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Abstract

Plant tissue has a complex cellular structure which is an aggregate
of individual cells bonded by middle lamella. During drying processes,
plant tissue undergoes extreme deformations which are mainly driven by
moisture removal and turgor loss. Numerical modelling of this problem
becomes challenging when conventional grid-based modelling techniques
such as finite element and finite difference methods are considered due
to grid-based limitations. This work presents a meshfree approach to
model and simulate the deformations of plant tissue during drying. This
method demonstrates the fundamental capabilities of meshfree methods
in handling extreme deformations of multiphase systems. A simplified
two-dimensional tissue model is developed by aggregating individual
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cells while accounting for the stiffness of the middle lamella. Each
individual cell is simply treated as consisting of two main components:
cell fluid and cell wall. The cell fluid is modelled using smoothed particle
hydrodynamics and the cell wall is modelled using a discrete element
method. Drying is accounted for by the reduction of cell fluid and wall
mass, and turgor pressure, which causes local deformations of cells,
eventually leading to tissue scale shrinkage. The cellular deformations
are quantified using several cellular geometrical parameters and a good
agreement is observed when compared to experiments on apple tissue.
The model is also capable of visually replicating dried tissue structures.
The proposed model can be used as a step in developing complex tissue
models to simulate extreme deformations during drying.
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1 Introduction

Plant food materials contain up to 90% water [1] and as a result are highly
susceptible to biological spoilage. Drying is a technique used to remove excess
water from food materials, which helps to significantly reduce biological
reactions and related spoilage. During drying, significant microstructural
deformations occur that eventually influence bulk level deformations and
physical property changes of the food material. These cellular and bulk
level deformations are mainly driven by the moisture content of the plant
tissue [2|, drying temperature [3] and cell turgor pressure [4]. Such structural
deformations need to be analysed and carefully controlled in the quality
control and process optimization of food engineering. To assist such industrial
applications, microscale empirical [5] and theoretical models 6] are frequently
developed on plant-based food materials. However, not much research has
been conducted on numerical models for microscale deformations of food
materials during drying. Several plant cell numerical models are based on finite
element methods (FEM) and finite difference methods (FDM) |7, 8, 9]. These
models were primarily developed for basic cell mechanical behaviour studies
rather than drying. Extending these models to cellular drying mechanisms
is highly challenging due to the fundamental limitations of such methods
in treating the complex physics of dried cells and tissue. These limitations
include: multiphase phenomena due to the presence of liquid, solid and gas
phases; excessive boundary deformations; discrete characteristics of the tissue
materials due to the aggregated cellular structure; and multiscale relationship
between sub-cellular scale and bulk scale deformations. Recently developed
meshfree methods [10, 11] and variations [12, 13] are proving more suitable
since they do not use any interconnected grids, unlike grid-based techniques
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such as FEM and FDM [10].

Smoothed particle hydrodynamics (SPH) is a well researched particle-based
meshfree technique, initially developed for astrophysical applications [14].
SPH defines a given problem domain as a set of non-interconnected particles
that carry physical properties and evolve with time. SPH is quite adaptive and
new physics is easily incorporated [10]. With the use of SPH and a discrete
element method (DEM), Van Liedekerke et al. [15, 16] recently developed a
comprehensive numerical model to study the basic mechanical responses of
plant cells. However, there is a clear research gap for a numerical model
based on meshfree methods, specifically for deformations of plant cells during
drying. To fulfil this gap, Karunasena et al. [17, 18, 19, 20| developed a
SPH-DEM based single cell model to study drying related cellular deformation.
This is a continuation of that work and our main focus here is to introduce
a basic tissue model based on the previous single cell model with several
improvements.

2 Modelling of individual cells and tissue

2.1 2D representation of plant cells in tissue

Figure 1(a) shows a simplified cell arrangement of tissue where the basic shape
of any plant cell is approximated by a cylinder with a uniform longitudinal
cross section (Figure 1(b)). Here, the top circular surface of any such cell
is used as a 2D model of the whole cell [19, 20]. The model incorporates
two main components: cell fluid and cell wall. SPH is used to model the cell
fluid by approximating it to an incompressible viscous fluid. The cell wall is
approximated by a solid boundary and modelled with DEM. Then, in order to
satisfy the general modelling requirements of both SPH and DEM, the problem
domain is described by two sets of particles: cell fluid particles and cell wall
particles, as shown in Figure 1(c).
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Figure 1: (a) A plant tissue simply represented as an aggregate of cylindrical
cells; (b) a 2D model to represent any cylindrical cell; (c¢) particle scheme
used for the 2D cell model: fluid model based on SPH particles and wall model
based on DEM particles; and (d) discrete elements of the cell wall.

2.2 Cell wall model

As well as the basic cell wall model features introduced by Karunasena
et al. [19], two additional features are used for the cell model: cell wall
contractions and moisture removal during drying [20]. The cell wall is first
discretised into a set of interconnected elements, as shown in Figure 1(d).
Then, each of these elements is represented by a particle that has the physical
properties of the wall element. A chain of such particles represents the
complete cell wall, where cell wall deformations are referred to as particle
displacements. As seen in Figure 2, the wall model involves seven types of
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Figure 2: Force interactions of the DEM-based cell wall model: wall stiff
forces Fy; , wall damping forces F% , wall-fluid repulsion forces FJ! ; non-bonded
wall-wall repulsion forces F}", wall-fluid attraction forces Fy;, forces due to
wall bending stiffness F% and forces for cell wall contractions during drying Fy; .
Here, 1 represents fluid particles and j, k, 1 represent wall particles.

force interactions: cell wall stiff forces F¢, wall damping forces F¢, wall-fluid
repulsion forces F'f, non-bonded wall-wall repulsion forces F™, wall-fluid
attraction forces F¢, forces due to the bending stiffness of the wall F°, and
cell wall contraction forces F¢. The total force on any wall particle k is

F =F + Fo + RS+ B+ Fo + B+ F, (1)

where 1 is any neighbouring fluid particle, j is any bonded wall particle and 1 is
any non-bonded wall particle. Detailed formulae for all forces were derived by
Karunasena et al. [19, 20|, and the details are not included here. Furthermore,
Karunasena et al. [20] hypothesized that cell wall mass proportionately reduces
along with the cell fluid mass during drying. When simulating drying cells,
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Figure 3: The cell fluid model uses four types of force interactions within
the SPH particle scheme: pressure forces F}, , viscous forces F};, , wall-fluid
repulsion forces F}' and wall-fluid attraction forces F§ . Here, 1,1’ represent
fluid particles and j, k represent wall particles.

cell wall mass is set proportional to the normalised moisture content of the
fresh cell and is constant over time.

2.3 Cell fluid model

Since cell fluid is mainly a water-based solution, SPH is used to numerically
model the cell fluid by treating it as a high viscous incompressible Newtonian
fluid with low Reynolds number flow characteristics [15, 16]. We use a similar
cell fluid model to that of Karunasena et al. [19, 20], involving four types of
force interactions: fluid pressure forces FP, fluid viscous forces F’, wall-fluid
repulsion forces F™ and wall-fluid attraction forces F* (see Figure 3). The
resultant effect of these forces gives the total force on any fluid particle i as
influenced by the neighbouring fluid particles i" and wall particles k:
Fi=F + o+ F+ Pk (2)

i’
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2.4 Tissue generation

A basic tissue model is introduced which consists of seven cells and our
objective is to introduce the fundamental tissue model behaviour during
drying, rather than focusing on the complexities of bulk tissue. However, this
fundamental tissue arrangement can be used as a step in developing larger
tissue structures by aggregation. Following the tissue generation approach
introduced by Van Liedekerke et al. [16], a set of individual cells are initiated
as squares and aggregated into a simplified tissue structure (see Figure 6(a))
by maintaining a fixed initial gap between them. The model accounts for the
key physical property of the middle lamella (composed of pectin): its stiffness.
Accordingly, the adjacent wall particles are linked by one-to-one linear spring
force interactions .

Fleq._pectln — —kpAXk]' 7 (3)
where k and j are adjacent wall particles of any two cells, k, is the stiffness of
the pectin layer (see Table 1) which was selected after several trial simulations.
The Axy; is the change in the distance between particle k and j, compared to
the initial pectin layer thickness (see Table 1). Further, to avoid overlapping
of cells, repulsion forces act between the cell wall particles, defined as LJ force
interactions [19], with a contact strength of fis:

B=) fixg. (4)
j
This wall particle-based cell-cell interaction model is computationally much

more efficient than the fluid particle based method proposed by Van Liedekerke
et al. [15, 16], since there are fewer neighbouring particle pairs.

2.5 Computational setup and validation

This model was firstly used by Karunasena et al. [20] to model a fresh cell and
Table 1 shows the values used for key model parameters and physical proper-
ties. For a dried cell Karunasena et al. [19] used a moisture-content-domain
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Table 1: Key parameter values used to model a fresh apple tissue

Parameter Value Source
Initial cell diameter (Do) 150 pm [21]
Initial cell height (Z,) 100 pm [16]
Wall initial thickness (To) 6 um [9]
Initial cell fluid mass 1.77 x 107 kg calc. [19]
Initial cell wall mass (10% of cell fluid 1.77 x 10~ "%kg calc. [16]
mass)

Fluid viscosity (p) 0.1Pas [15, 16]
Initial fluid density (po) 1000 kgm 3 set
Fresh cell turgor pressure (Pr) 200 kPa 8, 16]
Fresh cell osmotic potential (TT) —200kPa [15, 16, —Pr]
Wall permeability (Lp) 25x107°m2N""s  set

Wall shear modulus (G) 18 MPa [9, 16]
Wall bending stiffness (ky) 1x107""Nmrad™' set

Wall damping ratio (y) 5x10°Nm™'s set [16]
Fluid compression modulus (K) 20 MPa [16]

Wall contraction force coefficient (Kye) 4 x 10*Nm™' [20]
Empirical factors on cell wall contrac- 0.2,0.9 [20]
tions (a, b)

LJ contact strength for wall-fluid repul- 1 x 1072 Nm ™' set

sions (f5)

LJ contact strength for wall-wall repul- 1 x 1072 Nm™' set

sions (f3")

LJ contact strength for wall-fluid at- 2 x 1072 Nm™' set
tractions (f§)

LJ contact strength for cell-cell repul- 1 x 1072 Nm™" set

sions (fy°)

Pectin layer stiffness (k) INm™' set
Pectin layer thickness (T,) 5um set
Initial smoothing length (hy), nor- 1.3 set

malised by initial fluid grid spacing
Time step (At) 1x1077s set
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based approach rather than a conventional time-domain based approach.
Additionally, Karunasena et al. [20] hypothesized that turgor pressure re-
mains positive throughout the drying cycle and gradually decreases with the
reduction of the cell fluid mass. Therefore, the turgor pressure is simply taken
to be proportional to the moisture content of the dried cell. Accordingly,
with a fresh cell turgor pressure of 200 kPa and normalised fresh cell moisture
content X/Xo = 1.0, the dried cells with normalised moisture content 0.8, 0.6,
0.4, 0.3 and 0.2 were simulated by using initial turgor pressures of 160 kPa,
120 kPa, 80 kPa, 60 kPa and 40 kPa. The magnitude of the osmotic potential
is set equal to the initial turgor pressure in each case and is constant over
time [19, 20]. In each case, we set the initial cell wall mass to 0.8, 0.6, 0.4,
0.3 and 0.2, normalised by the the fresh cell wall mass (which is 10% of the
fresh cell fluid mass as given in Table 1) [20]. In each case, the cell wall mass
is fixed over time.

At the final time, the final cell properties characterise each of the dried
cell states. The steady state cellular deformations are quantified using
several cellular geometrical parameters such as cell area A, feret diam-
eter D = \/4A/m, cell perimeter P, cell roundness R = 47A/P?, cell
elongation EL = 4/4A/7m/(major axis length) and cell compactness C =
(major axis length)/(minor axis length). These parameters are analysed
against the dry basis moisture content X = Myater/Mary-solia fOr mass m.
For better comparison, normalized parameters are defined: X/X,, A/Ay,
D/Dy, P/Py, R/Ry, EL/ELy and C/Cy by dividing each parameter by the
corresponding initial value of the fresh cell: Xy, Ao, Do, Po,Ro,ELy and Cy.
These simulation results are compared with apple cellular experimental data
obtained by Karunasena et al. [21] and Mayor et al. [5].

2.6 Computer implementation and visualization

The model was programmed in parallel C++ and simulations were run on a
high performance computer HPC using six cores (each a 2.66 GHz processor
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and 256 GB RAM) on a single Xeon E5-2670 node. The C++ source code was
developed from an existing SPH source code written in Fortran [10]. Open
Visualization Tool (OVITO) [22] is used to visualise results.

3 Results and discussion

3.1 Selection of an optimal particle scheme

Several trial simulations were conducted to select an appropriate particle
scheme for the single cell model which optimizes the computational accuracy
while minimizing the computational cost (CPU time). In this regard, the main
factors involved are the particle resolution [19], influence domain particle
number [10, 23, 19] and the initial relative locations of boundary and interior
particles [23, 19]. Here, the computational accuracy of the cylindrical cell
model is defined in terms of the model consistency error which was defined by
Van Liedekerke et al. in their SPH-DEM cell model [16]. For moderate model
resolutions, the optimum number of cell wall particles n,, = 100 to minimize
the model consistency error at a moderate computational cost [19]. Then the
corresponding fluid particle number ny = 784 to ensure an equally spaced
initial particle placement.

Using the optimized particle resolution for n,, and n; a series of secondary
tests were conducted to further optimize the computational accuracy of the
model. This is done by changing the influence domain particle number
and €y/Xo, which is the ratio of the minimum initial relative distance between
the outer most fluid particles and the cell wall particles ¢y, and the initial
fluid particle spacing xo. It was found that when the influence domain
particle number is maintained around 20 and ¢y/xo < 0.2, the accuracy
is optimized [19]. The selected influence domain particle number is fairly
agreeable with the standard SPH recommendations to ensure higher accuracy
of 2D models [10]. Also, €o/xo agrees with the values reported for 2D heat
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Figure 4: SEM images of apple tissues at different states of dryness: (a) X/X, =
1.0 (fresh), (b) X/Xo = 0.5, and (c) X/Xo =0.2.

conduction modelling using SPH [23]. This optimized particle scheme produces
a minimum percentage error of model consistency of about 1% which compares
favourably with state of the art SPH-DEM cell models that normally have
4% to 7% consistency errors [16]. Fluid incompressibility is maintained during
the simulations by limiting the density fluctuations to 0.02%.

3.2 SEM image analysis of dried tissue samples

Figure 4 shows selected SEM images of apple tissue. In fresh tissue, as seen
in Figure 4(a), the majority of the cells are quite similar in size and appear
to be fairly circular. This is due to the positive turgor pressure in the cell
fluid, which is counterbalanced by the cell wall tension [8, 24]. Since cells are
bonded to the surrounding cells in the tissue; there are considerable cell wall
wrinkles and warps. As the tissue dries, there is significant microstructural
deformation, as seen in Figure 4(b) and (c). These deformations are mainly
driven by the moisture removal from the cell interior, turgor loss and cell wall
contractions. At the same time, these microscale deformations are restrained
to a small degree by the rigidity of the cell walls. The cell walls usually
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Figure 5: Single cell model with (a) initial particle placement before sim-
ulations, (b) turgid condition X/Xo, = 1.0, Py = 200 kPa, dried conditions:
(¢) X/Xo = 0.8, Pt = 160 kPa, (d) X/Xo = 0.6, Pr = 120kPa, (¢) X/Xo = 0.4,
Pr =80kPa, (f) X/X, = 0.3, Pr = 60kPa, and (g) X/Xo = 0.2, Pt = 40kPa.

undergo irregular deformations during drying but with minimum damage to
the structural integrity (Figure 4(c)).

3.3 Simulation of cellular deformations

As described in Section 2.5, different dried cell states characterised by the
normalized moisture content and turgor pressure were simulated starting
from a fresh cell state X/Xo = 1.0 and Pr = 200kPa to an extremely dry
cell state (X/Xo = 0.2 and Py =40kPa). Single cell based simulation results
are presented in Figure 5 and tissue based results are presented in Figure 6.
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Figure 6: Tissue model with (a) initial particle placement before simulations,
(b) turgid condition X/Xy = 1.0, Pt = 200 kPa, dried conditions: (¢) X/Xo =
0.8, Pr = 160kPa, (d) X/Xo = 0.6, Py = 120kPa, (e) X/Xy = 0.4, Py =
80kPa, (f) X/Xo = 0.3, Pr = 60kPa, and (g) X/X, = 0.2, Pr = 40kPa.

Compared to the initial particle placement (Figure 5(a)), the fresh cell inflates,
resembling a turgid cell in actual tissues (Figure 5(b)). Further, the dried cell
states clearly indicate a gradual shrinkage as drying progresses. At the latter
part of the drying cycle, the cells experience some degree of cell wall warping
(see Figure 5(g)) which agrees with the experiments (Figure 4(b) and (c)).

In the case of tissue simulations, the same moisture content and turgor
pressure values were used. Figure 6(a) shows fresh tissue and the dried tissue
states are shown in Figure 6(c)-(g). Here we mainly focus on the central cell of
each tissue which fairly represents any general cell within realistic tissue that
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is fully bonded to surrounding cells. It is evident that the shrinkage and cell
wall warping behaviour observed in the single cell simulations is observed in
the tissue simulations as well. Further, compared to the single cell simulations,
the central cell of the tissue is less circular and the deformations are restrained
by the intercellular interactions. This is clearly observed when the extremely
dry single cell state (Figure 5(g)) is compared with the corresponding tissue
case (Figure 6(g)).

To study drying effects in detail, several cellular geometrical parameters
are analysed, as presented in Figure 7. For tissue results, only the central
cell is used for parameter calculations. It is clear that both the single cell
model and the tissue model closely replicate the shrinkage behaviour of real
tissue during drying, especially when the primary cell geometric properties
such as cell area, diameter and perimeter are considered (Figure 7(a)—(c)).
Further, in the case of extremely dry cell states, the tissue model describes
a controlled shrinkage behaviour compared to the single cell model. This is
mainly due to the influence of intercellular bonds in the tissue model which
resist cellular deformations. For derived cellular parameters such as roundness,
elongation and compactness (Figure 7(d)—(f)), a fairly good agreement is
observed. However, for the A/A,, D/Dy and R/Ry trends, especially for
extremely dry cells, considerable deviations are observed which may be due
to the limited number of cells used in the tissue model. Since observations
show that that this simplified tissue model is far better than the single cell
model, the predictions could probably be further improved if larger tissues
with many cells are modelled, thus describing more realistic cell interactions.

3.4 Model sensitivity to the force coefficient of cell
wall contractions

Cell wall contraction is one of the key factors influencing cellular deformations.
Four different k,,. values are considered and compared with the original fully
functional model both qualitatively (Figure 8) and quantitatively (Figure 9).
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Figure 8: Simulated dried tissues at X/X, = 0.2 with different force coefficients

of cell wall contractions Ky : (a) 0.05Kco, (b) 0.1Kpeo, (¢) 0.5kneo , (d) Kyeo s
and (e) 1.5Kyeo , where Kyeo =4 x 10°Nm ™',

When lower k., values are used (Figure 8(a)-(b)), the cells in the tissue are
fairly circular even when extremely dry. When k. is gradually increased
(Figure 8(c)-(e)), cells experience a higher degree of local wrinkling and shrink-
age. These trends are further evident from the quantitative results presented
in Figure 9. Considering the primary geometric parameters, as presented
in Figure 9(a)—(c), it is observed that k., should be large to have good
agreement with the experiments. However, the influence of k,,. on derived
shape parameters such as R/Ry, EL/ELy and C/C, is comparatively lower,
which is mainly due to the cancellation of similar effects when calculating
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Figure 10: Simulated dried tissues at X/Xo = 0.2 with different cell wall
bending stiffness kbi (a) 0.00]kbo, (b) 0.0]kbo, (C) O.]kbo, (d) kb07 and
(e) T0kyo , where kpo =1 x 107" Nmrad .

such normalized parameters (Figure 9(d)—(f)).

3.5 Model sensitivity to the cell wall bending stiffness

The cell wall bending stiffness ky is also a key parameter that influences cell
wall deformations and wrinkling. Four different k;, values with different orders
of magnitude were tested and qualitative results are presented in Figure 10.
Compared to the original cell model presented in Figure 10(d), lower k;
values (Figure 10(a) and (b)) result in large-scale cell wall bends compared
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Figure 11: Effect of cell wall bending stiffness k, on (a) A/Ao, (b) D/Dy,
(¢) P/Po, (d) R/Ro, () EL/ELg, and (f) C/Co.
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Figure 12: Simulated dried tissues at X/X, = 0.2 with different cell wall
Young’s modulus E: (a) Ey, (b) 2Eo, (c) 4k, (d) 6Ey, and (e) 8Ey, where
Eo = 54 MPa.

to of moderate ky, values (Figure 10(c)). This indicates that lower ky values
result in flexible cell walls. However, higher k; values tend to cause higher
local wrinkling or warping effects resembling the warped cell walls observed
in experiments (Figure 4(b)-(c)). To elaborate these effects further, the
normalized cellular geometrical parameters were analysed, as presented in
Figure 11. The overall observation is that the curves with the three lowest ky
values do not show any significant difference when compared with the original
model. This indicates that, even though there are identifiable localized cell
shape variations with lower k;, values (Figure 10(a)-(c)), such difference are
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not reflected in qualitative parameters, which could be due to normalization.
However the largest k;, curve indicates a fairly different trend which is due
to excessive deformations caused by much higher bending forces. Further, in
Figure 11(c), it is observed that the cell perimeter change is fairly independent
of ky . This is because the bending forces influenced by k; act perpendicular
to the wall elements and do not cause any force influence along the wall
elements to stretch or compress them tangential to the cell wall.

3.6 Model sensitivity to the cell wall Young’s modulus

Cell wall Young’s modulus E variations directly influence any tensile or com-
pressive responses of the cell wall. Here G ~ E/3 was varied and predictions
are presented in Figure 12 and Figure 13. In Figure 12, the cells that have
stiffer cell walls tend to resist shrinkage and result in comparatively bigger
dried cells. Also, there is a significant reduction of cell wall warping effects in
stiffer cell walls. These effects are further evident in Figure 13, when primary
cellular parameters such as A/A,, D/Dy and P/P, (Figure 13(a)—(c)) are
considered. However for derived parameters such as R/Ry and C/Cy (Fig-
ure 13(d) and Figure 13(f)), the influence of cell wall Young’s modulus is not
very evident. However, the EL/ELy trend indicates a considerable deviation
for higher cell wall Young’s modulus.

4 Conclusion

A mesh free based 2D tissue model was developed to simulate microscale
deformations of plant cells during drying which can be used as a step in
developing larger and more complex tissue models. A wide range of simu-
lations were conducted and in most instances, a fairly good agreement was
observed between experiments and model predictions. Compared to single
cell models, tissue models produce limited shrinkage trends especially for cell
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area, feret diameter and roundness. Model predictions are quite sensitive
to kwe , kp and E. Lower k,,. values or higher k; values result in increased
local warping and wrinkling effects. Higher E values tend to resist shrinkage.
Therefore, a careful selection of these parameters is recommended to improve
model predictions. The proposed method can be used to study different plant
cell types and tissue varieties since the SPH-DEM scheme is fundamentally
flexible for such improvements [25]. This model could eventually be used
for numerical studies leading to product and process improvements in food
engineering.
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