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1 Introduction
Plant cells are tightly adhered to each other by cell
walls, a fibrous network structure that envelops each
cell1. While these cell walls provide structural sup-
port to the plant tissue, they also severely restrict the
mobility of the cells they encase. This restriction pre-
vents changes in the tissue topology through cell re-
arrangement, a process commonly observed during
the morphogenesis of animal tissues2–4. As a result,
the shape and cell patterning of plant tissues solely
emerge from the direction of cell division and the
subsequent (an)isotropic growth of daughter cells5,6.
While plant hormones7, and cell polarity8,9 play coor-
dinating roles in regulating these morphogenic pro-
cesses, recent attention has also been directed to the
impact of mechanical cues10–14.
A notable example of an intracellular structure

affected by mechanical signals are cortical micro-
tubules, a cytoskeletal filament. These microtubules
serve as markers for the position of the preprophase
band during cell division, which in turn indicates the
site where the new cell wall will be inserted15,16. Al-
though the exact mechanism by which microtubules
sense tension remains unclear, they strikingly align
with the maximal tensile stress experienced by cell
walls17–23. In line with this observation, Louveaux
et al. recently proposed that the orientation of the
new cell wall might naturally follow the path of high-
est tensile stress experienced by the cell’s walls24,25.
This hypothesis brings a fresh perspective to the clas-
sical division rule, which relies exclusively on the ge-
ometry of the cell26,27. Specifically, this classical rule
states that, in the absence of external stimuli, the
new cell wall is formed along the shortest symmetric
path through the cell, leading to two daughter cells
of equal volume and minimizing the surface area of
the inserted cell wall. While this geometric rule accu-
rately predicts cell division in symmetric, proliferat-
ing tissues, it falls short when applied to tissues expe-
riencing anisotropic stress, such as in folded bound-
aries24,28,29. The ‘mechanical’ division rule addresses
this limitation, as it not only accounts for deviations
from the shortest path caused by anisotropic stresses
but also emulates the shortest path rule in situations
where these tissue-wide stresses are absent.
Although a clear relation between mechanical

stress and cell division orientation is evident, so far no
systemic studies have been performed on, for exam-

ple, the magnitude of tissue stress required to over-
ride the self-generated stresses governing division
and growth, and how this interplay between local and
global stresses changes as the tissue grows. Previous
studies on plant cell division have always been per-
formed within the context of a growing plant24,28–30.
While this context is crucial for understanding in
situ division patterns, with stress fields caused by
relevant tissue geometries, it leaves very little con-
trol over physical parameters. Additionally, complex
bio(mechano)chemical networks established within
these tissues could bias division responses and make
direct interpretation of mechanical cues more com-
plicated. Therefore, to better understand the connec-
tion between mechanical stress and plant morpho-
genesis, especially in regards to cell division, we pro-
pose an experimental set-up in which we can study
tissue growth in a highly controlled mechanical en-
vironment. Based on methods used for investigat-
ing cellularmechanoresponses in animal tissues31–34,
this set-up involves embedding plant protoplasts in a
hydrogel matrix that is subjected to well-defined ten-
sions. The Biochemistry group at Wageningen Uni-
versity and Research will perform these experiments.
In this report, we focus on developing a simula-

tion method to support the experiments. Specifi-
cally, we introduce a software extension for Virtual-
Leaf, an open-source modeling framework for plant
morphogenesis35. Our extension implements two
key features: 1) a means for division based on me-
chanical stress, and 2) a mechanism for applying
an anisotropic tensile stress to the tissue during its
growth. Once complete, the simulations combined
with the experiments would allow us to thoroughly
investigatewhethermechanical stress is indeed a uni-
versal predictor of the cell division plane, and how
tissuemorphologies evolve under increasing external
mechanical stress.
We first introduce the general model and simula-

tion workflow of the original VirtualLeaf framework.
Next, we provide a detailedwalkthrough of our exten-
sion VirtualLeaf, detailing the incorporation of the
main goals and revision of some aspects of the orig-
inal framework to improve the simulations for me-
chanical modeling. Finally, we outline future im-
provements for the extension. For those interested
in using or further developing the extension, an ap-
pendix containing code-related details is included.
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Figure 1: The VirtualLeaf framework. a) The plant tissue is described by a vertex model, where each polygon represents a cell, with
edges acting as segments of the cell wall and nodes connecting them. b) Simulation workflow schematic based on Ref. [35]. During
the relaxation cycle, the energy of the system is minimized through successive Monte Carlo steps. Each step consists of iteratively
applying a trial displacement to every node in the tissue, of which the acceptance depends on the change in energy caused by the
move. The relaxation cycle concludes when the energy stabilizes, after which biological rules are applied. These rules can include
cell behaviors like expansion and division, as well as the simulation of biochemical networks. After completing these processes, a
new relaxation cycle is initiated.

2 VirtualLeaf Framework
2.1 Model
We use VirtualLeaf35, an open-source framework for
modeling plant development, to simulate the growth
of a 2D monolayer of plant tissue. The framework
employs a vertex model, where a plant tissue is ex-
pressed as a set of interconnected polygons. Each
polygon represents a cell, of which the edges act as
cell wall segments and are connected via the cell’s
nodes (Fig. 1a). The balance of passive mechanical
forces in the tissue is governed by the turgor pres-
sure, resisting compression, and cell wall tension, re-
sisting expansion36. This interplay is described by the
Hamiltonian through energy constraints:

𝐻 = 𝜆𝐴
∑︁
𝑖∈cells

(𝐴(𝑖)−𝐴(𝑖)
𝑇 )2+ 𝜆𝑀

∑︁
𝑗∈edges

(𝑙(𝑗)−𝐿(𝑗)
𝑇 )2 (1)

Here,𝐴(𝑖) is the area of cell 𝑖, and𝐴(𝑖)
𝑇 its resting area,

which is the area the cell would take when the turgor
pressure and ambient pressure are equal. Similarly,

𝑙(𝑗) denotes the length of edge 𝑗, and 𝐿
(𝑗)
𝑇 its target

length, which is the length the edge would take in the
absence of turgor pressure. The Langrange multipli-
ers 𝜆 define the areamodulus of the cells (𝜆𝐴) and the
spring constant of the edges (𝜆𝑀). Additional energy
constraints, like bending or an external field, can be
implemented with a similar construct as used for the
constraints of the cell area and edge length in Eq. (1).

2.2 Simulation Method

The simulation is divided into twomain routines: 1) a
relaxation cycle to equilibrate mechanical forces, and
2) a step for applying biological rules (Fig. 1b). Here,
it is assumed that the timescale of stress relaxation in
the tissue is significantly faster than the rate at which
the biological rules take place.
During the relaxation cycle, the potential energy𝐻

is minimized by aMetropolisMonte Carlo algorithm.
A singleMonte Carlo (MC) step consists of iteratively
applying a trial displacement to every node 𝑘 in the
tissue: 𝒓(𝑘)trial = 𝒓(𝑘)+𝜉∆𝒓rand, where∆𝒓rand is a random
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vector sampled from a uniform distribution [− 1
2 ,

1
2 ]

independently in each direction, and 𝜉 defines the
step size. If moving the node in the random direc-
tion decreases the potential energy (∆𝐻 < 0), the
move is accepted; if not, the move is accepted with
a Boltzmann probability 𝑃(∆𝐻) = exp(−∆𝐻/𝑇 ),
where 𝑇 represents a relative noise factor compara-
ble to thermal fluctuations. When the iteration over
all nodes in a random order is complete, two subse-
quent checks are performed. First, to emulate cell
wall relaxation36,37 andmaintain a relatively uniform
distribution of nodes, any edges exceeding a thresh-
old length (𝜈𝑦𝑖𝑒𝑙𝑑) are split in two by inserting a new
node into themiddle of the edge. Next, the procedure
checks whether the sum of all energy differences of
the accepted moves (∆𝐻𝑀𝐶𝑆) is smaller than a prede-
fined energy threshold (𝜃𝐻). If ∆𝐻𝑀𝐶𝑆 < 𝜃𝐻 , indicat-
ing that the system is in mechanical equilibrium, the
relaxation cycle terminates and the simulation pro-
ceeds with executing biological rules; else, a newMC
step initiates.
Relevant biological rules to implement range from

cell growth and division to the transport of chemi-
cal signals across cell walls. While VirtualLeaf excels
in constructing metabolic networks and hormone
patterning using differential equations for transport
rules35,38,39, we focus exclusively on cell expansion
and cell division in the absence of biochemical sig-
nalling. Cell expansion is initiated by raising the tur-
gor pressure of the cell through an increase of its tar-
get area𝐴(𝑖)

𝑇 . The actual ‘expansion’ of the cell occurs
during the relaxation cycle, as the tissue adapts to ac-
commodate the elevated turgor pressure of the cells.
When the area of the cell exceeds a preset threshold,
typically twice the cell’s area after a previous division,
the cell divides. During division, a new cell wall is
placed through the centroid of the cell, along a cho-
sen axis. As previously stated, the conventional rule
for this axis is the shortest axis; in the extension sec-
tion we will explain how this axis is calculated, and
discuss mechanical-based alternatives. Once all the
desired biological rules are applied, a new relaxation
cycle starts, allowing the system to adjust accordingly.

3 VirtualLeaf Extension
In this section, we showcase the features added in our
extension forVirtualLeaf. The twoprimary objectives
of this extension are: 1) to enable cells to divide ac-

cording to a mechanical division rule, and 2) to apply
an external tension on the system as it grows from
a single cell to a tissue. To achieve these goals, we
first introduce a method to calculate local and global
stresses, and refine the energy minimization. Next,
we present options for a mechanical division rule, al-
tering the cell’s equilibrium geometry, and for exert-
ing an external tension on the system.
A detailed explanation of the extension features in

terms of the code, and how to access these functional-
ities in VirtualLeaf, is provided in Appendix A.2, or-
ganized into corresponding subsections as discussed
here.

3.1 Calculating Cell and Tissue Stress
To introduce amechanical division rule to the system
and assess its effect, both in the absence of and under
external tension, we need to calculate local and global
stresses in the tissue.
In ourmodel, the local stress tensor 𝜎 (𝑖) , character-

ising the internal stress of cell 𝑖, is defined as40,41:

𝜎 (𝑖)
𝛼𝛽

= −Π(𝑖)𝛿𝛼𝛽 +
1

2𝐴(𝑖)

∑︁
𝑗∈𝑖

𝑇
(𝑗)
𝛼 𝑙

(𝑗)
𝛽

(2)

Here, 𝛼, 𝛽 ∈ {𝑥, 𝑦}, and 𝛿𝛼𝛽 is the Kronecker delta
function. The pressure of cell 𝑖 is denoted as Π(𝑖) ,
while 𝑻 (𝑗) = 𝑇 (𝑗)𝒍

(𝑗) represents the tension of edge
𝑗, where 𝒍(𝑗) is the vector belonging to edge 𝑗, and
𝒍
(𝑗)

= 𝒍(𝑗)/|𝒍(𝑗) | the normalized vector. The factor 1/2
for calculating the tension accounts for the edges be-
ing shared with neighboring cells. The contribution
of boundary edges is weighted twice compared to in-
ner edges as its tension is not shared with a neighbor.
Both the scalar values of the pressure and tension are
computed from the gradients of their respective en-
ergy constraints in Eq. (1):

Π(𝑖) = − 𝜕𝐸

𝜕𝐴(𝑖) = −2𝜆𝐴 (𝐴(𝑖) − 𝐴(𝑖)
𝑇 ) (3)

𝑇 (𝑗) =
𝜕𝐸

𝜕𝑙(𝑗)
= 2𝜆𝑀 (𝑙(𝑗) − 𝐿

(𝑗)
𝑇 ) (4)

Weuse the following sign convention for stress: a pos-
itive stress value indicates the cell is under tension,
causing it to contract when separated from neighbor-
ing cells, while a negative stress value indicates com-
pression, causing the cell to expand when isolated
from neighboring cells.
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Using the local stress tensor, we extract the maxi-
mal tensile stress acting on each cell, which serves as
a prime indicator of where a new cell wall is placed
during division according to the mechanical divi-
sion rule. The maximal tension and compression are
given by the largest and smallest principle eigenval-
ues 𝜆 of the local stress tensor, respectively, and align
with the corresponding eigenvectors 𝒗:

𝜆1, 𝜆2 =
1
2

(
(𝜎𝑥𝑥 + 𝜎𝑦𝑦) ±

√︃
(𝜎𝑥𝑥 − 𝜎𝑦𝑦)2 + 4 𝜎𝑥𝑦𝜎𝑦𝑥

)
𝒗1 = (𝜎𝑥𝑦, 𝜆1 − 𝜎𝑥𝑥), 𝒗2 = (𝜎𝑥𝑦, 𝜆2 − 𝜎𝑥𝑥) (5)

In addition to calculating the local stress tensor, we
compute the global stress tensor 𝜎 by summing all
pressure and tension contributions in the tissue:

𝜎𝛼𝛽 =
∑︁
𝑖∈cells

−Π(𝑖)𝛿𝛼𝛽 +
1

2𝐴(𝑖)

∑︁
𝑗∈edges

𝑇
(𝑗)
𝛼 𝑙

(𝑗)
𝛽

(6)

Alternatively, the sum over all individual cell contri-
butions from Eq. (2) should yield the same result. In
the absence of external tension, the global force den-
sity ∇ · 𝜎 should be zero when the system is in me-
chanical equilibrium.

3.2 Improved Energy Minimization
Proper energy minimization is essential to prevent
the accumulation of a tissue-wide stress in the ab-
sence of stress applied extraneously. This prevention
is necessary to distinguish between local stresses aris-
ing from self-generated tension and those resulting
from externally imposed tension.
The original procedure for energy minimization

checks whether the difference in energy from before
and after the MC step is below a predefined energy
threshold, ∆𝐻𝑀𝐶𝑆 < 𝜃𝐻 . This method has two short-
comings, which are both grounded in energy fluctu-
ations. The first issue is that by only evaluating indi-
vidual MC steps, there is a chance of ∆𝐻𝑀𝐶𝑆 falling
below the energy threshold through an atypical en-
ergy fluctuation while the system has yet not fully
equilibrated. We solve this problem by setting amini-
mumnumber of consecutiveMC steps (𝑀𝐶𝑆𝑚𝑖𝑛) that
must satisfy the energy threshold check. The second
complication is the lack of a dynamic energy thresh-
old in response to tissue growth. As the tissue de-
velops, its energy rises due to the increasing number
of nodes and edges as well as cell expansion. Con-
sequently, this rise in the average energy leads to an

2 4 8 16 32 64

Figure 2: A comparison of the original and revised energy
minimization method for simulating tissue growth with a fixed
growth rate and shortest path division. Here, the trace of tis-
sue stress tensor tr(𝜎) is plotted against the number of the re-
laxation cycles 𝜏𝑅𝐶 . The results are averaged over 5 independent
simulations, and the colored areas indicate the standard devia-
tion. Vertical striped lines mark significant cell division events,
with the numbers above indicating the number of cells in the
tissue 𝑁𝑐𝑒𝑙𝑙 after each event. The initial energy threshold is set
at 𝜃𝑖𝑛𝑖𝑡 = 10, and scales as 𝜃𝐻 = 0.3 ln(𝑁𝑛𝑜𝑑𝑒𝑠). In the origi-
nal method (blue squares), the relaxation cycle concludes when
the energy change from the Monte Carlo step ∆𝐻𝑀𝐶𝑆 drops be-
low the energy threshold once, i.e., the minimum number of
consecutive steps is 1: 𝑀𝐶𝑆𝑚𝑖𝑛 = 1. For the revised method
(pink triangles) the number of successive steps is increased to
𝑀𝐶𝑆𝑚𝑖𝑛 = 100.

increased amplitude of energy fluctuations. The ex-
istingmethod requires setting a value for 𝜃𝐻 far above
the range of energy fluctuations to prevent the simu-
lation from getting stuck in the relaxation cycle as the
tissue develops, causing the cycle to preemptively ter-
minate in the early stages of the simulation. Tomain-
tain 𝜃𝐻 just slightly above the range of energy fluctu-
ations, it needs scale with the tissue growth. A decent
option could be to scale 𝜃𝐻 with the number of cells
or nodes, for example 𝜃𝐻 ∝ ln(𝑁𝑛𝑜𝑑𝑒𝑠). We imple-
mented the option to define a scaling factor 𝛼 such
that 𝜃𝐻 = 𝛼 𝜃𝑖𝑛𝑖𝑡.
We evaluate the effectiveness of the original and

revised energy minimization methods by compar-
ing simulations of tissue growth with two different
𝑀𝐶𝑆𝑚𝑖𝑛: 𝑀𝐶𝑆𝑚𝑖𝑛 = 1 for the original approach, and
𝑀𝐶𝑆𝑚𝑖𝑛 = 100 for our revised procedure. As a proxy
for the quality of energy minimization, we follow the
trace of the tissue stress tensor tr(𝜎), which should

an extension for virtualleaf to explore the mechanical division rule in plant morphogenesis 6



be zero at mechanical equilibrium, as a function of
the number of relaxation cycles 𝜏𝑅𝐶 (Fig. 2). We
find that the revised method improves on the origi-
nal method, with tr(𝜎) staying close to zero during
tissue growth, whereas for the original method, tr(𝜎)
becomes increasingly negative. However, the revised
approach comes with a trade-off: the simulation time
quadrupled compared the original method for these
specific simulations, even with the scaling factor for
the energy threshold employed, and worsens as the
tissue grows. We also strikingly observe that distinc-
tive peaks in tr(𝜎) emerge following major cell divi-
sion events, indicating that a large number of cells
dividing in close succession drastically alters the me-
chanical balance of the system (Fig. 2).
When performing large-scale simulations to study

mechanical properties during tissue development
with VirtualLeaf, we recommend investigating the
energy trend and inferring a minimum number of
successive iterations (𝑀𝐶𝑆𝑚𝑖𝑛), initial energy thresh-
old (𝜃𝑖𝑛𝑖𝑡), and an appropriate scaling factor (𝛼) to
optimize both energy minimization and simulation
time.

3.3 Division Rules

3.3.1 Shortest Symmetric Path Rule

The classical division rule26,27 is set as the default di-
vision rule in the original VirtualLeaf, and is realized
by placing the new cell wall along the shortest axis
of the mother cell, through its center of mass. Virtu-
alLeaf determines the shortest axis of cell 𝑖 from the
cell’s shape, which, given a uniform distribution of
mass over the cell, is characterized by the cell’s iner-
tia tensor:

𝐼 (𝑖) =

∬
𝐷

[
(𝑥 − 𝑥𝑐)2 −(𝑥 − 𝑥𝑐) (𝑦 − 𝑦𝑐)2

−(𝑥 − 𝑥𝑐) (𝑦 − 𝑦𝑐)2 (𝑦 − 𝑦𝑐)2

]
d𝑥d𝑦

(7)

Here,
∬
𝐷
denotes the area integral over the cell, and

(𝑥𝑐, 𝑦𝑐) the center of mass of the cell. The longest and
shortest axes of the cell align with the eigenvectors
corresponding to the largest and smallest principal
eigenvalues of this tensor, respectively.
Using this division rule for tissue growth yields a

circular, symmetric tissue with isotropic cells (Fig.
3a).

3.3.2 Mechanical Division Rule
The primary objective of this expansion to Virtual-
Leaf is to introduce a mechanical division rule. This
rule, as defined by Louveaux et al., states: "the new
cell walls orient along the local maximum of tensile
stress in cell walls"24 We interpret this description in
two ways.
First, we emulate the rule by placing new cell wall

along the maximal tensile stress averaged over the
cell. The axis of maximal tensile stress is the eigen-
vector corresponding first principal eigenvalue of the
stress tensor as calculated using Eq. (2) and (5). For
the second option, we take the ‘local’ descriptor a step
further by orienting the division plane along the di-
rection of the edge in the cellwith the highest tension,
also employed in a recent model by Banwarth-Kuhn
et al.42.
We find that tissue growth based on the division

rule of average tensile stress yields decidedly more
asymmetric tissues than those formed by the shortest
path rule (Fig. 3). Althoughusing the rule of themax-
imal edge tension results in a more symmetric tissue,
most cells still tend to adopt amore anisotropic shape.
Notably, elongated cells prefer to divide along the
long axis of the cell, resulting in equally anisotropic
daughter cells. Especially for the rule using the aver-
aged cell stress, this domino effect of elongated cells
is prominent and leads to the formation of tissue pro-
trusions (Fig. 3b). Keep in mind that the boundary
edges having twice the weight affects the average and
local tension of the cell walls. The result of using
these mechanical division rules deviates from what
was found by Louveaux et al.24, where, in the absence
of a tissue-wide stress, the mechanical division rule
replicated the shortest path rule. This discrepancy
might in part be rooted by the equilibrium shape of
the cell, which we discuss in the next subsection.

3.4 The Equilibrium Geometry of Cells
To understand why our implementation of the me-
chanical division rule yields different results than
those found by Louveaux et al.24, we evaluate the
significance of the equilibrium geometry of cells in
stress alignment.
In VirtualLeaf, all edges are assigned an equal rest

length 𝐿𝑇 and spring constant 𝜆𝑀 . Consequently,
when a cell is isolated from the influence of neighbor-
ing cells or external forces, it adopts a circular equilib-
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Figure 3: A showcase of tissue growth with a fixed growth rate using different division rules. Simulation snapshots are taken at
120, 180, 240, 280, 340, and 400 relaxation cycles, when the tissue has 2, 4, 8, 16, 32, and 64 cells respectively, just before the next
major cell division event. a) The conventional shortest path division rule. b) Mechanical division rule where the new cell wall is
placed along the axis of maximal tensile stress of the cell. c) Mechanical division rule where the new cell wall is placed parallel to
the axis of the edge with the highest tension of the cell.

rium shape. The same result can be obtained by sub-
stituting the edge constraint in the Hamiltonian (Eq.
1) with a perimeter constraint. Perimeter constraints
are widely applied in vertex models for modeling ep-
ithelial animal tissues41,43,44. Moreover, minimizing
the perimeter, or analogously the surface area for a
3D cell, is also in line with the comparison of plant
cells to soap bubbles29,45, which formed the basis of
the original shortest path division rule26. However,

the equilibrium shape of cells are much more intri-
cate due to the ongoing remodeling and anisotropic
expansion of the cell wall during cell growth46–48. A
cell’s equilibrium shape dictates how wall tensions
are distributed, and subsequently the alignment of
the cell’s principal stresses, under elastic deforma-
tion. This tension distribution in turn drives direc-
tional growth of the cell and feeds back into the wall
remodeling. For a circular rest shape, the maximal
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axis of maximal tensile stress

long axis of cell

a) b) c)

d) e)

Figure 4: The equilibrium geometry of the cell. a) Comparison of cell geometry and stress in a tissue snapshot with all edges having
a uniform target length. The thick black bars are oriented along the long axis of the cell, calculated from the cell’s inertia tensor (Eq.
7). The thinner blue bars are directed in the orientation of maximal tensile stress, calculated from the cell’s stress tensor (Eq. 2). The
lengths of both bars are proportional to their respective tensor anisotropy: (𝜆1 − 𝜆2)/

√︃
𝜆21 + 𝜆22. The axis of maximal stress and the

long axis of the cell strongly overlap in most cases. (b-e) Tension distributions in pressurized cells with two different equilibrium
shapes: (b) a cell with uniform resting lengths of the edges under pressure, and (d) a cell with variable target lengths such that the
cell has an anisotropic rest shape. In (c,e) these cells are put under external tension, by setting an energy constraint on the boundary
nodes with 𝜆𝑠 = 100 and ∆𝑥 = 0.5 (refer to subsection 3.5 for the method).

tensile stress predominantly aligns with the long axis
of the cell when its anisotropy is caused by local,
neighboring forces49, which we also observe in our
simulations (Fig. 4a).
Wall remodeling in VirtualLeaf is achieved

through the yielding of edges exceeding a threshold
length (𝜈𝑦𝑖𝑒𝑙𝑑) into two daughter edges, which inherit
the same global rest length 𝐿𝑇 as the original edge.
Consequently, the equilibrium geometry after yield-
ing is only altered in its resting perimeter, essentially
the cell’s rest size, but the equilibrium shape remains
unaltered. Moreover, the default threshold length is
set to 𝜈𝑦𝑖𝑒𝑙𝑑 = 4, meaning edges need to extend by
400% strain before yielding occurs. This threshold
seems beyond a stage where a linear elastic regime
could properly describe the wall mechanics and
should be reconsidered in our model. In contrast,
Louveaux et al.’s model conceptualizes the cell wall
as having with an evolving equilibrium shape; the
wall stretches for only a few percent of strain before
the cell wall is remodeled24. As a consequence, the
maximal tensile stress aligns along the shorter axis
of an anisotropic cell in their model. This orientation
of maximal tensile stress along the short axis cor-
responds to the alignment of microtubules17,22 and

forms the foundation for understanding the shortest
path rule in the absence of tissue-wide stress27.
To better understand how changing the equilib-

rium geometry affects the tension distribution of the
cell, we introduce an option for adjusting the individ-
ual target lengths of edges in VirtualLeaf. As a start-
ing point, we compare a cellwith uniform rest lengths
(Fig. 4b) to a cell with target lengths assigned such
that the rest shape is a bit elongated (Fig. 4d). Both
cells are pressurized. Naturally, the cell with equal
rest lengths has a completely isotropic distribution of
tension in its cell wall. In case of the cell with thewith
anisotropic rest shape, the highest tension in the cell
wall is experienced along the shortest axis of the cell.
Whenwe put the two cells under external tension (re-
fer to the next subsection for the method), the high-
est cell wall tension as well as the general maximal
tensile stress axis align with the direction of applied
external tension (Fig. 4c,e). We will address further
ideas about the equilibrium geometry in the discus-
sion.

3.5 Applying External Tissue Tension
Here, we introduce two methods for applying an ex-
ternal tension to tissue, with the aim of replicating
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a)

b)

(i)
(ii)

(iii)

(i)

(iii)

(ii)

Figure 5: A showcase of two approaches for applying an external tension during tissue growth with a fixed growth rate using
different division rules: (i) shortest path division rule, (ii) division along the maximal tension averaged over cell, (iii) division along
the edge withmaximal tension. a) A tensile test: a pre-grown tissue of 16 cells has fixed nodes on opposing sides which are displaced
along the x-axis by ∆𝑥 = ±0.5 before each relaxation cycle. Snapshots corresponding to division rules i-iii are captured after all cells
in the initial tissue have divided at least once. b) Tension is introduced through an energy constraint applied to boundary nodes
using Eq. 8. Here, 𝜆𝑆 = 100, and 𝒓∗(𝑘) was set as 𝒓∗(𝑘) = 𝒓(𝑘) + (±1, 0, 0). Snapshots for division rules i-iii are taken at 180, 240, 280,
and 340 relaxation cycles, when the tissue has 4, 8, 16, and 32 cells, respectively.
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the experiment of subjecting a hydrogel matrix in
which proliferating cells are embedded to an exter-
nally applied tension.
First, we use an approach resembling a tensile

test to introduce external tension. This test is ac-
complished by displacing a predefined group of fixed
nodes, whose positions are unaffected by energymin-
imization, on two sides of the tissue by a set amount
∆𝒓 in opposing directions before each relaxation cy-
cle (Fig. 5a). To demonstrate the method, we per-
form it on a pre-grown tissue featuring two straight
sides of which the nodes have been fixed. These sides
are displaced in opposing directs by a fixed displace-
ment ∆𝑥 = ±0.5 per relaxation cycle. We examine
the resulting tissue after all cells have divided for dif-
ferent division rules (Fig. 5a). For division over the
shortest axis, most cells remain isotropic (Fig. 5a-i).
When using the mechanical division rule based on
the cell’s average tensile stress, all cells become elon-
gated, having divided along their long axes, and ap-
proximately align with the direction of applied strain
(Fig. 5a-ii). Finally, for the mechanical division rule
using the maximal wall tension we observe a mix of
isotropic and anisotropic, with the most anisotropic
cells generally being part of the fixed sides (Fig. 5a-
iii). Keep in mind that since the edges between fixed
nodes are relaxed, the maximal (average) tension for
these cells is biased.
Rather than directly pulling on the tissue, we ide-

ally want to embed the tissue in a matrix on which
tension is applied instead. While this should be pos-
sible in VirtualLeaf, there was no time to implement
this. Instead, for the second method, we tried to im-
plicitly emulate the effect of a surrounding hydro-
gel matrix by applying tension to all boundary nodes,
as they are the points where the forces propagated
through the hydrogel matrix first arrive. Rather than
fixing the boundary nodes, we assign them an energy
constraint, resulting in a modified Hamiltonian:

𝐻′ = 𝐻 + 𝜆𝑆
∑︁
𝑘∈𝑘𝐵

(r(𝑘) − r∗(𝑘))2 (8)

Here, 𝜆𝑆 is the Lagrangemultiplier for this constraint,
and 𝑘𝐵 refers to boundary nodes. r(𝑘) is the position
of the node 𝑘 before a new relaxation cycle, and r∗(𝑘)
an affine reference position of the node. The sign of
r∗(𝑘) depends on which side of the tissue a bound-
ary node is relative to the center position of the tis-
sue. Before each relaxation cycle, r∗(𝑘) is updated by

a set amount ∆𝒓. We illustrate this second technique
by applying it as a tissue proliferates starting from a
single cell; again, using the three discussed division
rules. We set 𝜆𝑆 = 100 and ∆𝑥 = ±0.5. Similar to the
tensile test, this second method combined with the
shortest path division rule results in a stretched tis-
sue with isotropic cells (Fig. 5b-i). In the case of the
division rule of average maximal tension we observe
worm-like tissue geometry (Fig. 5b-ii). This outcome
is likely due to the tension along the x-axis overriding
the extra boundary weight compared to the growing
tissue without the applied tension (Fig. 3b). For the
rule of division along the edge with maximal tension,
there is an initial development of a worm-like struc-
ture, but the tissue ultimately widens. This change is
probably caused by the boundary edges perpendicu-
lar to the applied tension having a higher stress, be-
cause of the extra weight, even though the average
cell stress remains along the axis of applied tension.

4 Discussion
The precise regulation of cell division orientation is
crucial for the morphogenesis of plants, where cell
rearrangement is restricted. There is increasing ev-
idence that mechanical stress plays a pivotal role in
this regulation, as the alignment of maximal tensile
stress in cell walls seems to prescribe the axis of the
division plane. In this report, we presented an ex-
tension for VirtualLeaf that allows us to simulate the
growth of a plant tissue placed undermechanical ten-
sion, with cell division guided by tension in the cell
wall. This extension will complement upcoming ex-
periments in the Biochemistry group at Wageningen
University, with which we aim to gain a controlled
understanding of the impact of mechanical stress on
tissue morphogenesis. In this discussion section, we
highlight results, address remaining challenges for
improving the model and outline future prospects.
First, we want to address the tissue morpholo-

gies resulting from applying a mechanical division
rule. Although we established that our underlying
model might be lacking in a proper description for
the equilibrium geometry of cells, resulting in a max-
imal tension along the long axis of the cell rather
than the expected short axis in the absence of ap-
plied external tension, we can still infer some insights
from our tissue growth results. For instance, contin-
uous divisions over the long axis could play a notable
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role in developing tissue protrusions (Fig. 3b, 5b-ii).
Moreover, as we apply external tension during tissue
growth, this imposed tension seems to gradually be-
come less influential to the stress alignment in the
cell wall than the stress induced by cell growth (Fig.
5b-iii). It will be interesting to see whether experi-
ments yield similar results.
We introduced a method to modify the equilib-

rium shape of cells by allowing individual edges to
have a specific target length rather than a shared
global value. To obtain a true equilibrium geome-
try, we would also need to incorporate a bending in
the model. Furthermore, aside from resetting target
lengths and bending angles, wemight also need to ad-
just spring and bending constants to define the equi-
librium shape. Resetting only the target lengths, for
example, results in elastic deformation being biased
along the direction with the most individual edges,
due to the squared energy constraint. As an alterna-
tive approach we could replace our edge and bending
constraints in the Hamiltonian by a shape constraint,
based on present cell shape and the reference equi-
librium shape as defined by the inertia tensor (Eq. 7).
While this approach decreases the number of param-
eters in the model, it does lead to the loss of infor-
mation on the local edge tensions. Keeping this in-
formation provides more versatility for approaching
mechanical division, including our interpretation of
a division rule based on the edgewith the highest ten-
sion. Moreover, if wanted, it would allow for incorpo-
rating additional wall anisotropy based on local rein-
forcement of the cell wall as a response tomechanical
stress48,50–52. We need to carefully investigate how to
implement the cell shape remodeling during the sim-
ulation and properly match it with the rate of other
processes like cell expansion.
In terms of energy minimization, our updated ap-

proach has improved upon the old method by in-
creasing the number of subsequentMonteCarlo steps
that need to pass the energy threshold check be-
fore concluding the relaxation cycle. However, there
are still two notable challenges for the minimization.
Firstly, multiple cell divisions occurring in quick suc-
cession appears to significantly disrupt the system’s
energy balance, leading to distinct peaks in tissue
stress after a relaxation cycle (Fig. 4). We assume this
behavior might in part due to how cell division is im-
plemented. In the original VirtualLeaf, the pressure

of daughter cells is halved compared to the mother
cell after division. For the results in this report we
changed this so daughter cells have equal pressure
post division (seeAppendixA.2.2), yet, this did not fix
the problem. Additionally, the placement of the new
cell wall reduces tension in the walls perpendicular
to the new wall, if new nodes are inserted. The new
cell wall itself has a variable tension after division, de-
pending on the wall’s length, due to not being able to
modify edge parameters. With our implementation
of variable edges, we should reevaluate our approach
and assess whether this aspect indeed contributes to
the energy disruption. We also added an option for
limiting cell division to one cell per relaxation cy-
cle, which needs to be tested (see Appendix A.2.2).
The second challenge of the new method is related
to the simulation time. Despite the implementation
of a scaling factor for the energy threshold, the num-
ber of Monte Carlo steps often reaches the assigned
maximum of 105 steps after the tissue has grown to
64 cells. The scaling factor itself does not necessar-
ily seem to be the problem, as by making it more le-
nient, there is an undesired built-up of compressive
tissue stress. If an exact cause for this problem can-
not be found, we might need to consider alternative
schemes for energy minimization to improve simula-
tion speed, such as the FIRE algorithm53 or Position
Based Dynamics scheme54,55.

We presented two approaches for applying exter-
nal tension to the tissue, each with its own chal-
lenges. The first method involves the deformation
of the tissue through displacing a set of fixed nodes,
which unfortunately introduces tension artifacts at
the fixed boundary due to the static tension between
these nodes. When focusing on smaller tissues, these
boundary effects are especially unwanted. Further-
more, fixing nodes might hinder the formation of tis-
sue shapes that would otherwise emerge. In the sec-
ond method, we implicitly introduced a surrounding
matrix by adding a tensional energy constraint on the
boundary nodes (Eq. 8). While this approach is suit-
able for starting from a single cell, how the stress
of the matrix translates to tension in the outer cell
walls remains uncertain. Moreover, we should con-
sider that with tissue growth, the number of bound-
ary nodes increases, resulting in more points of con-
nection with the implicit matrix. Yet, the tension put
on the tissue by setting a constraint on the boundary
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nodes, ormoving fixed nodes, becomes less impactful
as the cumulative cell growth inherently stretches the
tissue through self-generated tensions. The interplay
between the growth rate and the rate or magnitude of
imposed tension or deformation will be intriguing to
examine. An alternative for applying tension could
be imposing a constraint on tissue stress, using the
current and a reference tissue stress (see Appendix
A.2.5). This approach has its own set of challenges:
firstly, the accuracy of the reference stress decreases
with growing deviations in tissue stress as the tissue
size increases, due to larger energy fluctuations. Sec-
ondly, recalculating the full stress tensor of the tissue
for each trial move would be very expensive compu-
tationally, although a clever approach should solve
this. Lastly, a method closest to the actual experi-
ments that will be performed would be to explicitly
incorporate a hydrogel matrix surrounding the cell
and subjecting that matrix to tension.
Finally, we want to briefly outline some future

ideas as (plant-based) food for thought. Our model
assumes a new cell wall is always positioned through
the cell’s geometric center as a straight line. This
approach works well for sheets of cells at the tissue
boundary where division is typically anticlinal, i.e.,
perpendicular to the boundary56. However, consider-
ing our model starts with a single cell, the 3D shape
might be more relevant than we are currently assum-
ing. We will need to evaluate whether a 2D model
can adequately describe the division processes in the
experiment data. If 3D analysis and modeling are
necessary, MorphoGraphX could be a suitable tool57.
Also regarding division, while we repeatedly state the
significance of mechanical stress in tissue morpho-
genesis, it is important to recognize the intertwined
nature of mechanical cues and the establishment of
cell polarity8,11,58. Cell polarity is a primary driver of
asymmetric cell division, where the new cell wall is
not placed through the centroid of the cell. Studying
the impact of increasing mechanical tension on cell
polarity establishment and the resulting asymmetric
divisions could be intriguing, as asymmetric division
are often at the root of initiating developmental pat-
terns and organoid formation.
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Appendix
A.1 VirtualLeaf Coding Framework
The VirtualLeaf framework is written in C++ using
the cross-platform development library Qt. It con-
sists of three main components: the source code,
model plugins, and a graphical user interface (GUI).
The source code is where all the fundamental object
classes and routines are defined, such as the relax-
ation cycle routine (Figure 1b), input and output pro-
cedures, and the GUI’s underlying code. Typically,
users are not intended to make direct changes to the
source code. In contrast, the model plugin is a soft-
waremodule which users can develop independently
from the source code. Within this module, users de-
fine their own model, where they set which biologi-
cal rules are called upon and under what conditions,
workingwithin the constraints set by the source code.
For example, the user can specify how morphogen
concentrations relate to the cell growth. Lastly, the
GUI serves as an interactive platform where users
can visualize and directly interact with their defined
model and run simulations.

A.1.1 VirtualLeaf Tutorial
For an introductory tutorial on installing and using
VirtualLeaf we refer to the book section "Modeling
Plant Tissue Development Using VirtualLeaf "59.

A.1.2 Reference List of Classes
Here, we briefly explain the most relevant classes for
understanding the VirtualLeaf code.

• Mesh class: Only a single Mesh object is con-
structed for the simulation, which represents the
tissue as a whole. This object maintains refer-
ences to all the cells, walls, and nodes in the sys-
tem, and houses many essential functions, in-
cluding the Monte Carlo step routine.

• Cell class (subclass of CellBase): A Cell ob-
ject represents a single cell within the simula-
tion. It not only tracks essential properties like
the cell’s area and target area but also main-
tains references to the nodes that define the cell’s
structure, as well as its neighboring cells and
walls for managing biochemical transport. The
Cell class also hosts the core function for cell
division.

• Node class (subclass of Vector): The Node class
is responsible for defining the nodes in the tis-
sue. A Node object’s main function is to keep
track of a node’s coordinates.

• Neighbor class: The Neighbor class is closely
associated with the Node class. It allows nodes
to maintain references to their two neighbor-
ing nodes for each cell they are part of. The
Neighbor class provides a convenient means to
keep track of all cells and nodes affected by per-
forming a trial move in the energyminimization
routine.

• Wall class (subclass of WallBase): Althoughnot
directly used in our extension, the Wall class
serves as a blueprint for cell walls in the simu-
lation. This class is unrelated to the edges re-
ferred to in the energy minimization. Wall ob-
jects are exclusively used for setting up biochem-
ical transport between neighboring cells.

• Parameter class: Similar to the Mesh class, only
a single Parameter object is initialized per simu-
lation. The Parameter object stores all of the in-
put parameters defined by the user beforehand,
either within the input file or in the GUI. The
values of its data members are unaltered during
the simulation’s runtime.

A.1.3 Reference List of Core Functions
Provided below is a short list of themost relevant core
functions in the source code of VirtualLeaf for easy
reference:

• TIMESTEP block: The core simulation procedure
(Figure 1b). (/GUI/VirtualLeaf.cpp)

• Mesh::DisplaceNodes: The Monte Carlo step
routine. (/GUI/mesh.cpp)

• Mesh::InsertNode: The cell wall yielding pro-
cedure. (/GUI/mesh.cpp)

• Mesh::DoCellHouseKeeping: Calls upon the
model plugin function where cell behavioral
rules are set by the user. (/GUI/mesh.h)

• Cell::DivideWalls: The cell division proce-
dure. (/GUI/cell.cpp)

• The /GUI/qtxmlwrite.cpp file contains the body
of most data input and output functions.
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A.2 A Coder’s Guide to the VirtualLeaf Ex-
tension

In this appendix section, we provide a code-oriented
summary of the VirtualLeaf extension. For each part
of the extension highlighted in the main text, we out-
line the most important modifications made to core
functions, newly added functions, their locations in
the code, and how they can be used. It is important to
note that some parts of the extension are still a work
in progress. As such, another aim of this section is to
outline tasks still to be performed.
Throughout the code, all changes to the origi-

nal VirtualLeaf program are marked with the tag:
‘AIMEE’. Modifications related to a specific subsection
can be found by adding the section number to tag,
e.g.: ‘AIMEE A.2.1’.

A.2.1 Calculating Cell and Tissue Stress

We included a two-part function to compute the
stress experienced by a single cell. In the first
function, CellBase::SetStressTensor(void),
the three stress tensor components are calculated
and stored in the CellBase variables sigma_xx,
sigma_yy, and sigma_xy. The second function,
CellBase::Stress(double *stress, Vector
*stress_axis), calls on the first function and
calculates the eigenvalues and eigenvectors of the
stress tensor. This function takes references to two
variables: stress, which stores the magnitude of the
maximum tensile stress, and stress_axis, which
stores the corresponding axis. CellBase::Stress
can be called from themodel plugin to set the axis for
placing the new cell wall during division. Note: the
Parameter object cannot be accessed from within
the cellbase.cpp file. Therefore, the spring constant
and relative perimeter thickness are currently hard-
coded into CellBase::SetStressTensor and thus
need to be manually changed. Finding a solution to
this problem would be valuable.
The stress acting on the tissue as a whole is sim-

ilarly calculated. We added sigma_xx, sigma_yy,
and sigma_xy as data members to the Mesh class.
The function Mesh::SetStressTensor(void) com-
putes and sets the value of these data members by
summing the individual contributions from all cells.
Next, the function Mesh::TissueStress(void)
simply returns the magnitude of maximal tensile
stress based on the same eigenvalue calculation as in

CellBase::Stress. Currently, this function is un-
used, however, it could be used for applying an exter-
nal field.
A.2.2 Improved Energy Minimization
We enhanced the energy minimization, as described
in section 3.2 of the main text, by introducing sev-
eral modifications to the core simulation procedure
(TIMESTEP block in /GUI/VirtualLeaf.cpp).
First, in the original routine, the relaxation cy-

cle terminates as soon as the energy difference of
an MC step is below the preset energy threshold:
𝜃𝐻 ∆𝐻𝑀𝐶 < 𝜃𝐻 . To make the minimization
more reliable, we introduced a new input param-
eter: par.mc_min_steps, defining the number of
consecutive iterations the energy check needs to be
passed before the system is considered to be in equi-
librium. The equilibration_counter keeps track
of this number of consecutive iterations. To pre-
vent infinite equilibration, we also added the input
parameter par.mc_max_steps, the maximum num-
ber of iterations for a single relaxation cycle. De-
fault values are set as par.mc_min_steps = 100 and
par.mc_max_steps = 1𝑒5.
Furthermore, we implemented the option to de-

fine a scaling factor 𝛼, which links the energy thresh-
old to tissue growth: 𝜃𝐻 = 𝛼 𝜃𝑖𝑛𝑖𝑡. Currently, 𝛼
can only be modified directly in the source code
(scaling_factor). For the results in this report, we
used 𝛼 = 0.3 ln(𝑁𝑛𝑜𝑑𝑒𝑠) and 𝜃𝑖𝑛𝑖𝑡 = 10.
Although unmentioned in the main text, we also

revised the handling of cell wall yielding during the
relaxation cycle. Originally, if an edgewasmarked for
cellwall yielding, the yielding procedure initiated just
before the energy check. Since the yielding procedure
changes the force balance, the energy minimization
might be terminated even though the system would
need to adjust to this yielding to achieve mechanical
equilibrium. We adjusted this behavior so that if cell
wall yielding occurs, the equilibration_counter
resets, providing the opportunity for the system to
adapt.
We note that despite these modifications, there

are instances where the energy is not properly min-
imized following a relaxation cycle. This problem
notably seems to occur after a quick succession of
many cell division events (Figure 2). Moreover, a
significant number of MC steps are required to even
reach this subpar state. To address this, we in-
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cluded the option to limit the amount of cells that di-
vide between two relaxation cycles, and stop induc-
ing growth until no cells have divided before initiat-
ing a new relaxation cycle. The option can be tog-
gled in mesh.h > DoCellHouseKeeping() > bool
limit_cell_division. Whether this is an effective
solution needs to be tested.
Additionally, part of the energy problem might be

related to how the stress is altered after cell division.
In the original VirtualLeaf framework, the target area
for each daughter cell was simply halved compared
to the mother cell, halving the pressure as well. We
added the option to keep pressure equal in daughter
cells after division. The target area of each daughter
cell required for keeping the pressure equal can be
calculated as:

𝐴
(𝑗)
𝑇 = 𝑥

[(
1 − 1

𝑥

)
𝐴(𝑖) + 1

𝑥
𝐴(𝑖)
𝑇

]
Here, 𝐴(𝑗)

𝑇 represents the target area of the daughter
cell, 𝑥 is the area fraction of the daughter cell relative
to the area of themother cell. 𝐴(𝑖) and𝐴(𝑖)

𝑇 denote the
area and target area of the mother cell, respectively.
A.2.3 Division Rules
We proposed two interpretations of the mechanical
division rule, which can be accessed in the Virtual-
Leaf extension. Division rules can be set in themodel
plugin function Model::CellHouseKeeping.
The shortest path rule is activated with
Cell::Divide(void), the default option
for division in VirtualLeaf. In the case of
applying mechanical division rules we use
Cell::DivideOverAxis(Vector &v) instead,
which takes a custom axis as input for placing the
cell wall. For the first option, where the average
stress on the cell guides the division axis, the input
axis is retrieved from CellBase::Stress(double
*stress, Vector *stress_axis) (see A.2.1).
For the second option, we created the function
CellBase::FindHighestTensionEdge(Vector
*edge_axis) to retrieve the axis of the edge with the
highest tension within the cell to use as the guiding
axis.
A.2.4 The Equilibrium Geometry of Cells
To modify a cell’s equilibrium geometry, defining
the cell’s shape in the absence of external forces,
adjustments of edge properties are necessary. In

the original version of VirtualLeaf, the spring con-
stant (𝜆𝑆) and target length (𝐿𝑇 ) of individual edges
cannot be altered; instead, a global spring constant
(lambda_length) is predefined in the Parameter ob-
ject and the target length is a shared Node class data
member. (Note that Parameter::target_length
does not refer to the target length of edges but to the
target length of cells!) In fact, the program does not
explicitly track edges or output edge information at
all. Here, we introduce the Edge class as a means to
track individual edges and their properties.
The original VirtualLeaf code actually does define

an Edge class (in /GUI/node.h), however, this is only
used for temporarily keeping track of two connected
nodes as input for the cell wall yielding procedure.
In the extension, we expanded the Edge class’s func-
tionality. Since this implementation required many
adjustments to the source code we will briefly sum-
marize it:

• Each Edge object now contains a
target_length data member to store the
edge’s target length. Accordingly, any part of
the code requiring the target length of an edge
now refers to this variable rather than the global
Node::target_length.

• All Edge objects in the system are cataloged in
the Mesh object as edges, similar to the Node and
Cell objects.

• All Edge objects belonging to a cell are refer-
enced in that Cell object as edges, storing them
in the same clockwise order as the cell’s Node ob-
jects.

• Neighbor objects now also store references to
the two Edge objects linked to the edges connect-
ing the node and its two neighboring nodes.

• The data of the Edge objects are included in the
output under the ‘edges’ XML node. We also in-
corporated backward compatibility, allowing in-
put files without the ‘edges’ XMLnode to still be
read. In these cases, Edge objects are generated
and assigned the global Node::target_length.

• The cell division and cell wall yielding methods
manage the changes in the (number of) Edge ob-
jects and their references in other objects. More-
over, in both functions, we added a very ba-
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sic option to change target lengths for the new
or yielded cell walls. (See tag ‘AIMEE A.2.4
VAR’)

There are still many outstanding tasks to ensure
control over all aspects related to the equilibrium ge-
ometry of cells during the simulation. First of all, the
spring constant needs to be added as a data member
to the Edge class. In turn, this data member needs
to be referred to in the code instead of the global
Parameter::lambda_length. This task should be
relatively straightforward as themain bookkeeping of
the Edge objects is already taken care of. Amore com-
plex challenge lies in implementing and determin-
ing how the spring constant and the target lengths
should change during the simulation, and how users
can change related options within the model plugin
or input file.
Furthermore, to obtain full control over the equi-

librium cell shape, bending properties also need to be
included. The original VirtualLeaf already includes
an option for calculating the bending constraint, al-
though it is an untested implementation (see tag
‘A.2.4 BENDING’). To track a rest bending angle and
a bending constant, these variables could be incor-
porated in the Neighbor objects since they already
contain the two neighboring nodes to calculate the
bending angle. However, similar to the Edge class,
as Neighbor objects only relate to nodes and lack a
direct connection to the system, a separate class for
’bending’ objects might be necessary.

A.2.5 Applying External Tissue Tension
We introduced two basic methods to apply an
external tension to the tissue. To simplify access
to tissue-wide adjustments, we integrated a new
general method into the model plugin, named
Model::TissueHouseKeeping(Mesh *m). This
function is invoked after the relaxation cycle and
Mesh::DoCellHouseKeeping in the main routine
through Mesh::DoTissueHouseKeeping(void).
Within this model plugin method, functions for
applying external tension can be called on.
Firstly, to simulate a tensile test by pulling fixed

nodes apart, a set of nodes on opposing sides on the
tissue must be set to fixed="true", either in the
input file or dynamically in the simulation. Sub-
sequently, we use Mesh::MoveFixedNodes(double
dx) in Mesh::DoTissueHouseKeeping to move the

fixed nodes along the x-axis. Nodes on the -x side
move further along the -x direction, while nodes on
the +x side move further along the +x direction.
For the second option, applying ten-

sion to the boundary nodes, we use
Mesh::SetBoundaryNodeDisplacements(double
dx) to set 𝑟∗(𝑘) for the energy constrain as described
in Eq. (8). Similar to the Mesh::MoveFixedNodes,
this function confines the constraint’s impact to
the x-axis. The Langrange multiplier of the con-
straint is set by Parameter::stress_lambda.
Any new boundary nodes created during the re-
laxation cycle through cell wall yielding will also
be included in the constraint with the function
Mesh::SetSingleBoundaryNodeDisplacement,
with an 𝑟∗(𝑘) based on the difference in 𝑟(𝑘) and 𝑟∗(𝑘)

for its boundary node neighbors. This decision was a
bit arbritary and needs to be reevalauted.
We want to note that both approaches have been

implemented rather crudely, and recommend revis-
ing them for further use. Moreover, proper values for
dx and stress_lambda need to be tested.
Lastly, as a potential future option, one could con-

sider implementing an energy constraint based on tis-
sue stress to apply a global tension to the system. Fo-
cusing on just the x component for simplicity, the ad-
justed Hamiltonian would then take the form of:

𝐻′ = 𝐻 + 𝜆𝑆

(
𝜎𝑥𝑥 − 𝜎

𝑟𝑒𝑓
𝑥𝑥

)2
(9)

This method requires setting a reference value 𝜎𝑟𝑒𝑓
𝑥𝑥 ,

and calculating the tissue stress before and after the
trial displacement of the node. Taking the difference
between all elements of the stress tensor compared to
a reference stress tensor into account would require
finding a proper norm to determine a magnitude of
the difference between 𝜎 and 𝜎𝑟𝑒𝑓.
A.2.6 Model Guide
We added five basic models to the extension for users
to sample the features of this extension. Each of these
models takes an input file ‘ModelX_init.xml’, with X
corresponding to the model number:

• Model1: Division along shortest path. Also con-
tains an extra function for setting dose-response
curves. (Fig. 3a)

• Model2: Division along maximal tensile stress
from the average over the whole cell. (Fig. 3ba)
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• Model3: Division along the edge with maximal
tension of the cell. (Fig. 3c)

• Model4: Application of external tension bymov-
ing fixed node. (Fig. 5a)

• Model5: Application of external tension by a
constraint on the boundary nodes. (Fig. 5b)
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