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Abstract 15 

A 3D virtual fruit tissue generator is presented that can distinctly define the microstructural 16 

components of a fruit tissue and that can be used to model important physical processes such 17 

as gas transport during controlled atmosphere storage. The model is based on the 18 

biomechanics of plant cells in tissues. The main merit of this algorithm is that it can account 19 

for typical differences in intercellular air space networks and in cell size and shape found 20 

between different fruit species and tissues. The cell is considered as a closed thin walled 21 

structure, maintained in tension by turgor pressure. The cell walls of adjacent cells are 22 

modeled as parallel, linear elastic elements which obey Hooke's law. A 3D Voronoi 23 

tessellation is used to generate the initial topology of the cells. Intercellular air spaces of 24 

schizogenous origin are generated by separating the Voronoi cells along the edges where three 25 

Voronoi cells are in contact; while intercellular air spaces of lysigenous origin are generated 26 

by deleting (killing) some of the Voronoi cells randomly. Cell expansion then results from 27 

turgor pressure acting on the yielding cell wall material. To find the sequence of positions of 28 

each vertex and thus the shape of the tissue with time, a system of differential equations for 29 

the positions and velocities of each vertex is established and solved using a Matlab ordinary 30 

differential equation solver. Statistical comparison with synchrotron tomography images of 31 

fruit tissue is excellent. The virtual tissues can be used to study tissue mechanics and 32 

exchange processes of important metabolites. 33 

 34 

Keywords: pome fruit, microstructure, intercellular air space, biomechanics, turgor pressure, 35 

Voronoi tessellation, thin-walled structure, Hooke's law  36 

 37 
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1 INTRODUCTION 38 

The storage life of fruits and, hence, their year-round availability to consumers critically 39 

depends on their gas exchange properties (Ho et al., 2006). The cellular architecture 40 

determines to a large extent the biophysical processes in the fruit (Ho et al., 2009; 2010; 41 

2011; Verboven et al., 2008; Mebatsion et al., 2008). This behaviour is believed to be 42 

essential to understand, for example, the development of storage disorders such as internal 43 

browning (Franck et al., 2007). In some fruits such as pears, which are typically stored under 44 

a controlled atmosphere with reduced O2 and increased CO2 levels to extend their commercial 45 

storage life, anoxia and related physical disorders such as browning may occur, eventually 46 

leading to cell death and commercial loss of the product (Franck et al., 2007). Similar 47 

atmosphere conditions, however, do not seem to affect other fruit such as apples appreciably 48 

(Saquet et al., 2000). Although it is likely that this is related to differences in concentration 49 

gradients resulting from differences in tissue diffusivity and respiratory activity, there is little 50 

information about such gas gradients in fruit in the literature. Such knowledge would be, 51 

nevertheless, very valuable to guide commercial storage practices because disorders under 52 

controlled atmosphere related to fermentation are a prime cause of concern. In addition, tissue 53 

structure also determines to a large extent the internal pathways for gas exchange in plant 54 

tissue (Colmer, 2003). 55 

The principal component to prevent deterioration of pome fruit is postharvest storage 56 

in cool rooms under Controlled Atmosphere (CA), Modified Atmosphere (MA) and Ultra 57 

Low Oxygen (ULO) conditions (Lammertyn et al., 2003). Novel process design 58 

methodologies rely on the simulation of the relevant heat and mass transport processes in the 59 

fruit and its environment using a numerical model. Such models have been developed by 60 

various authors (Lammertyn et al., 2003a; b; Ho et al., 2006; 2008) and rely on the 61 
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assumption that the fruit is a continuum material where gas exchange parameters are 62 

independent of the spatial scale (Mebatsion et al., 2006; 2008). However, unlike the 63 

traditional engineering materials fruit tissue has a complex microstructure. The continuity 64 

hypothesis may not hold and a new modeling paradigm is required to predict gas and moisture 65 

exchange of the fruit in relation to fruit quality preservation. Despite efforts to model both the 66 

spatial and temporal distribution of gases and moisture in a fruit (Ho et al., 2008), the 67 

mathematical models remain incomplete unless the (micro) structure is accounted for. Novel 68 

modelling approaches aim to use numerical models that operate at the microscale to compute 69 

apparent material properties that consecutively can be incorporated into a model that operates 70 

at the macro- or process scale (Ho et al., 2009; 2011). A geometrical model of the tissue at the 71 

microscale is however essential for this purpose. 72 

 73 

Many researchers have succeeded in modeling meristematic tissues using plant cell 74 

growth modeling (Prusinkiewicz and Lindenmayer, 1990; Rudge and Haseloff, 2005; Dupuy 75 

et al., 2008; 2010; Pradal et al., 2009) but no attempt has been made to incorporate: a) the 76 

presence of intercellular air spaces which are important characteristics of pome fruits; b) the 77 

presence of stone cells, for example in pear fruits; c) the presence of different tissue layers 78 

like the epidermis, the hypodermis and the cortex tissue (Abera et al., 2012).  79 

The networks of intercellular spaces form channels for gas transport needed for the 80 

respiratory metabolism. Verboven et al. (2008) measured the 3D void fraction and 81 

microscopic fruit structure in apple and pear by means of synchrotron radiation computed 82 

tomography. Intercellular spaces make up a significant fraction of a fruit ranging from 1% to 83 

25% (Chaplain, 1993; Verboven et al., 2008). Even higher porosity values have been reported 84 

for apple cultivars such as Cameo (32%), Kanzi (28%) and Greenstar (28%) (Mebatsion et al., 85 

2006a), based on 2D micrographs. The volume of air space increases during fruit growth and 86 
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occupies a considerable proportion of the fruit at harvest (Harker and Ferguson, 1988; 87 

Yamaki and Ino, 1992). In plant organs, intercellular air spaces are the predominant pathways 88 

for gas transport (Kuroki et al., 2004; Mendoza et al., 2007). The volume of these 89 

intercellular air spaces continues to increase during fruit growth and enhances the gas 90 

diffusion rates (Rajapakse et al., 1990; Ho et al., 2006).  91 

Because gas exchange depends to a large extent on the structural arrangement of cells 92 

and intercellular spaces (Parkhurst and Mott, 1990; Aalto and Juurola, 2002; Cloetens et al., 93 

2006; Mendoza et al., 2007), the ability to generate the three-dimensional (3D) 94 

microstructural tissue geometry will help to conduct in-silico experiments which will lead to a 95 

better understanding of the exchange mechanisms.  96 

A first approach that has been followed to incorporate microstructural information into 97 

numerical models is to convert 2D microscopic or 3D tomography images into a geometric 98 

model, which can be used in a numerical code for simulating transport phenomena 99 

(Mebatsion et al., 2006a; b; 2008). The drawback of this approach is that the acquisition and 100 

post processing of such images is very time consuming and often requires large scale 101 

infrastructure (synchrotron tomography, see Verboven et al., 2008). As an alternative, a 102 

virtual tissue generation code was recently developed that generates 2D pome fruit tissue at 103 

the microscale (Abera et al., 2012), and which alleviated some of the limitations of the 104 

aforementioned models specified above. Although the method was able to generate 105 

representative 2D pome fruit tissues, many biophysical models for phenomena such as gas 106 

transport during postharvest storage require that the 3D microstructure is resolved, especially 107 

with regard to the intercellular air space network.  108 

In light of this, the objective of this paper was to develop a virtual tissue generation 109 

code that generates a 3D virtual pome fruit tissue based on the biomechanics of plant cells in 110 
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tissues considering typical differences in intercellular air space networks and in cell size and 111 

shape found between different fruit species and cultivars. The generated virtual tissues can 112 

then be used to perform simulations of physiological processes such as gas and moisture 113 

transport or mechanics of tissue damage in fruit tissues, such as shrinkage due to moisture 114 

loss. The virtual tissue generator can be used to generate fruit tissues with the microstructural 115 

domains (cell wall, intracellular air space and the cell cytoplasm) defined distinctly. These 116 

geometries can be used, for example, to model gas transport processes during storage under 117 

controlled atmosphere conditions in fruit tissues (Ho et al, 2009; 2011). 118 

 119 

2 MATERIALS AND METHODS 120 

2.1 Sample preparation, image acquisition and processing 121 

Stacks of 2D slices of synchrotron radiation X-ray tomography images of apple (Malus 122 

domestica Borkh cv. 'Jonagold') and pear (Pyrus communis cv. 'Conference') cortex fruit 123 

tissues were obtained from previous work by Verboven et al. (2008) in the same group. The 124 

resolution of the synchrotron radiation X-ray tomography images was 700 nm per pixel. With 125 

this method, it was possible to distinguish cells, voids and cell walls. As a result, detailed 126 

structural information about the 3D microstructure of the material was acquired. Cell and void 127 

space segmentation on the synchrotron images was performed manually in Avizo 7.0 128 

(Mercury Computer Systems, Bordeaux, France). A wrapping method, enfolding the selected 129 

pixels in 3D, was used to create individual cell volumes allowing to calculate the geometrical 130 

properties of individual cells (Herremans et al., 2012). The statistical distribution of the 131 

geometrical characteristics such as volume, surface area and aspect ratio were used to 132 

calculate statistical fruit tissue information. 133 

  134 
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2.2 The growth model 135 

2.2.1 Governing equations 136 

The model is a 3D extension of the 2D model that was presented by Abera et al. (2012). From 137 

a mechanical point of view, the cell can be considered as a closed thin walled structure, 138 

maintained in tension by turgor pressure. The cell walls of adjacent cells are modeled here as 139 

parallel, linear elastic spring elements which obey Hooke's law, an approach similar to that 140 

used in other plant tissue models (Prusinkiewicz and Lindenmayer, 1990; Rudge and 141 

Haseloff, 2005; Dupuy et al., 2008; 2010). The cellular structure is thus modeled in a 142 

simplified way as a network of interconnected springs, which are connected at vertices. 3D 143 

Voronoi tessellation is used to generate the initial topology of the cellular structure before cell 144 

expansion since it gives a random partition of a 3D space, as opposed to bricks tessellation.  145 

Growth is modeled by considering Newton’s law. The following system of equations 146 

is solved for the velocity v and position x of the vertices i of the cell wall network: 147 

 ,
i

i T i

d
m

dt
=

v
F  (1) 148 

 i

i

d

dt
=

x
v  (2) 149 

where mi is the mass of the vertex which is assumed to be unity; xi [m] and vi [m/s] is the 150 

position and velocity of vertex i, respectively, and FT,i [N] is the total force acting upon this 151 

vertex. Cell expansion is then the result of the turgor pressure acting on a yielding cell wall 152 

material. The resultant force on each vertex, the position of each vertex, and, thus, the shape 153 

of the cells is computed as follows. The total force acting on a vertex is given by 154 

(Prusinkiewicz and Lindenmayer, 1990): 155 

 T turgor s d

f F e E∈ ∈

= + +∑ ∑F F F F  (3) 156 
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which can be equated to zero when the system is at equilibrium. The terms in the right hand 157 

side of Eq. 3 are defined as follows: Fturgor [N] are turgor forces on the set of cell faces F 158 

sharing the vertex, Fs [N] are tension forces from the set of edges (springs) sharing the vertex 159 

and  160 

 
d b= −F v   (4) 161 

is a damping force, expressed as the product of a damping factor b [Ns/m] and the vertex 162 

velocity v. The damping force was included not only to capture the viscous nature of the 163 

matrix but also to give sufficient damping to avoid numerical oscillations in the solution. 164 

The net turgor force on a vertex is calculated by taking the difference in turgor 165 

pressure Pcell [Pa] of the two adjacent cells multiplied by the area of the face and divided by 166 

the number of wall vertices defining the face (which is equal to 3 for triangular faces): 167 

 
1 2

1
( )

3turgor cell cell faceP P A
 

= − 
 

F n  (5) 168 

with n the unit normal vector to the face, while Aface [m2] is the face area. The tension force Fs 169 

[N] acts along the edge (spring) and its magnitude is determined by Hooke's law, 170 

 
s k= −F u  (56) 171 

where k [N/m] is the spring constant, and u [m] is the net elongation vector of the edge 172 

calculated as: 173 

 nl l= −u  (67) 174 

with ln [m] is the resting length of the cell edge, i.e. the natural length of the edge when the 175 

excess turgor pressure would be removed. The spring constant can be calculated from the 176 

Young's modulus of elasticity (E) [Pa], which equals the tensile stress σ [Pa] divided by the 177 

tensile strain ԑ in the elastic (initial, linear) portion of the stress-strain curve: 178 

 0 0

0 0

s s
A l

E
l A

σ

ε
= = =

F F

u u
 (78) 179 
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where Fs is the force exerted on the spring under tension; A0 [m2] is the original cross-180 

sectional area of the spring through which the force is applied; and l0 [m] is the original length 181 

of the spring. 182 

The spring constant can then be derived from this formula and Hooke’s law, which 183 

describes the stiffness of an ideal spring: 184 

 0

0

s

EA
k

l
= = −F u u  (89) 185 

so that  186 

 0

0

EA
k

l
=  (910) 187 

In our model, we have assumed the cross sectional area of the edge to be square and 1 µm², 188 

where 1 µm is a representative cell wall thickness (Mebatsion et al., 2009). Although this 189 

cross sectional area is lower than that of an actual cell wall, this will not affect cell growth 190 

modeling since calibration of the model parameters has performed anyway, as explained in 191 

detail below. The initial resting length of the individual edges obtained from the Voronoi 192 

tessellation is used to calculate the k value.  193 

 194 

From the calculation of cell expansion, cell growth is performed by increasing the 195 

natural length of the springs associated with the growing cell, simulating biosynthesis of cell 196 

wall material. At each time step the spring's extension from its resting length and the 197 

difference between the maximum attainable resting length of the spring and its current resting 198 

length are used to compute the natural lengths of the springs as: 199 

 ( )( )
1n

n n,max n

dl
= l - l l - l

dt τ
 (1011) 200 

where ln,max [m] the maximum resting length of the spring above which the wall cannot 201 

expand irreversibly, and which is determined as a fixed percentage of the initial resting 202 
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length, and τ is a time constant [s]. In this way, the resting length is coupled with the force 203 

balance, by which they can be solved together. In contrast to previous models (Rudge and 204 

Haseloff, 2005), there is thus no need to assume intermediate equilibrium to update the resting 205 

length of the cell wall. 206 

 207 

In order to allow anisotropic expansion, which naturally occurs in reality, the Young's 208 

modulus of elasticity (E) and the maximum resting length (ln,max) can be made to vary 209 

according to the orientation of the walls as follows: 210 

 ( )( )1 1min min+E = E E C λ− −  (1112) 211 

 ( ), ,0 ,01n max n nl C l lλ= − +  (1213) 212 

where Emin is the Young's modulus of elasticity of the walls aligned along the maximum 213 

growth direction, C is the ratio of the maximum resting length of the edges and the initial 214 

resting length of edges (ln,max/ln,0) and λ is a parameter defined between 0 and 1 according to 215 

the orientation of the edges as follows (Rudge and Haseloff, 2005): 216 

 21 cos ( )
2

a
π

λ θ= − +  (1314) 217 

where θ is the angle between the edges and the major axis of the cell and a is the degree of 218 

anisotropy defined on [0, 1]. With a = 0 we get isotropic growth and with a = 1 we have 219 

anisotropic growth in the direction of the major axis of the cell.  220 

2.2.2 Model parameters 221 

We used parameter values for apple fruit cells from literature. Typical values for apple fruit 222 

parenchyma cells for turgor pressure are 0.3 MPa to 1 MPa (Wu and Pitt, 1999) and for the 223 

Young's modulus of elasticity are 26.4-52.8 MPa (Wu and Pitt, 1999). Typical values for cell 224 
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wall thickness are 1.67 ± 0.71 µm for apple cortex and 0.77 ± 0.51 µm for pear cortex, 225 

respectively (Mebatsion et al., 2009), which were also used in this study.  226 

2.2.3 Algorithm 227 

In our model, cells were defined by interconnected faces arranged to form a closed volume, 228 

faces were defined by interconnected linear elastic edges and edges were defined by a pair of 229 

points called vertices. We developed an algorithm based on 3D Voronoi tessellation which 230 

generates a set of points which can be used as vertices. This algorithm searches for vertices 231 

defining an edge, vertices defining a face, vertices defining a cell, a group of faces which 232 

share a common edge, a pair of cells which share a common face. Then the algorithm 233 

calculates the edge length, face area and cell volume and assigns parameter values for edges 234 

and cells in order to calculate the turgor force, tension force, vertex velocity and vertex 235 

position as described above. The algorithm is developed in MATLAB 7.11.0.584 (R2010b). 236 

A 3D Voronoi tessellation is used to generate the vertices, edges, faces and cells of the 237 

starting geometry, based on a given amount of cells. The vertices, edges and faces of the cells 238 

are redefined in such a way that vertices having the same coordinates are considered as one 239 

vertex, edges having the same vertices are considered as one edge and faces separating two 240 

Voronoi cells are merged together and considered as one common face. The direction of an 241 

edge is defined as a unit vector directed from edge vertex 2 to 1. The direction of the edge is 242 

used to calculate the tension force on the edge. The normal direction of a face is defined as 243 

unit vector along the cross product of two vectors which share the first vertex of the face as 244 

their starting point and one other vertex of the face as end point for each of the vectors. The 245 

normal direction of the face is used to calculate the net turgor force on the face. 246 

Two cells sharing a common face are designated 1 and 2 based on the following 247 

principles. The centroids of the two cells are calculated. Subsequently, three vectors are 248 
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defined, each starting from the first vertex of the face. The first vector (zface) ends at the 249 

centroid of the face; the second and third vector (zcentroid,1 and zcentroid,2) end at the centroid of 250 

the first and the second cell, respectively. Then zface Х zcentroid,1 is calculated. If the result is a 251 

vector that is directed upward, then the cell with that centroid is to the left of the face and it is 252 

designated as 1; if it is negative the corresponding cell is to right of the face and it is 253 

designated as 2. This designation helps to calculate the net turgor pressure by the two cells on 254 

the common face.  255 

The vertices of each face of a cell are arranged in an ordered, anti-clockwise manner 256 

as follows: The faces are rotated to be parallel to the XY plane; vectors are calculated to each 257 

of the vertices of the cell starting from the centroid of the face. Then the angles of each of the 258 

vertex vectors from the positive X-axis running anti-clockwise are calculated and arranged in 259 

ascending order. The faces are finally rotated back to their original orientation. This 260 

arrangement of vertices helps: (a) to calculate the area of each face using Green's theorem 261 

and, hence, the surface area of the cells by adding the area of the faces making up the cell, (b) 262 

to triangulate the faces and, (c) to partition the volume of the cells into tetrahedrons using the 263 

centroid of the cells as a common vertex and the triangulated faces as a base. This partitioning 264 

will produce as many non-intersecting tetrahedrons as the number of triangulated faces 265 

making up the cell. The volume of each tetrahedron is calculated as one-sixth of the scalar 266 

triple product of three vectors defined from the centroidal vertex to each of the vertices of the 267 

face. Eventually, the volume of the cell can be calculated as the sum of the volume of the 268 

tetrahedrons partitioning the cell. 269 

A turgor pressure change is imposed to the cells and it induces a mechanical stress in 270 

the walls, which are represented by the cell edges in this study. The whole system of 271 

equations explained before is numerically solved using the Runga-Kutta method in Matlab 272 

(The Mathworks, Natick, MA). The simulation is iterated until an equilibrium state is reached. 273 



13 

 

This equilibrium is assumed once the velocity of all points falls below a given threshold, as 274 

the velocities will go to zero only when the system is in a steady state. The number of 275 

equations solved for is equal to the number of vertices plus the number of edges. The number 276 

of vertices and the number of edges are in turn dependent on the number of cells. In our 277 

simulation, the number of equations solved for pear cortex tissue was 5506, and for apple 278 

cortex tissue was 4765. The simulated time span for the tissue to reach equilibrium is about 5 279 

million seconds (about 2 months). This time span is the time needed for expansive growth of 280 

pome fruits. The solver takes 58,895 function evaluations, which correspond to a CPU time of 281 

1,925 s for pear cortex tissue, and 138,414 function evaluations, which corresponds to a CPU 282 

time of 2,598 s for apple cortex tissue on a 2.67 GHz processor, 48.00 GB RAM and 64 bit 283 

operating system computer. 284 

 285 

2.2.4 Pore generation 286 

Two mechanisms for pore generation were distinguished: cell separation (schizogenous pore 287 

generation) and cell death (lysigenous formation). Starting from the modified Voronoi 288 

tessellation explained above (in the section on the algorithm), the pores of schizogenous 289 

origin were generated by selecting edges of Voronoi cells which are shared by three Voronoi 290 

cells and splitting the cells along these axes. The lysigenous origin pores are pores which are 291 

generated when a cell dies. For this purpose, randomly selected Voronoi cells were removed. 292 

2.3 Sensitivity analysis 293 

A sensitivity analysis of the cell structure to the model parameters was performed to study 294 

how sensitive a particular predicted model output was with respect to small changes in model 295 

parameters (Lammertyn et al., 2003). A comparison of the relative sensitivities between the 296 

different parameters indicates which model parameters most severely influence the resulting 297 
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geometry of the cell structure. A high value of the relative sensitivity of a parameter indicates 298 

that the predicted model solution is highly influenced by a small change in that parameter 299 

value. The relative sensitivity SY of the predicted model output Y with respect to input 300 

parameter X was calculated as follows: 301 

  ,

/

/ 2
X X X X

Y X

Y YY Y X
S

X X X Y

+∆ −∆−∂
= ≅

∂ ∆
                                                       (1415) 302 

The sensitivity of the time history of the resting mean wall length, the actual wall length and 303 

mean cell volume with respect to the model parameters turgor pressure (P), Young’s modulus 304 

of elasticity (E), damping coefficient (b) and maximum resting length of the wall (ln,max) was 305 

calculated. The perturbation of the parameters ∆X was taken equal to 10% of the nominal 306 

value of X, which was used for simulation. 307 

2.4 Statistical analysis 308 

A series of geometrical properties of both microscopic tomography images and virtually-309 

generated cells were calculated and compared statistically. For the virtual tissues, volumes of 310 

cells were calculated by first partitioning the cell volume into as many tetrahedrons as the 311 

number of triangular faces making up the cell volume where all the tetrahedrons have the cell 312 

centroid as their common vertex. The volume of each tetrahedron is calculated as one-sixth of 313 

the scalar triple product of three vectors defined from the centroid vertex to the three vertices 314 

of the face. The volume of the cell is then the sum of the volumes of the tetrahedrons making 315 

up the cell volume. 316 

 The aspect ratio of a cell is defined as the ratio of the major diameter to the minor 317 

diameter of the equivalent ellipsoid. The diameters of the equivalent ellipsoid are calculated 318 

according to the procedure outlined by Mebatsion et al., (2008). 319 

 A two-sample Kolmogorov-Smirnov test is used to compare the distributions of these 320 

different parameters values in two data vectors. The null hypothesis is that both are from the 321 
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same continuous distribution. The alternative hypothesis is that they are from different 322 

continuous distributions. The result of the test is 1 if the test rejects the null hypothesis at a 323 

specified significance level; and it is 0 otherwise. We have used the default 5% significance 324 

level (Justel et al., 1997). For all the statistical analysis we have used the statistical tool box in 325 

Matlab (The Mathworks, Natick, MA). 326 

3 RESULTS 327 

The virtual tissue-generation model was applied to generate different fruit tissues and make 328 

statistical comparisons with real images obtained by synchrotron X-ray tomography. We have 329 

considered different fruits (‘Jonagold’ apple and ‘Conference’ pear) with different 330 

microstructure. Important features to compare are cell size, shape and the presence of air 331 

spaces in the tissues.  332 

Verboven et al. (2008) have demonstrated that the apple cortex contains considerably 333 

larger parenchyma cells and voids than pear parenchyma. Voids in apple often appear larger 334 

than surrounding cells and some cells are not connected to an intercellular space. Voids in 335 

pear cortex tissue, in contrast, are always smaller than parenchyma cells, but each cell is 336 

surrounded by voids. Parenchyma cells in pear have a round shape without distinctive corners, 337 

thus leaving a space for voids that have, from small to large, triangular, rectangular, and few 338 

polygonal cross sections with concave sides, suggesting mainly schizogenous void formation 339 

(Raven, 1996). Apple parenchyma cells more often appear in distorted shapes and one is more 340 

likely to find touching cell corners in apple without an air void. The majority of the voids in 341 

apple cortex tissue have large polygonal concave cross sections, indicating a lysigenous origin 342 

(Raven, 1996). 343 

The different features of the 3D tissue growth model that are discussed are (1) cell size 344 

and shape, (2) pore formation mechanisms, (3) comparison of real and virtual tissue, (4) 345 
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complex tissue generation. The generated tissues are statistically compared to real tissues of 346 

‘Jonagold’ apple and ‘Conference’ pear. 347 

3.1 Cell size and shape 348 

The model is able to generate different tissue types varying in size and shape. For example, by 349 

changing the degree of anisotropy (a in Eq. (14)) from zero to one, it was possible to generate 350 

cells differing in their aspect ratio (AR) from nearly spheroid shaped cell (AR=0.05) to an 351 

elongated cell (AR=0.8) as represented in Fig. 1a and b, respectively. 352 

The cell size can be controlled by changing the ratio of the maximum resting length to 353 

the initial resting length value (C). For example by changing the C value from 3 to 6, it was 354 

possible to generate different cell sizes that vary in volume from 203,870 µm³ to 1,393,000 355 

µm³ as shown in Fig. 1c and d respectively. Different cell sizes can also be generated by 356 

changing the Young's modulus of elasticity (E) of the edges of the cells as demonstrated in 357 

Fig. 1e and f. The E value for the edges of the second cell was doubled in Fig. 1f. The 358 

volumes of the two cells in Fig. 1e were 2,330,000 µm³ each; but in Fig. 1f, the volume of the 359 

cell with doubled E values was much smaller (787,500 µm³) than the other cell (1,950,000 360 

µm³). 361 

These capacities of the model have enabled us to generate tissues of different fruits 362 

and different tissue layers of the same fruit which have different sizes and shapes, as 363 

demonstrated below.  364 

 365 

3.2 Pore generation  366 

As explained above, apple and pear cortex are believed to have different mechanisms of pore 367 

formation. The pore formation mechanism of pear cortex tissue is mostly of schizogenous 368 
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origin while that of apple cortex is of lysigenous origin with some proportion of pores of 369 

schizogenous origin. 370 

3.2.1 Schizogenous origin pore generation 371 

Shizogeneous pores originate from cell separation. A dedicated algorithm was developed to 372 

account for this type of pores (see pore generation in material and methods). The geometry of 373 

the modified Voronoi tessellation and the resulting geometry after the pore generation process 374 

are displayed in Fig. 2a, b, c and d, i.e. before cell growth.  375 

3.2.2 Lysigenous origin pore formation 376 

We have randomly selected and deleted (killed) some Voronoi cells so the volume porosity 377 

approximates that of actual apple cortex tissue. To account for the small proportion of 378 

schizogenous origin, Voronoi edges which are shared by three Voronoi cells were selected 379 

randomly and the Voronoi cells are splited along these edges. The geometry of the modified 380 

Voronoi tessellation and the resulting geometry after the pore generation process are 381 

displayed in Fig. 3a, b, c and d, i.e. before cell growth.  382 

3.3 Comparison of real and virtual tissues 383 

After the initial 3D tessellation, the air spaces have been generated for both apple and pear 384 

cortex tissues, and afterwards the growth equations are applied. The air spaces are assigned a 385 

pressure equal to that of the environment throughout the cell growth simulation. To obtain 386 

realistic tissues, the simulation parameters (a and C, from Eq. (14) and Eq. (12), respectively) 387 

are optimized by minimizing the difference between the geometrical property distributions of 388 

the virtual tissue and the real tissue. This is actually a calibration of the model with 389 

information on the microstructure of real tissue. The end results are virtual tissues (Fig. 4a and 390 

b) which have topologies that are very similar to those observed with synchrotron 391 
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microtomography (Fig. 4c and d). Here a cross section through the virtual tissue is shown. 392 

The parameters used for this simulation were Pcell = 1 MPa, Emin = 30 MN/m2, b = 3.5 Ns/µm, 393 

C = 4.7, and a = 0.55 for apple cortex tissue and Pcell = 1 MPa, Emin = 30 MN/m2, b = 3.5 394 

Ns/µm, C = 4.1, and a = 0.64 for pear cortex tissue. Thus, the different tissues can be 395 

generated by changing the cell wall mechanical parameters and the anisotropic properties of 396 

the cells. 397 

 398 

The statistical comparison between volume and aspect ratio distributions of the 399 

synchrotron microtomography images and virtual tissues are represented in Fig. 5a, b, c, and 400 

d, based on 98 and 115 cells (pear and apple tissue, respectively) for the tomography images 401 

and 25 and 38 cells (pear and apple tissue, respectively) for the virtually-generated tissue. 402 

The volume of the individual virtual apple cells ranges from 2.19х106 µm3 to 403 

12.99х106 µm3 with an average value of 5.84х106 µm3 and the volume of the individual real 404 

apple cells ranges from 2.01х106 µm3 to 11.97х106 µm3 with an average value of 5.58х106 405 

µm3 while the aspect ratio value ranges from 0.341 to 0.749 with an average value of 0.593 406 

for the virtual cells and from 0.364 to 0.781 with an average value of 0.6023 for the real cells. 407 

The volume of the individual virtual pear cells ranges from 7.1502х105 µm3 to 408 

6.3884х106 µm3 with an average value of 2.0212х106 µm3 and the volume of the individual 409 

real pear cells ranges from 6.032х105 µm3 to 5.3361х106 µm3 with an average value of 410 

2.0812х106 µm3 while the aspect ratio value ranges from 0.358 to 0.773 with an average value 411 

of 0.627 for the virtual cells and from 0.313 to 0.811 with an average value of 0.632 for the 412 

real cells. 413 

A sensitivity study was performed and the results of the study are presented in Fig. 6a 414 

and b. The values of turgor pressure and maximum resting length have a strong influence on 415 

the mean cell volume and mean cell wall resting length. In contrast, the wall Young’s 416 
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modulus of elasticity has negative influence on these output parameters. Likewise, the 417 

damping coefficient has a small effect, which is negative (not noticeable from the figure).  418 

3.4 Complex tissue structures 419 

3.4.1 Skin tissue 420 

Epidermis tissue of pome fruit is the outermost single cell layer, covered with a thin cuticle. It 421 

provides mechanical protection and allows gas and water exchange and has rather thick cell 422 

walls. Beneath the epidermis is the hypodermal tissue which is composed of a few layers of 423 

collenchyma cells characterized by thick cell walls and no intercellular air spaces. The 424 

hypodermal tissue mainly acts as a supportive tissue. A synchrotron radiation X-ray 425 

tomography study of ‘Jonagold’ apple fruit showed the epidermis as a single layer of brick-426 

structured smaller cells beneath the cuticle, the hypodermis as four layers of tightly packed 427 

collenchyma cells below the epidermis (Verboven et al., 2008). The considerably thick cell 428 

walls were clearly visible from the phase contrast images, mainly at the cell corners, as was 429 

the absence of intercellular air spaces. The underlying cortex contained considerably larger 430 

parenchyma cells and voids. The cell walls of the cortex tissue are thinner than the 431 

hypodermis tissue (Verboven et al., 2008).  432 

In order to model tissues of this type, we initiated the Voronoi tessellation with a 433 

single layer of brick structured cells on top of it. Voids are assigned randomly to the cortex 434 

region only. The cell walls of the epidermal and hypodermal cells are assigned a higher 435 

Young's modulus of elasticity (three times higher) than the cell walls of the cortex cells. The 436 

resulting geometry after growth is shown in Fig. 7a and resembles the real tissue that is 437 

depicted in Fig. 7b.  438 
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3.4.2 Stone cells 439 

Pear fruit cortex tissue also differs from apple fruit tissue by the presence of stone cells. Stone 440 

cells are also known as brachysclereids. These are small aggregates of cells that cease growth 441 

during fruit maturation, which is associated with a strong lignification of the cell wall 442 

(Verboven et al., 2008; Tao et al., 2009). The surrounding cells that continue to grow evolve 443 

into elongated shapes. There are very little or no voids in between the brachysclereids 444 

themselves (Verboven et al., 2008). In order to model such phenomena, we initiated the 445 

growth model by randomly assigning some aggregates of cells to be stone cells. The cell walls 446 

of those cells are assigned a very high Young's modulus of elasticity (hundred times higher 447 

than the cortex cell walls) due to the strong lignification of the stone cells, and their growth 448 

rate has been set to be zero. The resulting geometry is presented in Fig. 8a and the 449 

corresponding pore network around the stone cells is shown in Fig. 8b. The structure 450 

resembles nicely the one observed in pears (Fig. 8c and d). 451 

 452 

4 DISCUSSION 453 

The 3D virtual pome tissue generator is able to generate tissues of different pome fruit. The 454 

cell size and shape differences in pear cortex tissue and apple cortex tissue are obtained by 455 

implementing different maximum resting length of the cell walls and different cell wall 456 

stiffness (e.g., by including a degree of anisotropy) in the model. In addition to cell size and 457 

shape, the difference in the size of the intercellular air spaces and their connectivity is 458 

recognized in our model by implementing different pore formation mechanisms. The 459 

arrangement of different tissue layers which are observed from the skin to the cortex 460 

(epidermis, hypodermis and cortex) and particular features such as stone cells can also be 461 

accounted for by our model.  462 



21 

 

The realization of such different 3D tissue types is a significant step towards 463 

understanding the function of tissue morphology for the following reasons. First, the 464 

presented methodology generates the morphology as a resolved 3D computer model with 465 

direct access to all morphological parameters. 3D imaging methods today require substantial 466 

image processing to obtain such a computer model, and have limitations in resolving 467 

microscopic features such as cell walls (Verboven et al., 2008). Second, knowledge of the 3D 468 

morphology is essential to assess gas and moisture exchange. The surface area available for 469 

exchange mechanisms can be different even for cells with the same volume but different 470 

shapes. The size and connectivity determines the tortuosity of the void channels, which are 471 

the main pathways for gas exchange. The new geometric models support the hypothesis that 472 

differences in effective diffusivity between fruits is related to tissue microstructure (Verboven 473 

et al., 2008; Ho et al., 2008; 2009; 2011). Third, mechanical properties that determine fruit 474 

texture are determined by the cell morphology. The presented model provides a direct 475 

approach to tissue morphology from cell mechanics. It thus provides a tool to further 476 

elaborate the modeling of Dintwa et al. (2011) of single cell mechanics, and Loodts et al. 477 

(2006) and Abera et al. (2012) of 2D tissue, while providing a theoretical basis to verify the 478 

micromechanical observations made by Cybulska et al. (2010), Alamar et al. (2008), Oey et 479 

al. (2007) and Vanstreels et al. (2005). 480 

 The virtual tissue geometry could be transferred into a format that can be used directly 481 

in computer aided design and engineering software, such as finite element and computational 482 

fluid dynamics programs via an interfacing Matlab code (The Mathworks, Natick, MA). For 483 

this purpose, the cell symplast volume was defined by shrinking the cell geometry until the 484 

desired cell wall thickness was obtained. The faces of the cell and cell symplast were 485 

converted into a standard geometric object and then coerced into a solid object. The cell wall 486 

network volume was then defined by taking the difference between the cell volume and the 487 
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cell symplast volume. The cell volume, the pores volume and the cell wall volume were then 488 

exported as separate bodies so that different conditions could be specified. The separately 489 

defined bodies can then be meshed (Fig. 9a and b). As the domains are defined separately, 490 

coarsening and refinement of the mesh size is possible for the individual domains. These 491 

meshed representative virtual tissues can be used for the simulation of gas and moisture 492 

transport in pome fruit tissues under steady state and transient simulation conditions, or for 493 

cell mechanics calculation for particular loading of the tissue.  494 

The current model also still has limitations. In the core region of pears, and throughout 495 

the cortex of apple, vascular bundles are present. The xylem vessels, mostly void after 496 

harvest, are surrounded by densely packed phloem cells. In particular the vessels that are 497 

grouped in bundles of 20 to 30 (Verboven et al., 2008), will require a different modeling 498 

approach. Cell division and the physiological control mechanisms that dictate biomolecule 499 

synthesis which in turn alter the osmotic potential of the cell for water uptake are not yet 500 

incorporated in the current model. Developing a cell division model and a physiological 501 

model taking into account these aspects are the next research question to be addressed. 502 

Progress in this area is made by Fleming (2006), Szymanowska-Pułka and Nakielski (2010), 503 

Dupuy et al. (2007; 2010). Note also that the proposed model is rather simplified as it models 504 

the cellular tissue as a network of interconnected springs, which are connected at vertices, and 505 

where only the forces in the springs and vertices are modeled. Such modeling has however 506 

been used frequently in modeling of the cellular structure of plants. Finite element modeling 507 

of cell growth can however result in an even more accurate representation of the cellular 508 

structure, due to its higher spatial resolution. 509 

A particular feature which should be acknowledged when using the model is that prior 510 

to virtual tissue generation, the model parameters need to be calibrated first, i.e. for each new 511 

species/cultivar, based on microscale information of the cellular structure of the fruit species 512 
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under study, which can be obtained for example by X-ray tomography. A particular advantage 513 

of this virtual tissue generator is that, after calibration, it allows to generate a large amount of 514 

virtual tissues for a particular fruit, which can mimic biological variability to some extent. 515 

Such a large set of geometrical models is especially of use when performing statistical 516 

analysis (e.g., Monte Carlo simulation). 517 

5 CONCLUSION 518 

The developed 3D virtual tissue generator algorithm is able to generate realistic virtual fruit 519 

tissues based on the biomechanics of cells in tissues. The algorithm was shown to produce 520 

cell architectures that are very similar to measured tissue structures of the pear and cortex 521 

tissue with intercellular air spaces. The main merit of this algorithm is that it can account for 522 

typical differences in intercellular air space networks and in cell size and shape found 523 

between different fruit species and tissues. The resulting microstructural features composed of 524 

the symplast, cell walls and intercellular space can be generated separately. Such geometric 525 

representation of the fruit microstructure is the founding component of multiscale modeling of 526 

transport phenomena and mechanical deformation of fruits. 527 

 528 

The use of these models will lead to improved knowledge of the function of tissue 529 

morphology. The virtual geometries can be used in finite element simulations to study the 530 

transport mechanisms of gas and moisture across the cells and inside intercellular spaces to 531 

understand the physiological disorders inside a fruit tissue, and in a future perspective, the 532 

coupled phenomena of moisture migration and mechanics. To achieve this, microscale models 533 

of gas, moisture and mechanics need to be implemented and combined. The result of such 534 

simulations will provide representative tissue properties of specific fruits. The behavior of the 535 

fruit during storage and shelf life can consequently be studied by multiscale modeling. Such 536 
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integration of microscale and macroscale models will be achieved by appropriate 537 

homogenization procedures. 538 

 539 

 540 
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Figure 1. Illustration of different cell size and shape generation: cells obtained with different 658 

degrees of anisotropy (a in Eq. (14)) (a and b); cells obtained with different C values (c 659 

and d); and cells obtained with different E values (e and f). 660 

Figure 2. Illustration of tissue generation with intercellular air spaces of schizogenous origin 661 

(e.g., pear tissue): (a) modified Voronoi tessellation; (b) initial tessellation after pore 662 

generation; (c) cross section view of (a); and (d) cross section view of (b). The number of 663 

cells used for this demonstration  are 16.  664 

Figure 3. Illustration of tissue generation with intercellular air spaces of lysigenous origin and 665 

a small proportions of schizogenous origin (e.g., apple tissue): (a) modified Voronoi 666 

tessellation; (b) initial tessellation after pore generation; (c) cross section view of (a); and 667 

(d) cross section view of (b). The number of cells used for this demonstration  are 16. 668 

Figure 4. Visual comparison of real tissue and virtual tissue: (a) virtual apple cortex tissue; (b) 669 

virtual pear cortex tissue; (c) synchrotron radiation tomography image of apple cortex 670 

tissue; and (d) synchrotron radiation tomography image of pear cortex tissue. Both the real 671 

and the virtual geometries shown in the figure are cut sections so that each of the faces 672 

represents cross sections of the tissue. 673 

Figure 5. Statistical comparison of geometric properties of real and virtual tissue. (a) 674 

cumulative cell volume distribution of apple cortex tissue; (b) cumulative cell aspect ratio 675 

distribution of apple cortex tissue; (c) cumulative cell volume distribution of pear cortex 676 

tissue; and (d) cumulative cell aspect ratio distribution of pear cortex tissue. 677 

Figure 6. Sensitivity plots of (a) mean resting wall length; and (b) mean cell volume to the 678 

model parameters. 679 

Figure 7. (a) Illustration of apple skin tissue with epidermal, hypodermal and cortex layers: 680 

(a) a virtual apple cortex tissue; (b) structural 3D model obtained from a synchrotron 681 
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tomography image of apple tissue. The components are marked as cuticle (cut), epidermis 682 

(epi), hypodermis (hypo), cortex (cor), intercellular spaces (int). 683 

Figure 8. Illustration of pear tissue with stone cells. (a)  virtual pear tissue characterized by 684 

elongated cells and pores around the stone cells; (b) virtual intracellular airspace network 685 

around the stone cells showing the interruption of the network where stone cells are 686 

present; (c)  synchrotron tomography images with stone cells; and (d) intracellular 687 

airspace network around the stone cells obtained from synchrotron tomography images. 688 

Figure 9. Geometrical model of virtual apple cortex tissue with mesh (ANSYS ICEM): (a) 689 

general overview;  (b)  view of the  cell wall.  690 
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Figures 691 

 692 

 

 

Figure 1. Illustration of different cell size and shape generation: cells obtained with 

different degrees of anisotropy (a in Eq. (14)) (a and b); cells obtained with different C 

values (c and d); and cells obtained with different E values (e and f). 
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Figure 2. Illustration of tissue generation with intercellular air spaces of schizogenous 

origin (e.g., pear tissue): (a) modified Voronoi tessellation; (b) initial tessellation after 

pore generation; (c) cross section view of (a); and (d) cross section view of (b). The 

number of cells used for this demonstration  are 16.  
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Figure 3. Illustration of tissue generation with intercellular air spaces of lysigenous origin 

and a small proportions of schizogenous origin (e.g., apple tissue): (a) modified Voronoi 

tessellation; (b) initial tessellation after pore generation; (c) cross section view of (a); and 

(d) cross section view of (b). The number of cells used for this demonstration  are 16. 
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Figure 4. Visual comparison of real tissue and virtual tissue: (a) virtual apple cortex tissue; 

(b) virtual pear cortex tissue; (c) synchrotron radiation tomography image of apple 

cortex tissue; and (d) synchrotron radiation tomography image of pear cortex tissue. 

Both the real and the virtual geometries shown in the figure are cut sections so that 

each of the faces represents cross sections of the tissue. 
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Figure 5. Statistical comparison of geometric properties of real and virtual tissue. (a) 

cumulative cell volume distribution of apple cortex tissue; (b) cumulative cell aspect 

ratio distribution of apple cortex tissue; (c) cumulative cell volume distribution of pear 

cortex tissue; and (d) cumulative cell aspect ratio distribution of pear cortex tissue. 
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Figure 6. Sensitivity plots of (a) mean resting wall length; and (b) mean cell volume to the 

model parameters. 
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Figure 7. (a) Illustration of apple skin tissue with epidermal, hypodermal and cortex 

layers: (a) a virtual apple cortex tissue; (b) structural 3D model obtained from a 

synchrotron tomography image of apple tissue. The components are marked as cuticle 

(cut), epidermis (epi), hypodermis (hypo), cortex (cor), intercellular spaces (int). 
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Figure 8. Illustration of pear tissue with stone cells. (a)  virtual pear tissue characterized by 

elongated cells and pores around the stone cells; (b) virtual intracellular airspace 

network around the stone cells showing the interruption of the network where stone 

cells are present; (c)  synchrotron tomography images with stone cells; and (d) 

intracellular airspace network around the stone cells obtained from synchrotron 

tomography images. 
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Figure 9. Geometrical model of virtual apple cortex tissue with mesh (ANSYS ICEM): (a) 

general overview;  (b)  view of the  cell wall. 
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