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Abstract 
X-ray computed tomography is a non-destructive testing technique that is widely used in the composites industry 
for the characterization of the various structures within a material. In this work, the challenges of scanning 
natural elements such as flax fibres or pine cone will be listed. For this type of materials, it is essential to know 
the absorption vs intensities in order to use the proper power to get thought the sample without washing out all 
the details. Tackling these challenges will help the identification of features such as  the orientation of the fibres 
is important for estimation of the mechanical properties of composites and can be achieved with image 
processing techniques.  

Keywords: hemp, coir, silk, pine cone, palm, flax, x-ray tomography, textile microstructure, defect detection, 
density variation, composite 
 

1. Introduction 
Lately, the use of natural fibre-reinforced composite has grown exponentially in many areas 
such as automotive, building construction and wind energy.  The use of natural fibers as 
replacement of less environmentally-friendly products, such as glass fibers, has become a 
strong interest in the composite industry, in response to society’s demand for more sustainable 
resources. Therefore, a better understanding of their mechanical properties and their 
geometrical features is necessary in order to understand their behaviour once combined with a 
polymer to form a composite. The fibre preparation as well as processing have a large 
influence on their final length and their distribution in  the polymer, thus it is important to 
evaluate the microstructure of a composite through a non-destructive technique such as  X-ray  
computed tomography primarily used in the medical area [1]. X-ray computed tomography 
(CT) is a Non-Destructive Testing (NDT) technique that is widely used in the composites 
industry and academic studies. Its purpose is to assess the presence of defects as well as 
characterizing internal structures and potential damage present in the produced part. It is one 
of the key tools used for composites and textile geometry modelling as well as quality control 
of industrial objects. With this technique, an x-ray “shadow transmission images”, which are 
X-ray intensity attenuation through the specimen, are logged while the object is rotated. And 
then a 3D image can be obtained through reconstruction based on the back-projection 
algorithm [2]. This technique is now also often used in material science in order to study the 
internal structure of the composites to obtain the reinforcing fibres orientation to be used in 
finite element analysis to predict the composite mechanical properties as well as for the 
characterization of the internal damage [2, 3]. Glass fibres, being synthetic, are very 
straightforward to scan since their density is much higher than the one of the polymer. In the 
case of natural fibre composites, one of the main challenges is to distinguish the fibres 
(ρ≈1.45 g/cm3) from the polymer matrix (ρ≈1-1.2 g/cm3). Due to their close X-ray 
attenuation coefficient  [4], the contrast between them in the resulting image tends to be low. 
In order to mitigate this, a low-energy beam is used, which is achieved by decreasing the tube 
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voltage and by application of molybdenum target instead of tungsten one. Preservation of 
small details in the image is important for the fibre reinforced composites with the diameter of 
the fibre around 15 µm, especially if automatic image processing is applied. To reduce 
penumbra blurring and keep small details sharp, the control of the focal spot diameter and 
choice of proper tube mode is required. For this type of materials, it is essential to know the 
absorption vs intensities in order to use the proper power to achieve maximum contrast. The 
identification of the fibres orientation is important for estimation of the mechanical properties 
of composites and can be achieved with image processing techniques. The aim of this work is 
to quantify what is seen as challenging as no software used for image treatment is available to 
measure automatically fine details such as: fibres diameter, distance between yarns in a 
composite or the elementary fibres in a technical fibre, the direction of fibres in the yarn or 
the internal structure of textiles, e.g. plain weave, twill or quasi-unidirectional. This study 
illustrates the potential of X-ray tomography technique for studying the internal geometry of 
natural fibres, in particular pine cone, bamboo, coir, silk and flax, and the composites made 
from them as well as palm tree and pine cone.  
 

2. Experimental 
2.1 Materials 

The selection of natural fibres are used in this study include: flax, coir, silk and hemp fibres as 
well as cone pine and a palm tree kernel. The fibres were twisted in order to create a 
continuous yarns in order to produce unidirectional or woven fabrics or embroideries. Several 
matrix materials were used in combination of flax to evaluate the porosity content and internal 
structure of the textile. These polymers are: epoxy Epikote 828 LVEL from Resolution 
performance products, polypropylene grafted maleic anhydride Bynel 50E725 (PPgMA) from 
Dupont, polyoxymethylene Hostaform M10AE (POM) from Ticona , furan resinfrom 
Transfurans and bio-based polyester from DSM. 
 

2.2 Micro-CT Equipment 
X-ray computed micro-tomography allows the reconstruction of the 3D image of scanned 
object through a series of projections taken while the object is rotating around one axis. The 
resulting image is stored as a three-dimensional array of grey values and can be exported as a 
stack of images in in XY, XZ and YZ planes. By assigning appropriate threshold to the grey 
level, various components of the object can be distinguished. In this study, three different 
micro-CT systems were used according to the desired resolution level and are described in the 
following sections. 
 

2.2.1 Skyscan 
SkyScan-1172 is an X-ray computed tomography system featuring cone-beam setup with 
automatic adjustment of object-source and camera-source distances according to the required 
resolution. The system has 11 megapixel Hamamatsu flat panel X-ray detector and allows to 
achieve maximum resolution of 0.7 µm. Three camera binning modes are available: 1x1, 2x2 
and 4x4.  Exposure time is set automatically on the basis of the source-detector distance and 
chosen camera binning mode and filter. The NRecon software performs reconstruction of the 
3D image using Feldkamp back-projection algorithm. The software has options for 
adjustment of minimum and maximum grey value levels on the basis of the histogram, 
effective algorithms for the reduction of ring artefacts and beam hardening artefacts. The 
output of the reconstruction software is a stack of images. CtAn software is used for 
processing and analysis of the produced image stack. CtVox software allows rendering 3D 
images of the object [5]. 
 



 

2.2.2 Nanotom 
Phoenix Nanotom is an X-ray computed tomography system, developed by General Electric. 
Similarly to SkyScan system, described above, it also features cone-beam setup, but with 
manually adjusted source-object and source-detector distances. Furthermore, Nanotom has 
four tube modes, designated by the numbers from 0 to 3, which are characterised by more 
precise control of the focal spot. Higher tube modes impose lower limits on the maximum 
tube power, therefore reducing the focal spot size and penumbra blurring. In addition, tube 
modes higher than 0 employ magnetic focusing system which further reduces the focal spot 
size. Nanotom can work in the fast-scan mode, when the object is rotated continuously while 
acquiring projections, which allows performing a scan in 10-20 min. This nanofocus 
computed tomography system (nano-CT) has been tailored to be used in  many applications 
ranging from material science, biology to medicine and nano-electronics. Its high 
performance nanofocus X-ray tube can precisely scan an object with a maximum resolution of 
400 nm.  
 

2.2.3 SEM-CT 
When the scan of micro-object is required, a SkyScan μCT attachment for scanning electron 
microscope (SEM) is used (see schema in Figure 1). This technique of micro-tomography 
uses the electron beam of the SEM  from Philips XL 30 FEG to hit a metal target to produce 
X-ray radiation. The fibre is positioned on the precision rotation stage between the target and 
the camera and is rotated within the X-ray beam to obtain the angular shadow projections of 
the sample in order to analyse its internal structure (elementary fibres).  A Titanium target 
was used in combination with 30KV voltage from the electron beam to generate X-rays.  The 
entire fibre segment was scanned, and then a full volumetric image was obtained after 
reconstructing the scanned images by using the same software as the Skyscan 1172. Single 
fibre characterization was then conducted using the 2D and 3D images with the help of the 
SkyScan CTanalyser software. 
 

 
Figure 1. Schematic presentation of SEM-CT where the  sample is positioned in rotation stage 

and scanned by X-ray beam [6]. 
 
 

1. Results and discussion 
Using micro-CT in the study of natural fibre composite brings out many advantages such the 
evaluation of a successful manufacturing, establishing the fibre orientation, visualisation and 
quantification of the void content, delamination as well as the fibre volume fraction and the 
geometry of the internal structure. However, if the X-ray absorption coefficients of the natural 
fibres and the used matrix are close, then the differentiation between the fibre and the 
polymers cannot be entirely identified in the micro-tomography technique as also mentioned 
by Alemdar et al. [1]. Other filters and image processing software should be used in order to 
increase contrast between the different elements which will help determine the exact structure 
of the reinforced composite. In this study, several types of natural fibres were studies using x-
ray micro-tomography to determine the internal geometry. 



 

Table 1: X-Ray parameters for all tested natural fibres. 

X-Ray source parameters 
Flax 

Composites 
Coir Fibres 

Silk fibre 
embroidery 

Silk + gold fibres 
embroidery 

Palm tree 
skin 

Palm tree 
Core 

Dry and wet 
cone scale 

µCT Technique  Nanotom SEM-CT Skyscan Skyscan Nanotom Nanotom Nanotom 
Voltage kV 42 30 41 100 51 36 36 
Current µA 325 113-122 244 100 286 555 650 
Filter - - Titanium - Al 0,1mm - - - 

Tube mode - 0 - - - 0 0 0 
Target - Molybdenum - - - Molybdenum Molybdenum Molybdenum 

Acquisition parameters 
Exposure time ms 750 4000 - - 500 500 500 

Averaging - 1 - 3 3 1 1 1 
Skip - 0 - 0 0 0 0 0 

Voxel/pixel  size µm 3.25 1.8-2.3 6,9 8 3.5 8 10.4 
FOD mm 13 - 25 20 14 32 43 
FDD mm 200 - - - 200 202 207 

# images - 2400  2400 2100 2400 2400 2400 
Image size x pixels 2304 - 1600 1136 2304 1400 2304 
Image size y pixels 1800 - 940 665 1800 2304 2034 
Scan time min 30 - 180 180 20 20 20 

Other parameters   

Gain = 5 
Spatial resolution= 8-350 

µm 
Sample cross 

section=0.18-4 mm 

     



 

3.1 Flax Fibres 
Long twill 2x2 woven flax yarns from Composite Evolution were used in this study. They 
were combined to three thermoset matrices: epoxy, bio-polyester resin, bagasse-based furan 
resin as well one thermoplastic resin, polypropylene grafted maleic anhydride (PPMA). The 
results from Nanotom showed that for the flax/epoxy and flax/PPMA combinations (Figure 
2a, b and e), although the main features are observable, since the X-ray absorption 
coefficients of the flax and the epoxy are rather close (see next section 3.1.1) and the 
demarcation between the different element is not clear. Thus the textile geometry parameters 
could be obtained through the µCT scans and may be used for textile modelling in the future. 
On the other hand, for the flax/furan and flax/PPMA combinations (Figure 2 b and c), no 
differentiation could be done. Since both matrices are fully or partially bio-based, their 
attenuations factors might be very close to the one of flax as they are also cellulose-based and 
with similar molecular composition (see etermine the parameters for optimum scanning. 
 

Table 2). In this cases, the images could only be used for the quantification of the void content 
and to determine the resin impregnation efficiency. In order to increase visualisation of these 
types of biocomposites, this calculation of the attenuation coefficient of each component 
should be evaluated in order to determine the parameters for optimum scanning. 
 

Table 2. Flax and Bagasse composition [7, 8]. 
Components Flax Bagasse 
Cellulose 
Hemicellulose 
Lignin and pectin 
Waxes 

≈65% 
≈16% 
≈5% 
<1% 

45–55% 
20–25% 
18–24% 
 <1% 

 
 

a)  b)  

c)   d)  

e)    

End picks and count Twist angle 



 

 
Figure 2. a) Flax /epoxy b) flax /furans, c) flax/ bio-polyester, d) flax/PPMA and e) 3D 

reconstruction of the Flax/epoxy sample, all fabrics are Twill 2x2. 
 
3.1.1 Linear attenuation coefficients of the flax fibre and epoxy matrix 
Linear attenuation coefficient is the property of a material that determines reduction of the X-
ray beam intensity in the bulk of the material. If the initial intensity I of the beam is reduced 
by dI after along the distance dx, then the linear attenuation coefficient    is defined as:           

The linear attenuation coefficient can be calculated from the atomic attenuation coefficient, or 
atomic cross-section    using atomic weight A and density   of the material:          

where L = 6.02214129*1023 is Avogadro number. For a compound substance, the atomic 
cross-section can be calculated as a sum of cross-section of the atoms in the compound [9], 
for example:   岫   岻     岫 岻    岫 岻 
Following this approach, the linear attenuation coefficients were calculated for the flax fibre 
and epoxy matrix. The flax fibre consists primarily of cellulose and hemi-cellulose 
(C6H10O5)n, whose content reaches 80-90%, and the rest of pectin (C6H10O7)n and other 
organic and non-organic substances. In the calculations, we assumed 90% cellulose and 10% 
pectin composition of the flax fibre. Density of the flax fibre is 1.45 g/cm3. The matrix, 
Epikote 828 LVEL, is a bis-phenol A polymer with general chemical formula (C15H16O2)n and 
density 1.17 g/cm3. Atomic cross-sections of the constituent elements were taken from NIST 
XCOM database and are given in Table 3. The cross-sections are given in barns, 1 barn = 10-

24 cm2. 
Table 3: Atomic cross-section data for the constituent elements. 

  Attenuation, barns 
 Energy 50 kV 60 kV 80 kV 100 kV 
C 3.7310 3.4970 3.2110 3.0190 
H 0.5616 0.5457 0.5173 0.4928 
O 5.6660 5.0670 4.4590 4.1220 

 

Crimp angle + Yarn diameter  



 

 
Figure 3. Linear attenuation coefficients of flax fibre and epoxy matrix for different X-ray 

energies. 
The linear attenuation coefficients, calculated for 4 different voltages, are presented in Figure 
3. The attenuation values drop with increasing voltage, but not proportionally. The relative 
difference in the attenuation of the flax fibre and the matrix decreases with increasing voltage 
(Figure 4). This indicates that the micro-CT acquisition of this type of material is more 
favourable with lower voltages, where the difference in attenuation between the components 
is higher. 

 
Figure 4. Difference in the linear attenuation of the flax fibre and epoxy matrix for different X-

ray energies. 
 

3.2 Hemp fibres 
In order to study the fibre structures of the hemp fibres and define the elementary fibre area, 
scanning election microscopy and SEM–CT were used and compared. As seen in Erreur ! 
Source du renvoi introuvable.a, the elementary fibre area and shape were defined from the 
cross-section of the technical fibre. Once scanned and reconstituted using micro-tomography, 
it can be seen in Erreur ! Source du renvoi introuvable. b that the elementary fibres look 
hollow in the contrary to what was seen with the SEM where the fibres is in fact full. This can 
be due to the fact that the large density variation between the different elements of the fibre 
where presumably the internal elements density must much lower than the one from the shell.  
This means that a lot of information is lost during the CT scanning and this technique might 
not be appropriate to determine the different internal elements of the hemp fibres at nano and 
micro-scale. An optimisation of the scanning parameters may be a good solution to tackle this 
issue.  
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Figure 5. (a) SEM and (b) SEM-CT image of  cross section area of hemp fibre[10]. 

 

3.3 Coir fibre 
Long coir with a fibre length in the range of 200-300 mm, provided by Can Tho University – 
Vietnam [11], were used in this study. The fibres were mechanically extracted from husk 
shells of premature and 10-12 month old coconuts using a fibre extraction machine developed 
in the Mekong delta, Vietnam. For the coir fibres, the SEM-CT technique was used in order to 
evaluate the porosity presence and to compare with data from traditional SEM pictures as 
seen in Figure 6. It was found that the  porosity measurements with SEM-CT of a selection of 
10 coir fibres ranges from 27 to 40% (see Table 4), except the value of fibre number 10, 
which is approximately 46% compared to 30% found by SEM images.  If the method 
parameters are considered, it can be said that the tomography images are taken based on a 
densitometry principle which means that the quality of the scanned images will heavily 
depends on the variation of density within the fibre. Since the density difference between the 
material and the air is not large in case of coir fibre, some errors can occur during scanning 
due to the fact that the thin organic tissues composing the coir fibre which may not be 
detected on the scanned images. Henceforth, the fibre porosity calculation can be affected and 
thus may lead to overestimation of porosity since the fibre solid material is not fully detected.   
In summary, both methods are good tools to study the porosity and the general internal 
structure of coir fibres. It can be hypothesized that the fibre porosity is more accurately 
estimated by image analysis on SEM pictures of fibre cross sections, with a difference in the 
range of 22 to 30%.  
 

Table 4. Porosity of coir fibre determined from SEM image analysis and SEM-CT Scans[11]. 

Fibre 
Image analysis of fibre 

cross-section (SEM) 
Image analysis of fibre cross-

section (SEM-CT) 
Total fibre porosity (%) 

1 24.3 ± 1.4 37.4 
2 23.1 ± 4.9 27.0 
3 29.2 ± 1.3 32.2 
4 26.8 ± 4.6 37.1 
5 28.6 ± 2.1 32.0 
6 26.2 ± 2.4 29.6 
7 30.5 ± 3.0 35.2 
8 29.8 ± 4.2 33.4 
9 21.1 ± 1.0 39.8 
10 30.7 ± 3.9 46.3 



 

 

 

a) b) 
Figure 6. Internal structure analysis of coir fibre using SEM images and volumetric images from 
a SEM-CT scan and b)3D model of typical coir fibre based on scanned data obtained from SEM-

CT scans [11]. 
 

3.4 Silk and silk/gold embroidery 
Silk is a natural protein fibre, some forms of which can be woven into textiles. The protein 
fibre of silk is composed mainly of fibroin and produced by certain insect larvae to form 
cocoons. This material is used in manufacturing of  exclusive cloth. The historical decoration 
of the saint painting or cloth of dignitary was covered by embroidery textile. Because the 
fabrics are very old and have historical meaning, micro-CT can be used to analyse the 
complex structure of embroidery. Silk fibre embroidery was analysed with SkyScan (Figure 7 
a and b). Historical embroideries very often have interwoven silver or golden threads.  These 
samples are more difficult to analyse, because these metals have very high attenuation and the 
natural fibres are not visible, or the images features severe artefacts (Figure 7 c and d). It is 
still big challenge to analyse natural fibres with metal elements. Because X-ray computed 
tomography is not destructive technique that can help to reconstruct historical, museum 
textile. Nowadays also composites are built with silk reinforcement. Using Micro-CT is 
possible analysis geometrical structure of textile including range impregnation and any 
defects of composites. 

 
Figure 7. a) 3D image of silk fibre embroidery; b) cross section of silk fibre embroidery, c) 3D 

image of silk +gold fibre embroidery, d) gold spiral cover not visible silk fibres. 
 

3.5 Date palm and pine cone 
Kernel is a part of the palm leaves, which is connected to the tree trunk. CT-scans were 
performed in order to visualize internal microstructure of the kernel and the presence of the 
fibres before the extraction. Both the palm tree core and skin were scanned and it can be seen 



 

in Figure 8 that their structure is quite different. While the core resembles to a foam material, 
the skin structure looks more like the one of bamboo [12] and, thus, the microstructure can be 
viewed as a foam reinforced with UD fibres. Towards the skin the volume fraction of the 
fibres is higher (see Figure 8c) in order to strengthen the plant. Although both parts are 
connected, different powers were needed (14 kW for the skin and 19 kW for the core). In the 
case of the skin material, the voxel size was small in order to obtain a more detailed image of 
the microstructure. Porous matrix within the core has low contrast and a bit blurry; playing 
with the grey level threshold, the matrix can be filtered out, thus the fibres as well as unknown 
inclusions could be seen.  These inclusions have higher density in comparison with the fibres 
and this may explain why a higher power is needed in order to penetrate the sample with the 
X-rays.  
 

 

 

Figure 8. a) Palm tree core - with matrix, b) palm tree core - without matrix, c) palm tree skin - 
with matrix and d) Photo of the kernel. 

 

Pinecone scales are a nature-made composite made of an extracellular matrix reinforced with 
stiff cellulose microfibrils organised in bundles [13]. Mainly used for arts and crafts, the 
scales possess a unique property of “self-shaping”, i.e. a change of the shape resulting from 
internal stresses developed within the material’s structure [14]. This phenomenon is of great 
scientific interest and requires fundamental understanding in order to design and manufacture 
self-shaping synthetic materials [13]. Pinecones remain closed when they are attached to the 
tree (or under wet conditions) and become open in a dry state in order to release the seeds [14] 

(see Figure 9a). This state change is controlled by the local orientation of the reinforcements 
in the cone scales. A pinecone scale consists of two connected layers which can be 
distinguished in Figure 9b and c. 

 

D 



 

   
a) b) c) 

Figure 9. a) Schematics of the cone in open and closed states[15], b) dry (open) and c) wet (closed) cone 
scale. 

 
The inner layer of the scale is composed of sclerenchyma fibres which are oriented along the 
length of the scale[14]. The outer layer is made of sclereids oriented perpendicular to the 
plane of the scale [14]. As the pinecone dries out, the outer layer will contract due to water 
loss while the inner layer withstands the lateral contraction due to the presence of the fibres. 
Thus, the layers are subjected to a different degree of shrinkage and that, consequently, 
creates internal stresses in the material. In order to minimize these stresses, the entire scale 
goes under bending deformation which can be observed in Figure 9b.In order to investigate 
this effect, the scale was scanned in two conditions: dry and wet (Figure 9b and c). The wet 
state of the scale was reached by keeping it in water for 48 hours. In order to prevent water 
evaporation during scanning and consequently the movement of the sample, parafilm was 
wrapped around the wet sample during the scanning. 
 

2. Conclusions 
X-ray tomography  is a very powerful tool for micro-structural characterisation at high and 
medium resolutions. It has proven to be an essential an accurate tool for the characterization 
of natural fibres based composites as well as the dry fibre itself. The main aim of this study 
was to assess the effectiveness of the micro-tomography technique to determine the shape 
characteristics of natural elements. It was found that for a composite made of natural fibres, 
the type of polymer used has an important impact in the scanning possibilities. Furthermore, if 
their densities and attenuation factors are close, it is harder to find a good contract in-between 
the constituting elements. When micro-CT is used for porosity and the reinforcement 
geometrical characterisation, i.e. area, twist or crimp measurements, important difference 
have been found for coir and hemp between the SEM and SEM-CT where the second is less 
accurate. Furthermore, some details may be overlooked due the variation in constituents 
within the fibre itself as seen for the hemp, pine cone, palm and the silk-gold combination. In 
the future, effort should be put into optimizing the scanning parameters for optimum 
visualisation of the various elements such as fibre diameter in order to quantify them 
accurately. 
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