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Abstract 
The study of the microstructure of frozen vegetables may by very useful to predict and control their 
behaviour during thawing. In general, plant tissue may be considered as a deformable porous medium, 
described as an array of cells and pores that might eventually be represented by a tessellation of irregular 
polygons, known as Voronoi diagram. The main objective of this work was to assess whether Voronoi 
diagrams were able to simulate the structure of raw and frozen carrots. The application of Voronoi 
diagrams to simulate structura change of plant tissue during freezing will be further explored 
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1. Introduction 
 
The Voronoi tessellation is a convenient 
and powerful method to carry out a random 
discretisation of space. Voronoi diagrams 
generated by a random distribution of 
points are an important tool of stochastic 
geometry. According to its definition, a 
Voronoi diagram for a finiteset of data 
points in a plane is the set of convex 
polygons, where the sides are the locus of 
points which are closer to the point 
enclosed by the polygon than to any other. 
These polygons, that were first studied by 
the Russian mathematician G. Voronoi, are 
irregular and convex. They are also called 
Dirichlet regions, Thiessen polygons or 
Wigner–Seitz cells, but the more 
descriptive term  is proximal polygons. 
   

  

Voronoi diagrams have been widely used to 
model structured media: liquids, polycristals 
and proteins. They have also been applied to 
model the fragmentation of the universe. In 
archaeology, Voronoi polygons are used to 
map the spread of the use of tools in ancient 
cultures, and in ecology diagrams of field 
species are used to investigate the effect of 
overcrowding. 

Literaturte on the use of Voronoi diagrams to 
model food microstructure is very scarce 
(Ilincanu, L.A et. al). The objective of this work 
was to assess the applicability of Voronoi 
diagrams to simulate raw and frozen carrots 
structure, using SEM micrographs as the 
source of information for cell size and cell 
distribution. 
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2. Materials and methods 
 
Materials.Frozen carrots pieces 
The carrots were cut of the disc with 
diameter 30 mm and thickness 2-4 mm, 
blanching at 80 0C, 90 0C, 95 0C, by time 2, 
5, 10 min and freezing at the temperature -
15...-20 0C and -20...-25 0C. 

Raw carrots pieces 
Carrots (Nanets) were bought at a local 
supermarket. The carrots were slice into 2-
4 mm thick slices under disc forms. 

Methods. The Voronoi diagram 
There are different algorithms described in 
literature to draw a Voronoi diagram. 
These algorithms are based on general 
concepts of computational geometry, such 
as the concepts of closest pair, or nearest 
neighbour, among others, and differ in their 
complexity and efficiency. 

Fortunately, software for constructiong a 
Voronoi diagram starting either form a set 
centroids or from the coordinates of the 
vertices is available. In our simulations we 
used Mathematica 6.0, starting from points 
representing the centroids of each cell and 
intercellular spaces of the apple tissue, 
which were determined as described below. 

Image analysis. SEM micrographs were 
downloaded to a computer and the 
centroids of the cells and pores were 
determined by image analysis. The main 
steps were the following: 
- Inversion of the picture to get a better 

contranst of the outline of the 
cells(because the SEM micrographs 
have predominantly grey colours);  

- Transformation of the picture into 
binary mode by thresholding(each 
pixel below a given value- the 
threshold level – becomes 0 or white 
colour, whereas every pixel above the 
threshold level becomes 255 or black 
colour); 

- Particle analysis(the software allows to 
contour the regions with continuous 
black colour and it also determines the 
coordinates of the centroids); 

 - The matrix of the coordinates of the 
centroids was then exported to 
Mathematica 6.0. 

 
3. Results and discussion 
 
The texture is an important quality for fruits 
and vegetables. The freezing process causes 
severe destruction of the cellular membrane. 
For carrots, the texture modification is due to 
the balancing, but the further modifications 
during freezing and storage are low.  

The appearance of these defects is due to the 
modifications of the cellular walls as a result 
of different physical and physic-chemical 
processes during the freezing process.  

The pressure between the cytoplasm and the 
cellular walls causes the appearance of 
turgescences and the building up of a thin 
boundary layer. The turgescence represents 
the mechanical rigidity of the vegetal tissue 
and the crispy aspect of the raw carrot.  

In fig.1a it can be noticed the crispy aspect 
given by the mature cells, that have big 
vacuoles that are separated from the 
cytoplasm by a single membrane (tonoplast). 
In figure 1b the structure of the frozen but not 
blanched carrot it is presented. It can be 
noticed that the crispy aspect of the raw carrot 
has not disappeared yet.  

After the blanching process the solidity of the 
tissue is falling. The crispy aspect of the raw 
carrot disappears as a result of the freezing 
and thawing process. (fig.2,3).  

In this case the cellular membrane is torn 
apart due to the ice crystals that are formed 
and this causes the decrease of the cellular 
resistance due to the water absorption as well 
as the dehydration of the carrots.  

As a result of this phenomena texture 
modifications take place (the loss of the 
turgescence and the increase of the cracks 
from the tonoplast).  

In order to highlight these modifications the 
Voronoi diagram was used.  
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                     a.               b. 

 
Figure 1. SEM micrograph: a.raw carrot; b. frozen unblanching carrot 

 

                          
                                  a.                         b.                                             c. 

Figure 2. SEM micrograph frozen carrot: – 15.....-20  0C: 
a. blanching carrot la 80 0C /10min ; b. blanching carrot 90 0C/10min;  

c. blanching carrot 95 0C/10min 
 
 

                         
                                         a.          b.                                         c. 

Figure 3. SEM micrograph frozen carrot :-20…-25 0C: 
a. blanching carrot la 80 0C /10min ; b. blanching carrot la 90 0C /10min ; 

 c. blanching carrot 95 0C/10min 
 

   
 

Figure 4. SEM micrograph of raw carrot tisue and the 
 corresponding Voronoi diagram  
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The matrix with the coordinates of the 
centroids was used to generate the Voronoi 
diagram using Mathematica 6.0. Similarity 
was in general very good(fig.4), although 
two situations were found were the 
Voronoi diagrams failed to reproduce the 
original micrographs:  

- The first case occurred when very 
large cells were surrounded by very 
small ones. Because of the 
characteristics of the Voronoi 
tessellation algorithm, edges must be 

 equally distanced between two 
neighbouring centroids and this 
promotes a levelling effect as shown in 
fig.5. 

- The second case occurred when the 
cells were concave(fig.6). By 
definition, the Voronoi diagram is a set 
of convex polygons. Therefore, the 
situation where the cell is 
concave(either as a result of processing 
or during sample preparation for the 
SEM) cannot be well described. 

 
 

 
Figure 5. Levelling effect of neighbouring cells with different size 

 
 

 
   

         Figure 6. Cells with concave shapes 
 
4. Conclusions 
 
Despite teh above mentioned limitations, 
the carrots tissue could be adequately 
described using a Voronoi tessellation 
approach. This approach can eventually be 
extended to other plant tissues that are 
deformable porous media. SEM 
micrographs provide valuable information 
for generating the corresponding Voronoi 
diagram. 
  

  

By changing the location of the vertices of the 
Voronoi polygons, one can model structural 
changes at cellular level. Thus, Voronoi 
diagrams will be further used to simulate the 
loss turgescence phenomena that occur during 
the thawing carrots tissue. 
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