boundary of an
empty space, then the portion (P1, P1′) constitutes a fiber cut.

According to the method presented above and after the
operations performed by Algorithm 1, we extract in EF the
fiber portions (Figure 8). The set of points named PS0i,k,j,l

Figure 4. Illustration of the segmentation process on a leaf sheath sample. On the left, an original image; on the right, its segmented result.

Figure 5. Construction of an edge. On the left, sample of coconut leaf sheath made of woven fibers; on the right, decomposition of the empty area
edge into fitting segments. In blue are designated the contours of a void area. In red are represented chains of mini segments of similar direction. In
yellow are represented sequences of mini segments whose directions are not similar.
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Figure 6. Illustration of the nearly parallel facet-matching process. (a−d) Extraction of a fiber portion that passed the parallel aspect test; (e−h)
extraction that failed.
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constitutes a first extraction of points of interest designating
fiber portions. Each of these points is provided with the
property direction (Figure 7, blue lines) and thickness of the
fiber (Figure 7, E). These starting points, which constitute
initialization elements, will allow the construction of the
entirety of the fibers.

Figure 8 shows the results obtained on simulated and real
data.

Result of the proposed Algorithm 1 is a set of initial points
whose position and thickness are known. These data constitute
portions of coconut palm leaf sheath fibers that can be used to
completely reconstruct the fibers they designate.

Search for Additional Points Designating the Fibers.
The first processing phase (section) highlighted portions of
coconut palm leaf sheath fiber by exploiting the boundaries of
void spaces, so as to extract areas of parallel aspects between
the walls of a fiber. In the second phase of extraction, we use
the points obtained after the application of Algorithm 1. These
serve as initialization data for Algorithm 2, whose objective is
the extraction of additional points designating a fiber. We
group these initial points according to their membership in
each of the fibers they represent, in order to construct the
fibers Ii,j such that Ii,j = PS0i,k,j,l,(k,l)∈N × N. Thus, to construct
EF (Algorithm 2) from near, we search from Ii,j for new points
PS0i,k,j,l (Figure 9). These points are provided with the
thickness and direction features from the properties of Ii,j.

Algorithm stops when no more new points meeting the
criteria of the fiber are discovered in the reconstruction phase.
The final result is a set of new points assigned to one of the
sets Ii,j and belonging to EF designating a fiber of the image
(Figure 10).

■ EXPERIMENTAL SECTION
Generation of Simulated Data. First, we simulated

several data sets in order to evaluate the algorithms
implemented in this work. Then, according to parameters
such as number, thickness, and orientation angle, the fibers
considered as thick as well as thin were detected. Thus, for
these fibers, we have their location and all their properties. To

Figure 7. Extraction of fiber portions. On the left, fiber sample; on the
right, the representation of an extracted fiber portion. In blue are
designated the contours of a void area. In red are represented chains
of mini segments of similar directions. In yellow are represented
sequences of mini segments whose directions are not similar. E is the
spacing between two nearly parallel edges.

Figure 8. Results from Algorithm 1 on simulated data on the left and
real data on the right. Circles indicate the portions extracted from the
fiber.

Figure 9. Extraction of additional points designating a fiber. The red
point, belonging to the fiber in treatment, is used as a starting point to
search for a new point (yellow), which is subjected to all the criteria
to be able to integrate the fiber in reconstruction.

Figure 10. Extraction of additional points designating a fiber. The red
point, belonging to the fiber in treatment, is used as a starting point to
determine the new points (blue) that have verified all the criteria to
integrate the fiber in reconstruction.
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measure the effectiveness of the methods, we look at two
criteria in particular. The first one concerns the possibility to
detect and represent the maximum number of fibers correctly;
it is estimated by comparing the pixels of the data set used to
those provided as a result by the proposed algorithm. The
second one checks for the detected fibers, whether the
thickness and angle values are identical to those of the
simulated data. These two procedures allow us to evaluate the
relevance and quality of the algorithm. Let H and W be the
dimensions chosen to represent a leaf sheath fiber area. We
have a map called Simulation, which represents the simulated
fibers for which we know, for each generated fiber, the
positions, the directions, and the thicknesses. We introduce the
sequences (NFE) and (NFF) as well as couples (x1, y1) and
(x2, y2) as parameters of Algorithm 3, with NFE, the number
of thick fibers; NFF, the number of thin fibers; and (x1, y1)
and (x2, y2), coordinates of the points materializing the fiber
under construction.

The values 90 and 175 represent the maximum angles that a
thin and thick fiber twist can undergo, respectively.

These parameters are the essential elements of the simulated
data generation process illustrated in Figure 11.

Real Data Acquisition. The real data are obtained from
images taken with a binocular magnifier. These high-resolution
images are cut into thumbnails with a size that fully represents
the walls of the large fibers. To perform the processing, we
chose a square of dimensions 500 × 500 pixels. These
thumbnails can overlap in order to correct border problems
during the reconstruction of the initial image.

Some examples of real data are shown in Figure 12.

Figure 11. Extraction of additional points designating a fiber. The red
point, belonging to the fiber in treatment, is used as a starting point to
determine the new points (blue) that have verified all the criteria to
integrate the fiber in reconstruction.

Figure 12. Examples of real data.

ACS Omega http://pubs.acs.org/journal/acsodf Article

https://doi.org/10.1021/acsomega.2c02748
ACS Omega 2022, 7, 34789−34800

34795

https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig11&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig12&ref=pdf
https://pubs.acs.org/doi/10.1021/acsomega.2c02748?fig=fig12&ref=pdf
http://pubs.acs.org/journal/acsodf?ref=pdf
https://doi.org/10.1021/acsomega.2c02748?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as


■ RESULTS AND DISCUSSION
Evaluation of the Spatial Representation of the

Reconstructed Fibers. In order to evaluate the detection
performance of the pixels designating the fiber, we use two
criteria: sensitivity (3) and specificity (4).

sensitivity
TP

TP FN
=

+ (3)

specificity
TN

TN FP
=

+ (4)

with the following definitions: true positive, true negative, false
positive, and false negative.

These parameters are calculated from the binary IR images
(EF pixels are set to 1 and EV pixels are set to 0) produced by
the reconstruction algorithms Eqs 5 and 6 and from the
original reference images called IOR according to the
instructions below.

l
moo
noo

P x y
IOM

1 if ( , ) is a fiber point

0 else
x y( , ) =

(5)

l
moo
noo

P x y
IR

1 if ( , ) is calculated as a fiber point

0 else
x y( , ) =

(6)

Initialize true positive (TP), true negative (TN), false
positive (FP), and false negative (FN) to 0.

Compute for all image pixels,
if IOM(x,y) = 1 and IR(x,y) = 1, then increment TP,
if IOM(x,y) = 0 and IR(x,y) = 0, then increment TN,
if IOM(x,y) = 0 and IR(x,y) = 1, then increment FP,
if IOM(x,y) = 1 and IR(x,y) = 0, then increment FN.
The evolution of fiber generation Algorithm 3 on the

number of thick fibers and the number of thin fibers,
respectively, in the intervals [1; 4] and [1; 5] chosen in our
study displays the results shown in Table 1.

The application of the process on the simulated data that
resulted in the graph in Figures 13 and 17 shows an illustration
of the results of the reconstructions performed by the
algorithms implemented on the simulated data.

The sensitivity remains above 80% despite the increase in
the number of fibers. The evolution of this parameter indicates
that the developed methods correctly detect the points
designating a fiber. In a similar way, the specificity, which
oscillates around 80%, allows us to draw the same conclusion
on the localization of points belonging to empty areas. These
performances attest that the algorithms implemented meet the
problem of spatial reconstruction of fibers.

The results of the evaluation of the fiber reconstruction
analysis, on real data represented by about 100 thumbnails, are
shown in Table 2.

The scores on real data are on average above 50%. We
observe a rate of 62% for sensitivity, which reveals a correct
detection of the points designating a fiber. The 73% rate for
specificity attests that the points identified by our procedures
really belong to empty areas. The more pronounced results in
the case of simulated data are justified by the fact that we do
not take into account alterations in the walls of the fibers,
which are then less smooth. After analysis of this report, it
appears that for the algorithms developed within the
framework of the study, the schematization of an open mesh
of leaf sheath is more representative of reality compared to a

dense mesh. Indeed, in the case of very dense meshes, they
represent them in important proportion by empty spaces.

This result corroborates 170 human observations, designat-
ing the problem areas for the algorithms as those comprising
the tight fiber clusters.
Evaluation of the Characterization of the Recon-

structed Fibers. In evaluating the characterization of the
reconstructed fibers, we pay particular attention to the quality
of the thickness and direction attributes extracted by our
algorithms. Table 3 presents the reproduction rates of the
simulated points. These rates are a function of the mapping
between a simulated point and a reconstructed point. The
result is considered relevant if a simultaneous match is

Table 1. Sensitivity and Specificity Parameter Values on the
Number of Thick Fibers and the Number of Thin Fibers, in
the Respective Intervals [1; 4] and [1; 5]

(thick fibers; fine fibers) sensitivity specificity accuracy

(1; 0) 0.99 0.78 0.95
(1; 1) 0.99 0.79 0.96
(1; 2) 0.99 0.87 0.97
(1; 3) 0.99 0.89 0.96
(1; 4) 0.97 0.88 0.95
(1; 5) 0.99 0.85 0.95
(2; 0) 0.99 0.83 0.94
(2; 1) 0.98 0.77 0.92
(2; 2) 0.97 0.77 0.92
(2; 3) 0.97 0.90 0.95
(2; 4) 0.98 0.46 0.85
(2; 5) 0.92 0.90 0.1
(3; 0) 0.95 0.89 0.92
(3; 1) 0.95 0.89 0.92
(3; 2) 0.97 0.86 0.93
(3; 3) 0.96 0.75 0.88
(3; 4) 0.95 0.82 0.89
(3; 5) 0.95 0.83 0.90
(4; 0) 0.94 0.91 0.93
(4; 1) 0.97 0.86 0.92
(4; 2) 0.95 0.76 0.86
(4; 3) 0.97 0.79 0.89
7(4; 4) 0.94 0.61 0.75
(4; 5) 0.91 0.86 0.88

Figure 13. Evolution of sensitivity and specificity parameters on
simulated data.
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obtained between the position of the points and the thickness
and direction attributes assigned to these points.

During the automatic evaluation process between the
simulated and reconstructed attributes, we first performed a
spatial match between the points and then compared the
thicknesses and orientation angles. The results obtained for
this study show that the values are globally above 50% success
rate. However, there is a slight difference between the points
matched in space. The rates obtained on the thicknesses as
well as the orientation angles show that it is still necessary to
refine the reconstruction of these attributes, which are,
respectively, at 59.86% and 61.76% of correspondence,
measured without correlation between the two. The total
correspondence between all the criteria�position, thickness,
and orientation angle�is around 58.51% on the 17,345
simulated points.

Estimation of the actual values with Image J software, as part
of the algorithm validity study, revealed that clusters of tightly
packed fibers with no voids between the fibers are considered
and evaluated by the application as a single fiber. Two
examples related to this case are shown in Figure 14.

As a consequence of the previous situation, we decided to
evaluate with the Image J software only the thicknesses and the
orientation angles, with respect to the horizontal, of the spaced
fibers that the model detects as unit fibers (Figure 15).

For these fibers, Student’s t-test allows us to conclude, with a
risk of 5%, that the values predicted by the algorithms and
those measured with the Image J software do not present a
significant difference, and this for the two morphological
characteristics evaluated (thickness and angle) (Figure 16).

On the data generated by the implemented algorithms, we
construct two operators. These operators will be used to
increase the number of points constructed from the data
generated by Algorithms 1 and 2. Let N be the maximum
number of fibers extracted from the fiber image support; for
any n ϵ [1; N] we have

i
k
jjj y

{
zzzf n x y tq B x y

2
( ) ( , ) ( , ),

thickness
EF0 =

(7)

where (x, y) is a point in EF and thickness is the thickness of
the fiber.

The second operator is established as follows:

x y f f x y n( , ) of then ( , ) (angle, thickness, )0 =

where angle is the angle formed by the fiber and the horizontal
direction.

These two expressions offer the possibility of exploiting
methods from the literature such as the study of textures or the
study of frequencies of appearance of patterns in the sites of
high extraction rate. The areas with low extraction rates can be
better reconstructed using extrapolation from the use of these
new operators. Some examples of reconstructions of coir fiber
portion from the mathematical models derived from the results
of the implemented algorithms are shown in Figures 13 and 17.

Figure 14. Portions of fibers abnormally detected by the algorithms.
The yellow cut segments represent the thickness of the automatically
detected fiber portions, actually forming a cluster.

Figure 15. Fiber portions correctly detected by the algorithms. The
cut segments in yellow represent the thickness of the automatically
detected fiber portions. Construction of a model from the data
generated by the implemented algorithms.

Figure 16. Illustration of the reconstruction capabilities of the models
implemented on simulated data. On the left column are the simulated
fiber images and on the right their reconstructions by the
implemented algorithms.
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■ CONCLUSIONS
The characterization of coconut palm leaf sheath fibers, mostly
the study of fiber organization, is an important issue in the
perspective of realizing future materials more respectful of our
environment based on vegetable materials. The integration of
natural fibers in the design of new materials aims to make
human achievements more ecological. In this context, we
proposed during this work two algorithms allowing from digital
images of fibers and the extraction of attributes. The first
algorithm that we proposed uses the aspect of the empty zones

in the mesh of the leaf sheath, to match nearly parallel walls in
order to constitute initial portions of fibers. The second
algorithm allows us to reconstruct from the extracted portions
the entirety of the unitary fibers present in the processed
image. We then extract from these treatments three primitives:
position, orientation, and thickness, characterizing a unit fiber
in the mesh of the leaf sheath. The evaluations carried out on
simulated data as well as on real data using the sensitivity and
specificity criteria showed the effectiveness of the treatments
implemented. The data obtained can then be used to assist
experts in their knowledge extraction and characterization of
the leaf sheath of C. nucifera L. (2D).

■ PERSPECTIVES
In the future work, we envisage a complementary contribution
by allowing the learning and the automatic recognition of
redundant structures, by introducing a learning network of
tensors flow type, with the objective of implementing attributes
in input of the system. Moreover, the mathematical model that
will be implemented will provide the network with the
properties of the areas where the fibers could not be extracted.
We also plan to use a more efficient color segmentation
method better adapted to the optical microscope. We believe
that the development of new processes is necessary to
determine as many shapes as possible in the images and to
perform a finer extraction in the less contrasted areas.
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Figure 17. Illustration of the reconstruction capabilities of the models
implemented on real data. On the left column are the fiber images and
on the right their reconstructions by the implemented algorithms.

Table 2. Treatment Results with Sensitivity and Specificity
Parameters on Real Data

operator sensitivity specificity

Average 0.628097557 0.735190848
Standard deviation 0.1362069 0.062656945

Table 3. Reconstruction Rate of the Algorithms on the
Simulated Data

number of matches

simulated points position (%) thickness (%) angle (%) total (%)

17345 65.53 59.86 61.76 58.51
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