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This paper is concerned with modeling the mechanical behavior of cellular tissue in response to dynamic stimuli. Our goal is
to investigate the formation of bruises and other damage in tissue when being under excessive stress. To this end, we propose a
particle based model to numerically study cells and aggregates of cells described on to subcellular detail. The model focuses on a
parenchyma cell types in which two important features are present: (1) the cell’s interior liquid-like phase inducing hydrodynamic
phenomena, and (2) the cell wall, a viscoelastic-plastic solid membrane that encloses the protoplast. The cell fluid is modeled
by a Smoothed Particle Hydrodynamics (SPH) technique, while for the cell wall and cell adhesion a nonlinear discrete element
model is proposed. Failure in the system is addressed to either cell wall rupture or to debonding of the middle lamella. We show
that the model is able to reproduce experimental data of quasi-static compression, and investigate the role of the protoplasm
viscosity and cellular structure on the dynamic response of the aggregate system, indicating that a high viscosity causes better
guidance of mechanical stresses through the tissue and a higher penetration of damage, whereas low values will cause more local
bruising effects.

1 Introduction

During their lifetime, soft cellular tissue in plants and ani-
mals is regularly exposed to mechanical impulses. To protect
themselves from excessive forces, animals have the skill to be
motile, while plants and yeast, which do not have this abil-
ity, have developed cells with strong cell walls. Inside these
cells, a liquid builds up a hydrostatic pressure (turgor pressure)
through osmosis which is responsible for the cellular rigidity
(see e.g. the wilting of low hydrated plants). The mechan-
ics at cell level influences “slow” physiological processes in
plants such as growth, development and most likely even gene
expression1–4. It however also plays a key role in “fast” pro-
cesses such as bruise formation after impact and Rapid Plant
Movement in carnivorous plants. The microscopic subcellular
mechanics that accompany these processes remains for a great
part uncomprehended and unquantified, because of the diffi-
culty to experimentally probe physical quantities at such spa-
tial and temporal scales. To get more insight in the microme-
chanical response of cellular systems, it is therefore essential
to develop physically-based models which can capture and de-
scribe subcellular detail, include differences in cell shapes and
sizes, and intercellular interactions5.
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The presented model in this paper is primarily meant to pre-
dict force transmission and stresses in cells and tissue, which
are subjected to external mechanical input, at a microscopic
detail. We focus on parenchyma cell types, which make the
bulk of plant tissue, and can be mechanically regarded as a
stiff, thin walled vessels (the cell wall) containing a viscous
fluid (the protoplasm). The cells are glued together by the
middle lamella, a thin polymeric layer between two cell walls
composed of pectins. The contemplated timescales in this
research are small, i.e. those linked to impact, where most
longterm physiological and mechanical responses are negligi-
ble. There are many studies and models on the rheology of
biological cells and tissue present, merely regarding them as
overdamped systems6–9 yet impact brings extra terms in the
system: inertial forces.

Our goal in this context is to provide a quantitative study to
identify the role of physical microscopic quantities (i.e. sub-
cellular) in relation to the macroscopic (i.e. tissue) observ-
ables, such as stress transmission through the system and dam-
age. To tackle the problem, we consider a simplified bi-phasic
nature of the cells –a liquid interior and a solid boundary– and
apply a combination of particle based methods, i.e. Smoothed
Particles Hydrodynamics (SPH) and Discrete Element Method
(DEM) respectively. The combination of these methods is
very robust and has notable flexibility in terms of adding new
physical aspects to the system, while the accuracy remains ad-
equate to obtain physical insight in the problem10–13. The cell
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fluid will be considered as Newtonian while the cell wall is
considered as a polymeric solid with an initial (visco)elastic
and subsequent plastic stress-strain regime.

In the following, a brief summary of the model will be given
(a more detailed description can be found in literature10). We
establish a method to obtain two kinds of tissue: a dense struc-
ture where no air spaces are present, and a sparser one with
an air space ratio of approximately 15 %. Both tissue struc-
tures are observed in nature. Simulations dealing with the
slow compression of a single cell and tissues are addressed
and compared with experimental studies. We then elaborate
further on impact situations, include failure mechanisms in the
model and discuss the influence of viscous forces herein.

2 Methodology

2.1 Cell geometry

(a)

(b)

Fig. 1 (a) Frontal and side geometry of the model of an individual
cell, showing the green cell wall particles and the blue cell fluid
particles. (b) Detailed cartoon of the spring models describing the
cell wall and the middle lamella of two adhered cells.

The model is essentially 2D and the cell shapes are regarded

as a projection of a cylindrical-like body, closed by two vir-
tual disc platens whereby the model captures the plane defor-
mation (displacements as well as rates) of the cell (shown in
Fig. 1a). We can assume that the cell wall is thin enough to
have negligible bending resistance14. The model allows uni-
form deformation in the axial Z-direction by using a geometric
constraint (see section 2.3). Velocity components in this direc-
tion are discarded, as well as the in-plane (XY) stresses arising
in the disc platens of the cylinders. The latter are assumed to
be slightly bended outwards (see right of Fig. 1a) and thus give
little resistance in case of compression, but will play a larger
role during e.g. stretching of the cell. Resistance from the
disc platens can be incorporated in a 2D model by introducing
extra wall particles and connections15, but this option was not
elaborated here.

2.2 Cell fluid model

The cell protoplasm in general is a heterogeneous substance
containing water, a nucleus, organelles, macromolecules and
ions, and it could be regarded as a viscoelastic liquid. Al-
though SPH has been successfully used to model viscoelas-
ticity16,17, the cell fluid here will be modeled as a Newtonian
liquid. This can be justified by the fact that a parenchyma
usually contains a lot of storage fluid (can occupy 80-90 % of
the total cell mass, mainly in vacuoles) and do not have such
a dense cytoskeleton as animal cells. In addition it is known
that the mechanics of such cells is mainly dictated by a large
interior hydrostatic pressure, counter-balanced by a stiff cell
wall4,14 (water deficiency drastically changes the mechanical
properties of these cells). Thus, we assume that in this case a
Newtonian liquid can serve as a good initial guess concerning
the mechanics of the cell interior. In SPH, the particle approx-
imation for a function f (xi) using a set of neighboring points
j can be written as:

f (xi)≈∑
j

V j f (x j)Wi j, (1)

where xi is the position of the particle, and Vi is the volume
occupied by one particle. The interpolation function Wi j, also
called kernel function must obey a list of rules to properly
describe the physical system18. In this paper, we choose the
cubic spline function W (r,s) as a kernel function, i.e.

W (r,s) =
15

7πs2





2/3− r2 + r3/3 0 < r < 1
1
6 (2− r)3 1 < r < 2

0 r > 2
(2)

were r = ri j/s, ri j is the distance from a particle i to another
fluid particle j, and s is the smoothing length, representing the
domain over which the particle i has interaction with particels
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j. The forces on the 2D fluid particles are obtained by a stan-
dard SPH discretization of the Navier-Stokes given by10

Fi =−mi ∑
j

m j

(
Pi

ρ2
i

+
Pj

ρ2
j

)
1
h

∇iWi j(ri j) (3)

+mi ∑
j

m j

(
µi + µ j

ρiρ j

)
vi j

h
1
ri j

∂Wi j

∂ ri j

where Pi is the pressure of the fluid particle, mi is its mass, ρi
is the density, µi is the dynamic viscosity, and vi j is the rela-
tive velocity between two particles. The additional factor 1/h,
with h being the cell depth, scales the 3D quantities to 2D. The
last summation in eqn (3) accounts for the fluid-wall interac-
tion (see further). In the weakly compressible SPH method, it
is convenient to use an equation of state to maintain a relation
between the pressure and density:

P = P0 +κ
[
(

ρ
ρ0

)7−1
]
, (4)

where P0 is the initial (turgor) pressure of the cell, ρ0 is the
initial density of the fluid, and κ = ρ0c2

7 is the compression
modulus. This equation ensures incompressibility by penaliz-
ing density fluctuations, and can be used to model free surface
flows in case the wall separates from the fluid. To update the
density, we are using the following continuity equation10.

dρi

dt
=

1
h

dρ∗i
dt

− ρ∗i
h2

dh
dt

+
ρi

mi

dmi

dt
, (5)

where we have used the well-known SPH density evolution
equation:

dρ∗i
dt

= mi ∑
j

vi j.∇iWi j. (6)

The first term in eqn (5) is the change in density due to the
deformation of the frontal surface. The second term is a cor-
rection because the depth of the cell can change during com-
pression (see next section), while the last term is owing to a
change in water content of the cell. Since plant cells have
semipermeable walls, a net transport of water through the cell
wall will be established as long as the turgor pressure in the
cell does not equal the osmotic potential Π (Π < 0) of the cell
content. If the cell fluid mass loss/gain is not too high (short
timescales), Π can be assumed constant. The fluid mass trans-
port through the cell wall can be computed for each particle
by following the constitutive relation4

dmi

dt
=−AcLpρi

N f
(Pi +Π), (7)

where Lp is the hydraulic conductivity which is assumed to
be isotropic over the cell’s surface, N f is the number of fluid
particles per cell, and Ac is the total cell surface.

2.3 Cell wall model

The cell wall is a polymeric material which in principle cannot
be described by simple linear elasticity theory. Mechanically,
a cell wall exhibits elastic, plastic and viscoelastic time depen-
dent behavior19. Here, we start from the most common model
to describe a polymer: the isotropic Neo-Hookean solid20.
The governing law is related to a discrete particle interaction
force Fe and extended with an additional linear damping term
Fv to account for the viscous effects. Non-neighboring (un-
bounded) particles are subjected to excluded volume interac-
tions Fr to avoid interpenetration (see Fig. 1b) with other wall
particles and fluid particles. A Lennard-Jones (LJ) force type
is proposed for these interactions. The force on a cell wall par-
ticle i due to the other cell wall particles j, k and fluid particles
k′ can be written as

Fi = Fe
i +Fv

i +Fr
i

= ∑
j

Fe
i j−∑

j
γvi j +∑

k
fkrik +∑

k′
fk′rik′ ,

(8)

with

fk = f0

[(
r0

rik

)8

−
(

r0

rik

)4
]

1
r2

ik
, (9)

where vi j is the relative particle velocity, f0 is the strength of
the Lennard-Jones contact, and r0 is the distance at which the
force changes sign. The linear viscous term accounts for the
energy dissipation and the expression ζ = γ/

√
2kwmw, where

kw is the apparent stiffness of the cell wall and mw is the mass
of a wall particle, determines whether oscillations of the ma-
terial are purely elastic (ζ ¿ 1) or overdamped (ζ > 1). In the
summation in eqn (8), ( j) denote the bonded wall particles,
and (k,k′) denote all non-bonded particles from the wall and
fluid respectively. To avoid a large amount of weak interac-
tions, the number of neighbors is limited to a cutoff distance dc
where fk becomes negligible. To estimate the discrete forces
between particles from a continuum law, we consider the un-
rolled cell wall of the cylinder (see Fig. 1a). One obtains a
thin sheet with length L = Nwl with l the length between two
cell wall particles, and Nw is the total number of particles in
the wall. The sheet has height z and a thickness t which is
assumed to be much smaller than the other dimensions. Both
the cell wall height and thickness are thus incorporated by one
particle. Furthermore, l0, z0, t0 are the initial undeformed cell
wall dimensions. The material can be described by three prin-
cipal extension ratios λθ = l/l0, λz = z/z0, λt = t/t0. If the cell
wall is isotropic, the Cauchy stress for a neo-Hookean material
is given by

σi = Gλ 2
i −σ0, i = {θ ,z, t} (10)

where G is the shear modulus of the material and σ0 is a hy-
drostatic constant, accounting for incompressibility. The ten-
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sional forces in circumferential direction between the wall par-
ticles can be approximated by10:

Fθ ≡ Fe =
Gz0t0

l0
(λθ − 1

α2λ 5
θ
), (11)

where

α =

√√√√β +
√

β 2−4(β −1)/λ 6
θ

2
,

(12)

and β = σz/σθ determines the 3D geometry dependent rela-
tionship between the hoop stress and the axial stress, and thus
mimics a pure 2D cell (β = 0), a cylidrical-like cell (β = 0.5),
or a cubic shaped cell (β = 1). For small displacements, eqn
(11) is equivalent to an simple spring force model with stiff-
ness kw between two nodes:

kw =
Gz0t0

l0
lim

λθ→1

α2λ 6
θ −1

α2λ 5
θ (λθ −1)

. (13)

One can further estimate the material’s Young modulus by the
shear modulus using the well-known relation E ≈ 3G.

An important property of cell wall material is its yielding
behavior. Cell wall material deforms plastically as a conse-
quence of the cellulose fibrils that begin to slide in the pectin-
hemicellulose matrix. The mechanical strain at which this
happens is roughly 2 %. At larger strains, the material exhibits
a lower (but more ore less constant) elastic modulus. Dur-
ing loading-unloading cycles, the material will show hysteris
whereby it recovers almost the same initial elastic modulus
during reloading. The system description becomes then path-
dependent and requires an incremental simulation approach22.
Such step will not be discussed here. Therefore, we only con-
sider situations where the cell wall material undergoes very
little or no unloading. This is certainly valid for quasi-static
loading situations (compression or stretching), but might not
be completely warranted during dynamic loading situations
due to arising oscillations, see section 3.2. We can, however,
assume that these oscillations are small compared to the total
accumulated strain. To put simply, the mechanical behavior
can be described as “bi-phasic” with two elastic moduli. In a
previous study10 of this model using an “uni-phasic” imple-
mentation (i.e. eqn (11)) it was shown that the model predicts
the force-compression curve for a single cell quantitatively
well for strains smaller than 20−25% (see Fig. 2b). Exceed-
ing this value led to an overestimation of the forces and a too
high apparent elastic moduli of the cells.

To introduce the elastic-plastic transition in a continuous
manner, we propose to transform the shear modulus by fol-
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Fig. 2 (a) Force-deformation curves of a virtual rectangular piece of
cell wall tissue: A determines the stretch ratio at which yielding
occurs, while B determines the decrease of stiffness during the
second phase (B = 0 means pure elastic behavior). (b) Comparison
of experimental data 21 of a force-compression curve of an in vitro
tomato cell with the in silico cell for a uni-phasic elastic behavior
and a bi-phasic elastic behavior.

lowing mathematical function ∗:

G(λ ) = G
(

1− 2B
π

tan−1(A(λ −1))
)

. (14)

This form has the property that G(λ )(λ≈1) = G, thus repro-
ducing the initial elastic stiffness of the tissue. In addition,
one has that G(λ )(λÀ1) = G(1−B) which states that the elas-
tic modulus at high strains has dropped by a factor 1/(1−B).
In the function (14) A determines how fast the stiffness drops
from G to G(1−B) according to λ (the higher A, the sooner
this occurs). This enables us to determine the elastic to plastic
transition. We now propose a modified force function:

Fe = G(λ )z0t0(λθ − 1
α2λ 5

θ
). (15)

∗During stretching, the microfibrils imbedded in the cell wall matrix decrease
their angle with the direction of the applied strain 23. The factor tan−1 A(λ −
1) may therefore be regarded as an “equivalent angle” of the micro fibers.
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In Fig. 2a, a simulated force-extension curve is shown for a
cell wall in uni-axial stretch (β = 0) situation demonstrating
the effect of A and B. Fig. 2b shows the comparison of the
model for the compression of an virtual cell with experimen-
tal data19 of an in vitro when the uni-phasic and the bi-phasic
behavior is assumed. In the bi-phasic model we assumed an
elastic-to-plastic transition at ε = 2% (λp = 1.02) and a drop
of 80-90 % in elastic modulus at large strains23,24. This corre-
sponds respectively to the values of B = 0.9 and A = 15 in the
model. Fig. 2b clearly shows that one has a much better gen-
eral agreement than the uni-phasic model while it qualitatively
also predicts a linearized behavior for large strains (ε > 20%),
as can be observed in vitro.

2.4 Fluid-wall interactions

In fluid mechanics, the contact between the fluid and the
boundary is often modeled by no-slip boundary conditions.
In our implementation, the boundaries are represented by the
discrete wall particles which repel the fluid particles by a LJ
type force (see eqn (9)), ensuring that only the normal compo-
nents of the velocities of the fluid particle vanish at the bound-
aries. In order to acquire no-slip conditions, one can include
the boundary particles in the viscous part of the momentum
SPH equations, but here we simply ensure this by coarsening
the potential energy landscape around the boundary. By us-
ing approximately the same resolution for the SPH and DEM
particles, the LJ interaction energy landscape formed by par-
ticles becomes then saddle-shaped. When a fluid particle ap-
proaches boundary particles, it will be trapped in one of these
potential energy wells (on the condition that its velocity is not
too high). This boundary model has been benchmarked with a
2D shear cavity test at low Reynolds numbers10,18, and shows
good agreement with a finite difference solution. By lowering
the ratio of the inter particle spacing to the LJ cutoff distance,
the surface can be made smoother (slip conditions).

2.5 Cell adhesion

In plant tissue, the cells typically form patterns and are glued
together by the middle lamella (ML) which is a layer of pectins
between the two cell walls. The simplest model implemen-
tation of the intercellular wall adhesion is a “common” wall
where the cells are adjoining. The major drawback of this
model is of course that it cannot give detail about the 3-layer
structure (wall-ML-wall) and the tensile adhesive forces that
arise between the cell walls. To incorporate cell adhesion, we
propose a one-to-one connection between two particles of ad-
hered cells with harmonic bonds {1,2} (see Fig. 1b). This
simple connectivity accounts for isotropic elastic interactions
forces F = −kpectin∆x12 where kpectin is the stiffness of the
pectin bonds. However, wall particles from one cell will be

repelled by the the fluid particles of the other cell, thus limit-
ing their degrees of freedom. Furthermore, cell wall particles
from two cell types coincide in unstressed state which limits
shearing modes without any energy penalty. Clearly, this con-
nection mode can only provide rough estimations of stresses
between adhered cells. A more complex connectivity {1,2,3}
can introduce normal and shear stresses between cells more
accurately (of course at the cost of a higher number of param-
eters), but this option is not considered here.

2.6 Modeling of tissue

(a)

(b)

Fig. 3 (a) Simulation of the creation of the dense cell structure. Top:
initial phase, down: inflated (turgid) phase. (b) Simulation of the
creation of the sparse cell structure. Top: initial phase, down:
inflated phase.
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Fig. 4 Detail of the dense (a) and sparse (b) turgid cellular structure
as shown in Fig. 3. The cell wall particles from two distinct cells
can be overlapping.

By definition, tissue consists of billions of cells. In tur-
gor driven cells, the structure of tissue is dictated by the cell
density. If cells are close to each other, a polygon structure
can be observed; if they are only little attached, the cell wills
acquire a spherical shape. Obviously, a simulation of a large
macroscopic tissue is prohibitively expensive. Rather, we con-
sider a smaller aggregate of cells representative for this tissue.
In this research, we will restrict ourselves to an aggregate of
60 cells. Each cell contains about 100 wall particles and 500
fluid particles configured on a rectangular grid. The cell wall
particles represent 10 % of the total cell mass. To acquire a
certain tissue structure, the cells are positioned initially in a
slightly randomized brick pattern (see Fig. 3a, top). Although
this looks as an artefact, pressurizing† them brings them in the
more “natural” honeycomb-like configuration as can be ob-
served in nature (see Fig. 3b). By positioning the cells closer
to or further away from each other, different structures can be
obtained (see difference Fig. 3 and Fig. 4). The cells are ini-
tially rectangularly shaped and have dimensions of 100 µm.
The parenchyma cell walls have an area compression mod-
ulus KA(= Et) of 300Nm−1, conform to other studies21,25.
We note hereby that the model does not distinguishes a lower
Young modulus or a proportionally higher cell wall thickness
(cfr. eqn (11)). The stiffnesses of the pectin connections are
chosen so that initially bonded particles from two different
cells do not start to diverge from each other during the in-
flation process. This is equivalent to the statement that the
intercellular forces are equal in magnitude to the turgor driven
forces on the cell wall26. During inflation, eqn (7) is applied

† Pressurizing is achieved by imposing an artificially high hydraulic conductiv-
ity.

to reach an initial turgor pressure of 200kPa. The large com-
pression modulus κ and the equivalent high speed of sound
in the fluid ensures apparent incompressibility of the cells at
high compression strains and impact velocities27. Details of
the model parameters are given in Table 1.

3 Results and discussion

3.1 Quasi-static compression
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Dense, bi−phasic (A=15, B=0.9)

(b)

Fig. 5 (a) Snapshot of a simulation of the compression of a virtual
piece of tissue (sparse structure). (b) Simulated stress-strain relation
compressing a virtual piece of tissue (sparse structure) for the
uni-phasic model and bi-phasic model. The experimental data 30 of a
real piece of Jonagored apple tissue with a comparable void fraction
are shown. Model results from the dense tissue are also depicted.

The turgid aggregates are first simulated to be compressed
between two flat plates at low rates. This is achieved by in-
troducing two virtual horizontal plates with one kept at its po-
sition while the other is moved downwards with a speed of
0.001ms−1 by a distance ∆X (see Fig. 5a). If the wall particles
geometrically overlap this boundary by δ , they are repelled by
a force fi =−kplateδi. The total transmitted force acting on the
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plate by the particles i is computed by Fplate = ∑i−kplateδi,
where kplate is chosen sufficiently large to have small δ com-
pared to ∆X . Meanwhile, the fractional deformation of the
cell ε = ∆X/X is monitored. A resulting stress/deformation
(whereby stress equals the total force per unstrained tissue
area plot) can thus be obtained. The results were not influ-
enced by an altered viscosity, nor there was any effect of the
cell wall permeability, as the latter is simply too low even for
these timescales. In Fig. 5b we compare the results of the sim-
ulations run with the sparse structure with experimental data
obtained from the compression of a piece of Jonagored ap-
ple tissue30 which has a similar voids fraction31. The model
shows very good agreement with this data, even though the
mechanical properties of these cells have not been explicitly
determined, but perhaps more importantly it shows that the
choice of the bi-phasic model is instructive. Model results of
the compression of the dense tissue indicate a higher apparent
stiffness, which can be expected as it has a denser scaffolding
strucure. All together, we can now justify this model imple-
mentation to look further to transient situations.

Table 1 Model parameters used in the cell model.

Parameter Value Reference
Cell wall thickness, t 126 21

Cell wall Young modulus, E 2400MPa 21

Cell dimensions 100x100x100 µm set
Cell wall damping, γ 10−10 Nm−1s set
Cell fluid viscosity (nominal), µ0 10−3 Pa s set
fluid compression modulus, κ 10MPa set
Cell turgor pressure, P0 200kPa 25

Cell hydraulic conductivity, Lp 10−12 m2N−1s 4,21

Pectin stiffness, kpectin 500Nm−1 set
SPH smoothing length, s 5 µm set
Number fluid particles per cell, N f 500 set
Number wall particles per cell 100 set
Cell-plate contact stiffness, kplate 5000Nm−1 set

3.2 Impact

During impact, the aggregates are compressed in the same
manner as mentioned in section 3.1, but at a much higher rate.
We impose a typical impact velocity of 5ms−1. At subcellular
level, average strain rates of∼ 105 s−1 near the zone of impact
are experienced11. The transmitted forces, shown in Fig. 6,
indicate that there is an important accompanying inertial ef-
fect during impact. This is clearly visible in the oscillative na-
ture of the transmitted forces as compared to the quasi-static
forces. This inertial effect, which seems to be more present in
the dense cellular structure, diminishes as viscosity increases
(the cells evolve to overdamped systems). An important re-
mark hereby, is that the force “measuring” at the other side
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Fig. 6 (a-b) Simulation of the transmitted force by a virtual piece of
tissue in case of sparse structure and dense structure.

clearly also influences the system. Yet, a study of realistic
boundary conditions in this respect does not fit into the scope
of this paper.

The first notable fact is that the individual cells locally de-
form more when they have a lower cell fluid viscosity. This
is because the fluid is more easily pushed away sidewards
perpendicular to the perturbation direction. Fig. 7, in which
the fluid particle velocities are shown for a impacted spherical
cell, clearly indicates this. The influence of solid and fluid vis-
cosities on the transmitted forces is further quantified for both
cellular structures though it turns out that the fluid viscosity,
largely owing to its higher mass fraction, largely prevails over
the cell wall damping parameter even if oscillations in the cell
wall are critically damped out (ζ = 1) or slightly overdamped
(ζ = 2). We now focus on cell interior viscosities between
that one of water and values two orders of magnitude higher.
A higher viscosity increases the forces across the tissue how-
ever not in a simple monotonous way. For a viscosity close to
that of water (µ0 ≤ µ ≤ 10µ0) the effect remains very limited,

1–12 | 7



−4−3−2−101234

x 10
−5

−3

−2

−1

0

1

2

3

4

x 10
−5

X (m)

Y
 (

m
)

(a)

−4−3−2−101234

x 10
−5

−3

−2

−1

0

1

2

3

4

x 10
−5

X (m)

Y
 (

m
)

(b)

Fig. 7 (a-b) Cell fluid velocities in an 5ms−1 impacted spherical cell
at ε = 7% for a cellular fluid viscosity µ0 and 100µ0 respectively.

but at higher values (µ ≥ 100µ0) the effect becomes apparent.
At very high viscosities (µ ≥ 1000µ0), we observe a manifest
influence (see Fig. 6a) although we have not further elaborated
on this value. In the same way a conclusion can be drawn for
the lag phase between strain and transmitted forces: a higher
viscosity decreases the delay. Note that, similar to a Kelvin-
Voight element, the influence of viscosity is strongly related to
the mechanical stiffness of the cells. If the cells are stiff (i.e.
highly turgid) they have a lower relaxation time ‡ and there-
fore are more or less able to “follow” perturbations of high
rate. A relatively high viscosity is then needed for the viscous
forces to meet the pressure forces. If, on the other hand, they
are softer, their relaxation times are higher, the cells become
unable to follow such perturbations and will be prone to higher
internal deformations. A lower viscosity is needed in this case
for the viscous forces to become dominant over the pressure
forces.

‡ Typically a few µs for the cells considered here.

3.3 Failure of the tissue

(a)

(b)

Fig. 8 Snapshots of simulated rupturing cell walls of impacted
tissue (dense structure) at NFC ≈ 25% and at the end of impact
(ε = 25%) for (a) low (µ = µ0) and (b) high (µ = 100µ0) cell fluid
viscosity. The white arrows indicate damaged cells.

Mechanical fracture in cellular tissue is due to excessive
stresses that either rupture of the cell wall or the adhesive re-
gions between them. The stress, strain or work at which this
occurs depends largely on the chemical composition such as
cellulose, hemicellulose and pectin, as well as ambient factors
such as relative humidity (RH)28. For instance, an increased
RH typically makes the material more ductile but mechani-
cally less stiff. In the following, we will treat both failing
mechanisms independently. This is due to a lack of experi-
mental data which makes a quantitative comparison difficult.

We consider a local rupture in the cell wall equivalent to a
bond being broken between two particles11,29. This happens
when the distance of two bonded particles exceeds a critical
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Fig. 9 (a) Transmitted force during impact and fracturing of dense
tissue structure for a low (µ = µ0) and a high cell fluid viscosity
(µ = 100µ0). (b) The respective number of ruptured cells. The black
arrow indicates the beginning of fracture in quasi-static loading.

value. For the cell wall, one can define this as a critical exten-
sion ratio λc between two cell wall particles belonging to the
same cell. For the middle lamella the situation is more com-
plicated since the thickness of the adhesive layer is difficult
to determine and moreover not spread out evenly over the cell
surface. To circumvent this, we focus on the tensional forces
existing between two connected particles from different cells
during inflation of the cells. These forces develop from zero
(rectangular units) to a finite value (turgid cells), and can then
be regarded as the local equilibrium force Feq supported by the
middle lamella. Any positive excess δF = |F−Feq| that arises
due to the external perturbation will be compared to a critical
value Fc.

We propose a relatively small critical extension λc = 1.05
ratio between two wall particles for the cell wall to be rup-
tured, whereby λc applies to the cell’s current turgid state. The
same impact situation as above is investigated for both cellu-
lar structures. Fig. 8 shows snapshots of the dense aggregate
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Fig. 10 (a) Transmitted force during impact and fracturing of sparse
tissue structure for a low, high and a very high (µ = 1000µ0) cell
fluid viscosity. (b) The respective number of ruptured cells. The
black arrow indicates the beginning of fracture in quasi-static
loading.

at two different stadia of the impact: one where the number of
ruptured cells (NRC) starts rising, and the other one at maxi-
mum compression strain. During the whole process, we mon-
itor the transmitted forces (Fig. 9a and 10a) and the number
of cells that have fractured (Fig. 9b and 10b) §. We look to
the role of cell fluid viscosity in this process. To demonstrate
the difference with the quasi-static compression, we have also
indicated the strains at which fracturing occurs in this case.

Inspecting the damage evolution, it can be observed that
NFC evolves generally like a sigmoid function, and rupturing
occurs in a earlier stadium for low viscosities in both struc-
tures. In this case damage at an early stadium occurs more at
the tissue-plate boundary region. When the viscosity is high
on the other hand (i.e. µ ≥ 100µ0), the momentum transfer
is more downwards and fracture begins at a later stadium and
not necessarily mainly in the boundary region, but also deeper

§ Not necessarily equal to the number of bond failures in the model.

1–12 | 9



Fig. 11 Detail of rupturing cells during impact : (a) dense tissue
structure, (b) sparse tissue structure.

into the tissue, as shown in Fig. 8a-8b.
Regarding the influence of tissue structure, we observe that

cellular fracturing in the sparse structure occurs mainly at the
common intercellular region of three cells (see Fig. 11). This
is because of the higher stresses there, and borne only by one
cell wall. In the dense arrangement, rupture occurs at the com-
mon point of three adjoining cells. The first notable damage
occurs at a (much) lower strain in the dense cell arrangement,
which can be addressed to the fact that in the sparse structure
the cells have more space to deform while not in the dense
structure, and hence stresses will build up quicker in these
cells. At the end of impact however, both tissues experience
more or less the same damage (i.e. less than 50 % survive).
Force transmission during impact remains dominant in case
of high fluid viscosity in both structures (Fig. 9a-10a). Simu-
lations with a higher critical extension ration (λc = 1.1) have
been carried out as well, merely showing the same qualitative
picture, with damage occurring at higher strain. Finally we
remark the contrast with quasi-static compression, were larger
strains (≥ 10%) are needed for the occurrence of damage. The
influence of cellular structure is also less pronounced now, as
we observe fracturing strains of 10% and 11% for the dense
and the sparse cellular tissue respectively.

Concluding, an increased viscosity enhances the energy
transfer in the direction of loading and, in this regard, may
in fact cause more bruising as the forces penetrate deeper into
the tissue. On the other hand, a lower viscosity enhances the
deformation of cells perpendicular to the loading direction and
thus may cause more local damage. A parameter that deserves
attention is the ambient temperature. In fruit, most studies
have reported inverse relationships between bruising and tem-
perature32. Bruise volumes¶ progressively increase up to 15 %

¶ Bruise volumes are usually measured a few days after impact. During this
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Fig. 12 (a) Transmitted force during impact and separating of the
middle lamella in dense tissue structure for a low (µ = µ0) and a
high cell fluid viscosity (µ = 100µ0), and (b) the respective fraction
of failed intercellular bonds.

if the ambient temperature drops from 20 ◦C to 1 ◦C. Possible
explanations are attributed to increased stiffness and brittle-
ness of the cell wall at lower temperature while on the other
hand, contradicting mechanisms, i.e. contracted water volume
and thus lower cell wall tensions at lower temperatures, have
also been opposed. Whether the viscosity of the cell fluid can
play a role in the formation of bruises, all depends on how
much it will increase as temperature decreases. The analy-
sis above indicates that the affected area in the tissue could
become larger, yet limited in magnitude if the viscosity stays
close to that one of pure water. Therefore, a detailed study
concerned with the viscous constituents of the protoplasm and
other constitutive laws (e.g. non-Newtonian fluids) should
clarify whether this contribution is relevant or not. In addition
it needs to be emphasized again that in reality the perturba-

period, the damaged cells, as well as surrounding intact cells, will be prone
to oxidation and infections. The actual bruise volume will thus span a much
larger volume than that of the joint damaged cells.
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(a)

(b)

Fig. 13 Snapshots of simulated failing middle lamella of impacted
tissue (dense structure) at NFB≈ 25% and the end of impact
(ε = 20%) for (a) a low (µ = µ0) and (b) a high cell fluid viscosity
(µ = 100µ0).

tion velocity is not constant and the geometry, size and mass,
i.e the boundary conditions of the whole macroscopic tissue,
further complicate the problem.

Concerning the intercellular fracture, the critical force Fc
for the middle lammela per bond, which represents a surface
area of about 2.510−10m2, was set to 10−4 N which is roughly
2 times larger than the force that the turgor pressure exerts
on this area. This value is thus equivalent to a local rupture
stress of 0.4MPa. We monitor the damage as the fraction of
bonds that has been broken (NFB) over the number of bonds
initially supported by the middle lamella (Fig. 12). Failing
occurs mainly at the common “point” of three cells and then
gradually proceeds along the common middle lamella of two
cells (cells are peeled off each other, see Figs. 13). As for

the dynamics, qualitatively, the same overall reasoning can be
supported: a low viscosity causes superficial bruising while
a high viscosity causes more spreading of damage over the
entire tissue. Analogous conclusions can be drawn for to the
sparse cellular structure (results not shown).

4 Conclusion and outlook

In this paper, our aim was to investigate the dynamics of cellu-
lar tissue being subject to mechanical impact. To this end, we
have presented a numerical model constructing cells and cel-
lular tissue with subcellular detail albeit in a rudimentary way.
This has been achieved by the integration of Smoothed Par-
ticle Hydrodynamics (SPH) and a Discrete Element Method
(DEM) into a particle simulation framework. A standard
weakly compressible SPH technique was applied to the cell
Newtonian interior, while a neo-hookean constitutive relation
for the cell wall was formulated in a DEM model. In addition,
a strain dependent cell wall elastic modulus was presented to
account for yielding behavior.

We have considered a single cell model and introduced tis-
sue by glueing the cells together. By changing the space be-
tween them, two different cellular structures are obtained: a
dense structure where no intercellular voids are present, and
one with a sparse structure where a void fraction of roughly
15%. By simulations of quasi-static compression conditions
of an individual cell and a piece of tissue, we have been able
to obtain reasonable results as compared to the stress strain
relationships in experimental data.

When impacted, the behavior of the tissue shows a quite
different picture than in the case of slow compression. Inertial
forces become apparent and influence the cellular dynamics.
The viscosity of the cell interior has a major deal in this pro-
cess. A low viscosity (close to that one of water) makes the
cells flexible and external loading will easily be transferred
to perpendicular directions. As this induces larger deforma-
tions, it makes the cells more susceptible to bruising, either
by cell wall rupture or middle lamella rupture. By contrast,
an increased viscosity induces viscous forces that can become
dominant (over pressure forces) and make the cells react as
overdamped systems. Forces are now transmitted more in the
direction of loading, and thus deeper into the tissue, which is
translated in to a quicker occurrence of damage there. Fur-
thermore, making the distinction in cellular arrangement has
pointed out that the dense structure generally shows a larger
susceptibility for bruising at relatively low strains.

As such, we could conclude that a low viscosity will merely
cause local damage, whereas a high viscosity will cause more
structural damage. One should however be aware to put the
influence of viscosity in perspective to the apparent stiffness
of the cell. A stiffer cell (e.g. acquired by a higher turgor
pressure), will be relatively less influenced by viscous forces.
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Naturally, a more quantitative study will be required to fur-
ther reveal this. This study should also concern other, more
realistic governing laws of the cellular components, incorpo-
rate more subcellular detail, and contemplate a wider param-
eter range. Additionally, we should also explore the differ-
ent boundary conditions imposed by the macroscopic tissue.
Clearly, the modeling of tissue with a subcellular detail will
be prohibitively expensive. A recently developped multiscale
approach33,34, in where these cells (or small cell aggregates)
are imbedded in representative volume elements for coarse-
scale Finite Element simulations, can in this respect bring a
realistic solution.
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