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4 Université de Strasbourg, IGBMC UMR 7104- UMR-S 1258, F-67400 Illkirch, France
5 CNRS, UMR 7104, F-67400 Illkirch, France
6 Inserm, UMR-S 1258, F-67400 Illkirch, France
7 IGBMC, Institut de Génétique et de Biologie Moléculaire et Cellulaire, F-67400
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Abstract

Organoids are ideal systems to predict the phenotypes of organs. However, there is
currently a lack of understanding regarding the generalized rules that enable use of
simple cellular principles to make morphological predictions of entire organoids.
Therefore, we employed a phase field model with the following basic components: the
minimum conditions for the timing and volume of cell division, lumen nucleation rules,
and lumenal pressure. Through our model, we could compute and generate a myriad of
organoid phenotypes observed till date. We propose morphological indices necessary to
characterize the shapes and construct phase diagrams and show their dependencies on
proliferation time and lumen pressure. Additionally, we introduced the lumen-index
parameter, which helped in examining the criteria to maintain organoids as spherical
structures comprising a single layer of cells and enclosing an intact lumen. Finally, we
predict a star-like organoid phenotype that did not undergo differentiation, suggesting
that the volume constraint during cell division may determine the final phenotype. In
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summary, our approach provides researchers with guidelines to test the mechanisms of
self-organization and predict the shape of organoid.

Author summary

In nature, a wide variety of organ morphologies are observed. Owing to the complexity
of the process underlying the acquisition of organs’ morphology, it is challenging to
investigate the mechanisms that lead to such variations. A promising approach to study
these variations is the use of “computational organoid” study, which is the
computational-based study of self-organizing shapes in multicellular assemblies and
fluid-filled cavities called lumens that develop from a few proliferating cells. This study
explores general mechanisms that dictate how various mechanical factors affect the
growing self-organized multicellular assembly. We relied on computer simulations of the
mathematical model called multicellular phase-field model with lumens and explored
the mechanical factor effects, such as the lumen pressure while considering the time and
volume conditions required for cell division. These simulations generated and
categorized a wide range of organoid phenotypes based on the varying lumen pressure
and cell division conditions. These phenotypes were characterized into seven distinct
classes, based on the morphological index sets, including a cellular monolayer/multilayer
surrounding single or multiple lumens and branch formation. These phenotypes were
obtained without the assumption of differentiation. Our study elucidates the
mechanisms underlying the organoid and organ formation with different shapes, thereby
highlighting the significance of mechanical forces in shaping these complex biological
structures.

Introduction 1

Morphology plays a crucial role in organ function and there is a wide variety of organ 2

morphologies in nature. As the processes involved in the acquisition of real organs’ 3

morphologies are extremely complex, the underlying mechanisms can be elucidated 4

through the exploration of simplified systems such as organoids. Organoids are 5

generally defined as an in-vitro cell assembly with a specific configuration that develops 6

from a few stem/progenitor cells through self-organization, and could offer a new 7

understanding regarding this [1, 2]. As shown in Fig. 1, organoids exhibit a variety of 8

morphologies and are therefore considered a potential model to study the principles 9

underlying the determination of various tissue morphologies. While simple examples of 10

these morphologies include cell aggregates such as tumor spheroids [3], many organoids 11

have lumens, which are liquid-filled cavities surrounded by tissue cells. Simple 12

monolayer lumens are found throughout the body in organs such as the thyroid 13

gland [4–6] and often form in vitro from cells that would naturally form tubes in vivo. 14

The isotropic environment of suspension or gel cultures simplifies their geometry from a 15

tube to a sphere. Intestinal organoids retain some of their folding structure from the 16

intestinal crypts and villi and exhibit short tubular structures bulging from a cyst [7–9]. 17

Small buds growing on a cyst structure are also found in organoids of the stomach and 18

liver organoids [10–12]. More complex structures may also form in vitro. For example, 19

epidermal organoids exhibit a central cyst surrounded by multiple cell layers [13]. 20

Others can have multiple lumens, or even a network of lumenal structures. 21

Multi-lumenal structures within a multilayered stratified epithelium are observed in the 22

pancreas during development in vivo and in pancreatic organoids in vitro [14, 15]. A 23

network of lumenal structures are observed during angiogenesis [16,17], and in the 24

formation of the lung [18–20] and pancreas both in vivo and in vitro [14, 15,21,22]. 25
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While the mechanisms of lumen formation have been explored in great depth notably 26

using the Madin-Darby canine kidney (MDCK) lumen system, the mechanisms that 27

control the diversity of lumen shapes has not been comprehensively studied [23–25]. 28

The diversity of organoid models enables the study of this in vitro, which makes the 29

topic timely, notably considering the tissue mechanics.

Fig 1. Variety of morphologies observed in in vitro organoids. Cross-sectional
view of different organoids with the lumen surface labeled in red. (a) Snapshot of an
Madin-Darby canine kidney (MDCK) cyst with a single lumen labeled with F-actin
(red) and DAPI (blue). Scale bar: 10 µm. (b) Snapshot of a pancreatic organoid with
multiple lumens labeled with Ezrin (red) and Hoescht (blue). Scale bar: 40 µm. (c)
Snapshot of a murine epidermal organoid with a single lumen surrounded by multiple
cell layers labeled with F-actin (red), DAPI (blue), and Keratin-5 (yellow). Adapted
with permission from Boonekamp KE et al. [13]. Scale bar: 50 µm. (d) Human breast
adenocarcinoma tumor spheroid with metabolically viable cells shown in green and the
central cells of the spheroid remained viable. Adapted with permission from Gong X et
al. [3]. Scale bar: 100 µm.

30

A hallmark of organoids is the proliferation of their cells accompanied by 31

morphogenesis and these structures are formed by a variety of factors. Mechanics and 32

hydraulics play pivotal roles in the growth of cell assemblies, including organs and 33

organoids. Moreover, some organs/organoids can sense the mechanical environment and 34

applied forces and thus change their morphologies accordingly [8, 9, 26–31]. When 35

starting with epithelial cells that can polarize and form a lumen, micro-lumens are 36

initially created within or between the cells and then expand and form a physiologically 37

functioning structure [32]. This expansion is driven by the osmotic pressure differences 38

generated through ion transport mechanisms on the cell surface that causes water to 39

flow into the lumen from the surrounding environment [32–35]. In a system such as this, 40

the balance of forces, such as that between the lumen pressure and tissue elasticity of the 41

cell monolayer, plays an important role in shaping the entire system. Additionally, the 42

balance of kinetics must also be considered; for example the speed of lumen expansion 43

must match that of the cell proliferation rate for the stable existence of the lumen; in 44

the absence of this balance, lumen could disappear or leak out from between the cell 45

junctions [36]. These factors can be considered independently of the cell state/identity, 46

whether the cell is a stem cell or has differentiated from pluripotency. Therefore, in this 47

study, we do not focus on the cell state but rather consider the underlying mechanistic 48

factors. It is important to note that this assumption does not limit the scope of the 49

study regarding the cell states in which differentiation does not occur. Rather, it is a 50

framework that enables the discussion of the topic regardless of the cell state. 51

To reveal the mechanisms that can determine the morphology of the organoids or 52

real organs observed in each experiment, careful theoretical discussions are necessary to 53

integrate these factors. However, such discussions are currently unavailable. Specifically, 54

the following elements are missing: (i) fundamental knowledge on what can mechanically 55

emerge in the system that comprises of proliferating cells under geometrical constraints 56

and (ii) a systematic manner to characterize the observed morphology. 57
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In this study, we addressed this issue through the analysis of a computational model 58

of organoids, i.e., growing computationally simulated cell assemblies. Assuming a 59

typical organoid culture environment, we set a few cells (four cells in this study) as the 60

initial condition and computationally simulated the self-organized multicellular 61

structures after multiple rounds of cell proliferation. Simulations were performed by 62

applying the computational framework called multicellular phase-field model, which can 63

simulate the shape of each cell and lumen using the continuum field in space [37,38]. 64

Although there are other models simulate the applicable assembly structure [39–43] and 65

lumen-containing organoids [44], such as the cellular vertex and Potts models, 66

considering the purpose of this study to determine the effect of mechanical factors 67

including pressure, we adopted the phase field model, which can model the pressure of 68

both the cells and lumens [43]. The cellular vertex model can clearly describe the forces 69

generated by the cytoskeleton and applied to the vertex, but the shape of cells and 70

lumens are limited to polygonal shapes. The cellular Potts model allows for the easy 71

introduction of rules for cell–cell and cell–lumen interactions, but it is challenging to 72

clearly describe the balance of the forces. We observed that the growing cell assembly 73

self-organized into varieties of morphologies only through the coupling between the 74

mechanics/kinetics of growth and geometrical constraints by the multicellular phase 75

field model. These morphologies were characterized by the proposed indices. These 76

results may provide a manner to study the mechanics/kinetics-based principles that 77

determine the formation process and final forms of the organoids, and be applied to 78

gain a deeper understanding of the morphogenetic mechanisms of functional organs. 79

In the following sections, we discuss the computational simulations. We present the 80

results and analysis in the Results and Discussion sections, respectively. This includes 81

the phase diagram, morphology, and indices used to characterize the model. We also 82

explore the effect of introducing noise to the cell division process, as well as the 83

mechanism that maintain the monolayer morphology. In the Discussion section, we 84

further address the challenge of characterizing the organoid morphologies under the 85

experimental conditions. We also emphasize the importance of considering the model 86

limitations and investigating the role of the extracellular matrix. These insights provide 87

valuable guidance for future research endeavors. In the last, we comprehensively 88

describe the mathematical model in the Materials and Methods section. 89

Results 90

We began with four cells at the center of the simulation domain in a two-dimensional 91

system. Each cell adhered to two neighboring cells, forming a circular shape that was 92

divided into four equal quadrants. The space and time step sizes, dx and dt, were set to 93

0.02 arb. unit of length and 0.01 arb. unit of time, respectively. The simulation domain 94

was selected to be sufficiently large compared to that of a single cell, and the simulation 95

boundary was square, with a size of 40×40. When the organoid reached the simulation 96

boundary, the simulation was set to stop. For the analysis of the volume and perimeters 97

of the cells and lumen, we defined the region of a cell and a lumen, where ui > 0.2 was 98

satisfied. For convenience, we refer to the area in two dimensions as the ‘volume’ in this 99

paper. 100

Patterns of organoids 101

We numerically simulated our organoid model by varying the parameters of td and ξ 102

from 0 to 300 arb. unit of time and from 0.27-0.40 arb. unit of pressure, respectively, 103

with increments of 20 and 0.01. Figure 2 shows the phase diagram and typical pattern 104

of each organoid morphology. Based on the morphology features, we classified the 105
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simulated organoid patterns into seven distinct types: star-shaped, monolayer lumen, 106

branched multi-lumen, multilayer multi-lumen, multilayer no-stable-lumen, multilayer 107

single-stable-lumen, and ruptured sheet with expanding lumen. The ruptured sheet 108

with expanding lumen was excluded from our analysis because no organoid growth is 109

typically observed after rupture. The star-shape and monolayer cyst organoids exhibited 110

a single lumen surrounded by a single cell layer, with the former breaking rotational 111

symmetry and the latter having a round shape [Fig. 2(b,c)]. Both branched multi-lumen 112

and multilayer multi-lumen organoids had multiple lumens within the cell layers, with 113

the former increasing the lumen area over time and the latter decreasing the lumen area 114

over time [Fig. 2(d,e)]. The multilayer no-stable-lumen corresponded to a state in which 115

the lumen area eventually disappeared and multiple cell layers were persistently present, 116

as the name implies [Fig. 2(f)]. Similarly, the multilayer single-stable-lumen was a state 117

in which one lumen area was surrounded by multiple cell layers [Fig. 2(g)]. This phase 118

diagram highlights the importance of the cell proliferation rate and lumen growth rate 119

to determine the morphology of organoids. To further explore the mechanism of the 120

formation of different shapes, we used specific indices to characterize each morphology, 121

which are discussed in the following subsections. 122

Fig 2. Overview of the morphologies produced by this model. (a) Phase
diagram of the organoid morphology and typical pattern of each phase. Each domain
corresponds to; star shape (yellow dots), monolayer cyst (green horizontal stripe),
branched multi-lumen (red solid), multilayer multi-lumen (magenta lattice), multilayer
no-stable-lumen (blue tilted stripe), and multilayer single-stable-lumen (navy vertical
stripe). The black and white star markers correspond to the parameter sets where the
organoids of (b)-(g) emerge. The final states of (b) star shape organoid formed when
(ξ, td) = (0.37, 0), (c) Monolayer cyst organoid formed when (ξ, td) = (0.36, 280), (d)
branched multilayer organoid formed when (ξ, td) = (0.33, 100), (e) multilayer
multi-lumen organoid formed when (ξ, td) = (0.30, 80), (f) multilayer no-stable-lumen
organoid formed when (ξ, td) = (0.28, 60), (g) multilayer single-stable-lumen organoid
formed when (ξ, td) = (0.28, 140). The blue and yellow regions in (b-g) represent the
cells and lumen, respectively.

Figure 3 illustrates the time evolution of each morphology. In the beginning, four 123

initial cells were clustered in the center of the computational area. In most cases, the 124

first micro-lumen was created when the first four cells divided and merged in the center, 125
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surrounded by more cells that divided radially to create a monolayer. This process 126

occurred in the star-shape, monolayer cyst, branched multi-lumen, and multilayer 127

single-stable-lumen morphologies [Fig.3(a), (b), (c), and (f)]. After the initial formation 128

of micro-lumens, the star-shaped organoid branched outward, while the single-layer cyst 129

grew in a relatively stable shape. In the branched multi-lumen morphology, multiple 130

lumens were generated in the outer cell layers, some of which merged with the center 131

lumen. In the multilayer single-stable-lumen, subsequent micro-lumens that were 132

generated in the process were not stable and disappeared without growing. In contrast, 133

in the multilayer multi-lumen and multilayer no-stable lumen morphologies [Fig.3(d) 134

and (e)], a lumen did not initially form in the center due to the pressure from the 135

surrounding cells. Instead, stable lumens formed in the outer cell layers during the 136

subsequent phase for the multilayer multi-lumen morphology. 137

Fig 3. Time evolution of the organoid growth process. The blue and yellow
regions in (a-g) represent the cells and lumen, respectively. (a) star-shape
(ξ, td) = (0.37, 0), (b) monolayer cyst (ξ, td) = (0.36, 280), (c) branched multi-lumen
(ξ, td) = (0.33, 100), (d) multilayer multi-lumen (ξ, td) = (0.30, 80), (e) multilayer
no-stable-lumen (ξ, td) = (0.28, 60), and (f) multilayer single-stable-lumen
(ξ, td) = (0.28, 140). See supplemental movies 1-6.

Indices to characterize organoid morphology 138

The patterns that appeared in the simulations were categorized based on the extent of 139

lumen occupancy, number, and sphericity. Table 1 provides a summary of the range of 140

each index for each organoid shape. 141

Lumen Occupancy 142

The first index used to classify the morphologies is the lumen occupancy, which is 143

defined as the volume of lumen over the volume of the organoid in 2D, and is expressed 144
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Table 1. Summary of the behaviors of the indices to characterize the organoid morphology.

lumen occupancy no. of lumen sphericity

star-shaped approach to 1 = 1 < 0.7
spheroid like approach to 1 = 1 > 0.7
branched multi-lumen approach to 1 > 1 < 0.7
multilayer multi-lumen decreasing with time > 1 < 0.7
multilayer single-stable-lumen decreasing with time = 1 > 0.7
multilayer no-stable-lumen 0 = 0 -

Fig 4. Lumen occupancy. (a) Time evolution of the lumen occupancy at the various
td and ξ. (b) Time variation rate of lumen occupancy for the various values of the
minimum cell division time td and lumen pressure ξ. Black dashed line represents the
contour line of zero. The lumen occupancy increases and decreases with time to above
and below the black dashed line, respectively. (c) Value of the lumen occupancy at the
final state for the various td and ξ. (d) Snapshot of each parameter set of (c). The
number labels represent the class of the organoid morphology: (i) star-shape, (ii)
monolayer cyst, (iii) branched multi-lumen, (iv) multilayer multi-lumen, (v) multilayer
single-stable-lumen, and (vi) multilayer no-stable-lumen.

as: 145

Lumen occupancy:
Al

Ao
, (1)
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where Al and Ao are the areas of the lumen and organoid, respectively [Fig. 4(a)]. Here, 146

Ao includes the area of Al. The simulated organoids are growing systems with no steady 147

states. Thus, we focused on the time variation to capture the growing morphology. 148

Figure 4(c) shows how the lumen occupancy changes over time for the different 149

lumen pressures (ξ) and minimum time for cell division (td). At ξ = 0.28, the lumen 150

occupancy increased in the beginning, but decreased in the subsequent phase, except for 151

td = 0. Organoids at ξ = 0.28 exhibited multiple cell layers (lower row in Fig.4(e)). In 152

most cases at ξ = 0.28, the lumen occupancy initially increased but then decreased in 153

the subsequent phase except for td = 0. The simulation at (ξ, td) = (0.28, 0) was 154

terminated before lumen occupancy could start to decrease because the organoid grew 155

larger than the simulation area. For ξ = 0.32, the lumen occupancy increased in the 156

beginning, and the slope gradually decreased before reaching a constant value. 157

Organoids at ξ = 0.32 and td values of 0, 60, 120, 180, and 240 harbored multiple cell 158

layers, while those at td = 300 had a single cell layer [middle row in Fig. 4(e)]. When 159

ξ = 0.36, the lumen occupancy increased over time, regardless of td, which resulted in 160

monolayer organoids [upper row in Fig.4(e)]. 161

To better understand the behavior of the organoids in the subsequent phases, we 162

analyzed the rate of change in the lumen occupancy during the last 200 arb. units of 163

time. Where each unit corresponds to a time step interval of 0.01 in the arb. units of 164

time used for time discretization in this study. The results are presented in a heat map 165

in Fig. 4(b), where two main regions can be identified: one where the lumen occupancy 166

increases (above the black dashed line), and the other where it decreases (below the 167

black dashed line) as the lumen pressure decreases. 168

We also examined the final lumen occupancy for each of the parameter sets. 169

Fig. 4(d) shows that lumen occupancy was generally higher at higher values of ξ and td. 170

As both parameters increase, lumen occupancy also tends to increase. The black dashed 171

line represents the point where the lumen occupancy does not change over time. 172

By comparing the variation in the lumen occupancy, the growth of the organoids can 173

be discussed. When the lumen occupancy expands over time, there is a greater chance 174

of the cells being a monolayer. Conversely, when it decreases over time, the cell layer 175

becomes thicker, indicating the presence of multiple cell layers in the organoid. This 176

criterion can be applied to both three-dimensional simulations and experimental 177

systems to classify the growing organoids. Measurements can be taken by determining 178

the volume of the lumen and the entire organoid using three-dimensional scanning, or 179

by measuring the area of the lumen and organoid in cross-section where the cells can be 180

tracked. 181

Number of lumens 182

The second index of our analysis is the number of stable lumens present, as shown in 183

Figure 5(a). The stable lumens were defined in this study as lumens that have twice the 184

volume as that of the micro-lumens generated immediately after cell division. We 185

excluded micro-lumens from our lumen counts because they are not necessarily stable 186

over a long period. Figure 5(b) shows the number of stable lumens in the final phase of 187

each parameter set. In general, the number of lumens in the final state is either one at 188

high and low lumen pressures or more than one at intermediate lumen pressure. 189

However, the organoids at (ξ, td) = (0.27, 60), (0.28,60), and (0.29,60) did not have any 190

stable lumens present. 191

Figure 5(c) displays the number of lumen over time at ξ = 0.28, 0.32, and 0.36. At 192

ξ = 0.28, the organoids with a multilayer no-stable-lumen configuration are represented 193

by the line at td = 60 in the left panel of Fig. 5(c), where the number of lumen remains 194

zero for nearly the entire time. For td = 120 and 180 at ξ = 0.28, the number of lumens 195

was consistently one. However, for td = 0, 240, and 300 at ξ = 0.28, the number of 196

August 16, 2023 8/26

.CC-BY 4.0 International licenseavailable under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprintthis version posted August 18, 2023. ; https://doi.org/10.1101/2023.08.17.553655doi: bioRxiv preprint 

https://doi.org/10.1101/2023.08.17.553655
http://creativecommons.org/licenses/by/4.0/


Fig 5. Number of lumens. (a) Number of lumens present at the various values of
the minimum cell division time td and lumen pressure ξ. Brown region with a star
marker, *, represents zero. (b-d) Time evolution of the number of lumen at the various
td and ξ. See their morphology in Fig. 4(e).

lumen tended to increase as time increased. In the center panel of Fig.5(c), the number 197

of lumen at ξ = 0.32 was mostly more than one, except at td = 300. In contrast, for 198

organoids with a single lumen, such as those at higher values of ξ, such as 199

(ξ, td) = (0.36, 300), the number of lumens remained at one for nearly entire time, as 200

shown in the right panel of Fig.5(c). 201

The number of lumens is an important indicator of the complexity of the organoid’s 202

inner structure, as it reflects whether the internal structure is composed of only cells, a 203

cyst-like lumen, or more complex structures. Counting the number of lumens in a 204

cross-section can therefore provide valuable insight into the developmental processes and 205

morphogenesis of organoids in both three-dimensional simulations and experimental 206

systems. 207

Sphericity 208

The third index of our analysis is sphericity, which is defined as 209

Sphericity:
2
√
πAl

ℓl
, (2)

in 2D, where ℓl is the perimeter of the lumen. When an organoid has a single lumen 210

that is circular in shape, its sphericity index is one [Fig. 6(a)]. However, if the organoid 211

has a single lumen with a complex shape or multiple lumens, the sphericity index will 212

be smaller than one. Note that the sphericity index cannot be defined for organoids 213

with no lumens. 214

The sphericity index is crucial to distinguish between the star-shaped and monolayer 215

lumen organoids. For lumen pressures higher than the black dashed line, which 216

separates the multi-lumen from single-lumen configurations, the sphericity is generally 217
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Fig 6. Sphericity. (a) Sphericity of organoids at various values of the minimum cell
division time td and lumen pressure ξ. The brown region with a star marker, *,
represents the zero lumen region. (b-d) Time evolution of the sphericity at various
values of td and ξ. See their morphology in Fig. 4(e).

higher at the lower values of td compared to the higher values of td. The transition from 218

star-shaped to monolayer single-lumen organoids occurs at a crossover point. At low 219

lumen pressures, the sphericity separates the multilayer multi-lumen and multilayer 220

single-stable-lumen configurations, as indicated by the lower black solid line in Fig. 6(b). 221

We define sphericity of the boundary between the star-shaped and monolayer 222

single-lumen phases as 0.7, based on the jump in sphericity between the configuration of 223

multilayer multi-lumen and multilayer single-stable-lumen. This boundary is shown by 224

the upper black solid line in Fig. 6(b). 225

The sphericity index at (ξ, td) = (0.36, 240), (0.36, 300), and (0.32, 300), where the 226

monolayer single-lumen emerges, maintains a value of approximately 0.8 from the early 227

simulation phase [Fig.6(c)]. Conversely, at (ξ, td) = (0.36, 120) and (0.36, 180), the 228

sphericity decreases over time, indicating the transition from monolayer single-lumen to 229

star-shape organoids. It also decreases with time in the pattern of multi-lumen organoid; 230

for example, ξ = 0.32 and 0 ≤ td ≤ 240 [the center panel of Fig.6(c)]. At ξ = 0.28 and 231

td > 60, where the multilayer single-stable-lumen organoids form, sphericity reaches 0.9 232

in the early phase and maintains this value throughout [left panel of Fig. 6(c)]. 233

In this study, we found that the sphericity index was a crucial parameter to 234

distinguish between the different configurations of organoids, such as between the 235

star-shaped and monolayer lumen organoids. We defined the sphericity of the boundary 236

between these phases based on the jump in sphericity between the different 237

configurations. The sphericity index provides valuable insight into the structural 238

complexity of the organoids and can help understand how the structure of the cell sheet 239

affects their fate and the organoid functions. Therefore, examining the sphericity in 240

three-dimensional simulations and experiments can be a useful tool to study organoid 241

morphogenesis. 242
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Effect of noise added to the minimum volume condition 243

In previous simulations, the condition of the minimum volume required for cell division 244

was constant and Vd = 2.9 arb. unit of volume for all cells although a small amount of 245

noise was added to td. However, we found that the condition of the minimum time 246

required for cell division was more easily satisfied compared with that of the minimum 247

cell volume condition for cell division for many of the classified patterns. Therefore, in 248

those cases, the minimum volume condition dominates, and the resulting growth 249

dynamics were almost deterministic. This is in contrast to real organoid systems, where 250

high variability and heterogeneity exists within the same experimental conditions, which 251

suggests the influence of fluctuations [45]. To investigate this, we introduced variability 252

in the minimum volume condition for cell division, where Vd was assumed to follow a 253

normal distribution with a mean of 2.85 and standard deviation of 0.025. In this section, 254

we explored the impact of this variability on the shape of the organoids. For example, a 255

pattern such as the star-like shape breaks rotational symmetry, and it is therefore 256

possible that fluctuations in cell volume could contribute to the observed variability and 257

heterogeneity in real organoid systems. 258

As shown in Fig.7(a), the phase diagram exhibits the same morphology classes as 259

discussed in the previous subsection, with no alteration in the relative positioning of the 260

classes compared to Fig.2. Each class appears at a higher lumen pressure region 261

compared to Fig. 2 because of the reduced average threshold value and subsequent 262

increase in the possibility of cell division. Nevertheless, the inclusion of noise in the 263

minimum volume condition does not alter the qualitative characteristics of the system. 264

In contrast, there are notable differences in the morphological details of certain 265

classes. The star-shaped organoids with noise tended to have more arms [Fig. 7(b)] than 266

those without added noise [Fig. 2(b)]. Moreover, the direction of the extensions of the 267

branches were not restricted to specific directions, which restored the rotational 268

symmetry in a statistical sense. Furthermore, monolayer single-lumen organoids 269

exhibited a rounder shape without facets, and the same is true for the branched 270

multi-lumen and multilayer multi-lumen morphologies, where the facets were absent in 271

each lumen. 272

In addition to observed morphological differences, it is important to consider the 273

probability of the cell layer rupturing. For the simulations with added noise at td = 300, 274

we observed rupturing events in the monolayer regions. Specifically, out of ten 275

simulations, there were two instances of rupturing at ξ = 0.35, five instances at ξ = 0.4, 276

seven instances at ξ = 0.45, and nine instances at ξ = 0.5. It is worth noting that 277

although the patterns without rupturing at ξ = 0.35 were eventually classified as 278

multilayer in a later phase of the simulation, the rupturing occurred while the organoid 279

was still a monolayer during the initial phase. 280

Notably, the branched multi-lumen morphology closely resembled that of the 281

pancreatic organoid as shown in Fig 1. Conversely, the multilayer no-stable-lumen and 282

multilayer single-stable-lumen morphologies remained unchanged. In summary, the 283

morphology with added noise was more similar to the morphology observed in in vitro 284

experiments than the morphology of those without added noise. 285
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Fig 7. Morphologies resulting from the addition of noise to the volume
condition for cell division. (a) A phase diagram of the organoid morphology and
typical pattern of each phase with added noise to the volume condition for cell division.
Each domain corresponds to: star shape (yellow dots), monolayer single-lumen (green
horizontal stripe), branched multi-lumen (red solid), multilayer multi-lumen (magenta
lattice), multilayer no-stable-lumen (blue tilted stripe), and multilayer
single-stable-lumen (navy vertical stripe). The black diamond markers correspond to
the parameter sets where the organoids of (b)-(g) emerge. The final states of (b) star
shape organoid formed when (ξ, td) = (0.60, 0), (c) monolayer single-lumen organoid
formed when (ξ, td) = (0.45, 300), (d) branched multilayer organoid formed when
(ξ, td) = (0.45, 0), (e) multilayer multi-lumen organoid formed when (ξ, td) = (0.40, 180),
(f) multilayer no-stable-lumen organoid formed when (ξ, td) = (0.30, 60), (g) multilayer
single-stable-lumen organoid formed when (ξ, td) = (0.30, 180).
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Mechanism to maintain a monolayer with a monolayer 286

single-lumen 287

As discussed in the Materials and Methods section, our model does not have a specific 288

feedback mechanism implemented to maintain a monolayer. However, we discovered 289

that a monolayer often emerged within a considerable parameter space, particularly 290

when the ξ and td were large, as shown in Fig. 2(a) and 7(a). It is important to note 291

that this monolayer remains present throughout the growth process, rather than only in 292

the final simulation phase. The question arises about why this monolayer state emerges 293

in the broad range of parameter space. 294

To better understand this mechanism, we examined how the lumen perimeter ℓl 295

changes over time in relation to the number of cells in the organoid N . In Fig. 8(a), the 296

red line represents the time evolution of ℓl at (ξ, td) = (0.33, 300). It shows good 297

agreement with the plot of aN (red line), which assumed a typical apical surface area of 298

1.6 arb. unit of length. This indicates that the rate of cell division is balanced with the 299

rate of lumen growth, which results in the maintenance of a monolayer and enclosure of 300

the lumen. If the rate of cell division is higher than the rate of lumen growth, a 301

multilayer state may form. Conversely, if the rate of cell division is lower than the rate 302

of lumen growth, the cell layer may rupture. 303

As shown in the inset of Fig.8(a), ℓl increases sharply when N is in the plateau state, 304

but decreases as cell division occurs and the N increases. This interplay between the 305

two curves is due to the volume exclusion interactions between the cells and lumen. 306

When there is a large number of cells in the layer, they push against each other, thus 307

preventing cell volume growth beyond a minimum volume required for cell division (Vd). 308

However, when the lumen enclosed by the cell layer grows, it stretches the perimeter of 309

the cell layer, thereby creating more space for cells to grow outward. When a cell 310

reaches the minimum Vd required for division, it divides, and its daughter cells then 311

rapidly increase in volume. This growth pushes the micro-lumen generated when the 312

cell is divided backward until it expands again as the growth rate of the cell volume 313

decreases, and the micro-lumen merges into the larger lumen, as shown in Fig.8(b). 314

To examine the time evolution of the relation between the lumen perimeter and 315

number of cells, we introduced a new index called the lumen index, which is defined as 316

Lumen index:
ℓl
aN

, (3)

where a is a typical apical surface width of a cell in two dimensions. The apical surface 317

is defined as the surface of a cell facing inward toward to the lumen area. The time 318

derivatives of the lumen index reveal the following important dynamics: a negative 319

coefficient indicates narrowing of the cell’s apical surface area or an increase in the 320

number of cell layers, while a positive coefficient suggests widening of cell width, 321

monolayer rupture, or merging of the micro-lumens. 322

In Figure 8(c), we observed the lumen index for various lumen pressures, with an 323

apical surface area of 1.6 arb. units of length. The organoids at ξ = 0.32 and 0.36 324

exhibited a monolayer single-lumen state, and their lumen index remained close to one. 325

The lumen index at ξ = 0.28 decreased with time, and the number of cell layers 326

increased. The lumen index at ξ = 0.38 increased with time, while the cell layer 327

ruptured at around t = 500. 328

A similar correlation between the lumen perimeter and number of cells was observed 329

when noise was added to the minimum volume condition for cell division. Figure 8(d) 330

shows the time evolution of ℓl and aN at (ξ, td) = (0.5, 300), where a was defined as the 331

average short axis of each cell when fitted with an ellipse, over all the cells present on 332

the organoid at that time. Similar to the previous case, ℓl and N increase with time at 333

similar rates. A standing point is when cell division across uniformly on the cell sheet, 334
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Fig 8. Process of maintaining monolayers; (a) Lumen perimeter ℓl and the
number of cells N were plotted as a function of time for the 2D simulation with
ξ = 0.33 and td = 300. Note that N(t) has been multiplied by a constant factor of 1.6
to align with the curve of ℓl(t) on the right vertical axis. Inset: An enlarged view of the
two curves. Inset: N(t) shows a step-wise increase while ℓl(t) exhibits a rapid increase
followed by a decay. (b) Micro-lumens were generated just after cell division and
merged into a central lumen at ξ = 0.33 and td = 300. (c) Lumen index, defined by
a = 1.6 and td = 300, was plotted for various values of ξ. (d) The lumen perimeter ℓl
and the number of cells multiplied by the short axis of a cell aN were plotted as a
function of time for the 2D simulation with added noise to the volume condition and
with ξ = 0.45 and td = 300. Inset: Variation of the typical cell width a as a function of
time. (e) A kymograph of the cell division events was plotted as a function of the angle
coordinate. The color indicates the elapsed time since the cell was generated through a
cell division. (f) The lumen index, defined by td = 300 and with added noise to the
volume condition, was plotted for various values of ξ. (g) The lumen surface, defined by
Eq.(4), Sl, and the number of cells N were plotted as a function of time for the 3D
simulation at (ξ, td) = (0.35, 10). Note that a = 0.05. (h) The evolution of the organoid
shape is shown for the 3D simulation with (ξ, td) = (0.35, 10). (i) The lumen index,
Sl/aN , was plotted for the 3D simulation with various lumen pressure values ξ = 0.30,
0.35, 0.40, and 0.45 and td = 10.
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as indicated by the angular coordinates of cells at each time point plotted in Fig. 8(e), 335

where the colors indicate the time elapsed since the cell was generated. Therefore, the 336

morphology became rounder compared with the similar conditions without noise. 337

Figure 8(f) presents the lumen index at td = 300 for the different values of ξ=0.35, 0.4, 338

0.45, and 0.5. A monolayer single-lumen was stably formed at ξ = 0.5 and exhibited a 339

lumen index of around 1.0, while the others switched from a monolayer to multilayer. 340

Those at ξ=0.35, 0.4, and 0.45 remain monolayered until approximately 800, 1000, and 341

1100 arb. units of time, respectively. After 1000 arb. units of time, the number of cells 342

that did not face the lumen increased, leading to a decrease in the lumen index. 343

The monolayer stabilization mechanism has been widely discussed in the literature, 344

with the stretch-induced cell proliferation being a proposed mechanism [48–51]. The 345

concept is that, if the stretching of tissue increases the rate of cell proliferation, the 346

monolayer will be robustly maintained, and this process may be controlled through 347

mechanobiological feedback mechanisms. However, our simulations suggest that the 348

minimum cell volume condition for cell division may have a similar effect through the 349

direct mechanical interactions between the cells and lumen. 350

We further confirmed this mechanism in the 3D simulation of the phase field model 351

with td = 10, as shown in Fig. 8(h). The parameters used for the 3D simulations were 352

almost the same as those in the 2D simulations, except for Vd = 3.88 and Vtarget = 4. In 353

the 3D simulation, we plotted the time evolution of the number of cells N and lumen 354

surface area defined by the equation: 355

Sl =

∫
s(1− s)dr. (4)

As shown in Fig. 8(g), the two curves overlap nearly perfectly as a function of time 356

(ξ = 0.35). Figure 8(h) depicts the outer layer shapes of the organoid and lumen surface. 357

Although numerous micro-lumens can be observed, only one stable lumen is present in 358

the center. Figure 8(i) displays cross-sectional views of the organoids at t=200 359

arb. units of time for the different values of ξ. The organoid at ξ = 0.3 exhibits multiple 360

layers, whereas those at ξ = 0.35 and 0.4 maintain a monolayer structure. The organoid 361

at ξ = 0.45 is also a monolayer, but some cells appear to be stretched. 362

We also investigated the time evolution of the lumen index for the various values of ξ 363

in 3D, as shown in Fig.8(j). Here we used a = 0.05. At ξ = 0.3, the lumen index 364

decreased over time, and at this parameter, the organoid had a multilayer structure 365

when the number of cells was 85, as shown in Fig.8(i). At ξ = 0.35 and 0.4, the lumen 366

index remained around specific values. These results suggest that the organoids can 367

maintain a monolayer structure, as shown in the cross-section of Fig.8(i), at least in the 368

observed period. At ξ = 0.45, the lumen index increased over time, suggesting that the 369

cell layer rupture is expected to occur at a specific time. 370

The lumen index is a useful parameter to observe the cell layer dynamics in 371

experimental systems. As demonstrated in our simulation, morphological changes such 372

as the timing of transitioning from a monolayer can be identified by tracking the time 373

course of the lumen index. The value used to represent the cell width in the simulation, 374

a, can be substituted with an appropriate measure in the experiment. For example, if 375

the cross-sectional area of a typical cell in the system is known, then its square root can 376

be used as a surrogate for cell width. Conversely, in a system where a monolayer is 377

known to exist, changes in the cell membrane can be assessed by measuring the apical 378

surface area of the cells using the L/N ratio. Furthermore, the time derivative of the 379

lumen index allows for the observation of micro-lumen fusion. Analyzing the temporal 380

relationship between this measurement and phenomena such as cell division provides 381

valuable biological insights. 382
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Mechanism of forming a monolayer star-shape 383

This subsection discusses the mechanism for the formation of star-shaped organoids. As 384

shown in Fig. 9(a), the star-shaped organoid at (ξ, td) = (0.35, 300) without added noise 385

in the Vd, exhibited a cellular layer protruding outward. In addition, some cells 386

extruded toward the lumen. In our simulations, this shape with broken rotational 387

symmetry emerged spontaneously. 388

Observing the growth at the tip, it appears that only the cells arranged at the tip 389

could divide [Fig. 9(b)]. Cells along the elongated branches were compressed in the 390

tangential direction, whereas the apical cells were not subjected to those compressive 391

forces. Therefore, apical cells could grow. 392

To examine the relationship between the cell volume and position, we plotted the 393

average cell volume at each angle position, as shown in Fig. 9(c). Various cell sizes were 394

observed along the angles of the lumen branches, indicating that cells located along the 395

branches surpassed the cell volume required for division and produce daughter cells. 396

Conversely, in other areas, cells were unable to reach the required cell volume for 397

division and remained undivided. 398

To investigate the reason why only cells at the tip of the branches had the ability to 399

divide, we examined changes in the cell volume over time. Figure 9(d) shows changes in 400

the cell volume and their position after the cells in the organoid were generated. Cells 401

that were generated in the early stages of the simulation and extruded towards the 402

lumen at the end of the simulation increased in area immediately after generation 403

[orange crosses in Fig. 9(d)]. However, their volume did not increase to the extent 404

required for cell division, Vd, and subsequently decreased with time because of 405

compression caused by the growth of subsequently-generated cells. Cells that remained 406

in the cellular layer at the end of the simulation also increased in area to some extent 407

after generation but did not surpass the cell volume required for cell division due to the 408

compressive forces [green triangles in Fig. 9(d)]. In contrast, cells located at the tip of 409

branches increased their volume to the required division volume condition immediately 410

after generation and subsequently divided [blue circles in Fig. 9(d)]. 411

Figure 9(e) shows the positions of each cell at the various times overlaid in the same 412

figure for the parameters (ξ, td) = (0.35, 300). The colors indicate the elapsed time from 413

the generation of each cell. From the figure, it can be seen that new cells were only 414

generated at the tips of the branches, as indicated by the concentration of dark green 415

color at the central part of the branches. In contrast, cells that did not divide remained 416

in other positions. These results suggest that cells spontaneously change their roles 417

depending on their position, and only the cells at the branch tips have the ability to 418

divide. 419

Furthermore, we analyzed the number of cell divisions from the initial cells in the 420

final state at (ξ, td) = (0.35, 300). Figure 9(h) shows a histogram of the number of 421

divisions. For most bins, the number of cells is four, which is consistent with the 422

number of branches. This finding suggests that only one of the two daughter cells 423

generated through cell division is able to divide again, leading to a repetition of cell 424

divisions that form each branch. 425

To compare the star-shaped organoid with other monolayer organoids, we examined 426

the same plots for cases with added noise in the volume condition for cell division. At 427

(ξ, td) = (0.60, 0), where the organoid forms a more-branching star shape, the positions 428

of cell divisions are consistent with the extension of the branches [Fig. 9(f)]. The 429

histogram also indicates a state in which the cell lineages with division potential are 430

limited [Fig. 9(i)]. In contrast, at (ξ, td) = (0.45, 300), where the organoid forms a round 431

monolayer with a single-lumen, cell divisions uniformly occur in the angular direction, 432

particularly in the first half stage [Fig. 9(g)]. The histogram shows that most cells 433

undergo approximately seven divisions since their initial cell stage and exhibit little 434
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Fig 9. Mechanism for the formation of a star-shaped organoid. (a) Snapshot of
the typical morphology of a star-shaped organoid formed at (ξ, td) = (0.35, 0). Red
arrows indicate cells extruding into the lumen, and white arrows show the branches of
the organoid. (b) Time evolution of a branch tip. (c) Time-integrated distribution of
cell volume of the cells for angular coordinates of the cells appearing in a star-shaped
organoid at (ξ, td) = (0.35, 0). The vertical lines represent the angles of the lumen
branches. The horizontal line represents the volume of the cells required for cell division.
(d) Relations between the cell volume and position of the representative cells in a
star-shaped organoid at (ξ, td) = (0.35, 0). The orange cross, green triangle, and blue
circle markers represent typical cells in the center, on an arm, and at the tip of an arm,
respectively. Markers in the inset represent the final positions of each cell; (e-g)
Historical positions of each cell. All cells at the various times are overlaid in the same
figure, and the color indicates the elapsed time from the generation of each cell at each
time tcell. (h-j) Histograms of the frequencies of the number of divisions from the initial
cells. Simulation conditions for panels (e-j) are as follows: (e) and (h) are without
added noise to ’Vd’ and at (ξ, td) = (0.35, 0); (f) and (i) are with added noise to ’Vd’ and
at (ξ, td) = (0.60, 0); and (g) and (j) are with noise to ’Vd’ and at (ξ, td) = (0.45, 300).
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variability. This is consistent with the division potential that is not coupled with the 435

position [Fig. 9(j)]. 436

Intestinal organoids exhibit a phenomenon similar to that of the spontaneous 437

positioning and formation of tubular structures observed in stem cells. These organoids 438

develop tubular branches from a single-lumen, with the cells that possess division ability 439

located mainly at the tip of the tubular structure [31]. Theoretical studies have 440

suggested that the coupling of cell division and curvature of a single cell layer 441

contributes to the formation of the structures that are observed in the intestinal 442

lining [52]. However, further research is required to determine whether organoids grow 443

tubular branches from small outward protrusions because of positive feedback that 444

arises from the division conditions, as demonstrated in this simulation. 445

Discussion 446

In this study, we investigated the impact of mechanical elements on the organoid 447

morphogenesis. We utilized a phase field model to simulate multicellular systems, where 448

the cell-lumen interactions were mediated through various pressure conditions. We 449

explored conditions with varying lumen pressure and minimum time required for cell 450

division, and classified the morphology of the resulting organoids using these proposed 451

indicators. 452

The growth rate of the observed organoids under the experimental conditions varied 453

greatly depending on the system, making it challenging to directly compare the different 454

systems. However, as demonstrated in this study, it is possible to compare them when 455

measuring the number of cells, volume, and surface area of the organoid and lumen. 456

This can be confirmed through scaling relations between the cell number versus the 457

volume and surface area. For example, if the organoid is spherical with a radius of R, 458

the volume and surface area of the organoid scale is R3 and R2, respectively. If an 459

organoid is a monolayer, the number of cells should be proportional to surface area, R2, 460

and if there is no lumen inside the organoid, then N ∝ R3. In other words, the 461

relationship between the radius, volume, or surface area and the number of cells can be 462

used to describe the organoid structure. The same principle can be applied to more 463

complex organoid morphologies. For example, pancreatic organoids, which exhibit a 464

monolayer organoid with branching, are known to show fractal dimension, and the 465

relationship between the surface area and volume deviates from the aforementioned 466

power-law relationship [22]. 467

In the Results section, we went beyond simple scaling arguments and introduced 468

novel indicators to characterize the morphology of the organoids grown under the 469

various conditions. Specifically, we proposed the sphericity and lumen index, which 470

capture the deviations from simple spherical shapes and highlight when lumen structure 471

changes. Additionally, these indicators are also useful for experimental investigations as 472

well. Our study thus offers a deeper understanding of how mechanical elements 473

influence organoid morphogenesis and provides new tools to analyze and quantifying 474

this complex process. 475

In addition, we began the simulations with four cells. While the quantitative impact 476

of the initial cell number on the morphogenesis has not been thoroughly investigated in 477

this model, we observed that starting with only one or two cells tended to increase the 478

frequency of rupture events. This phenomenon can be attributed to the presence of 479

small number of cells in the initial phase, making it challenging to effectively surround 480

the lumen formed during the initial cell division. These preliminary results suggest the 481

possibility of achieving specific morphologies by appropriately controlling the rate of 482

lumen expansion during different formation stages, as also demonstrated in 483

experimental studies [14]. 484
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Our phase field model was advantageous because it could easily incorporate the 485

lumen pressure, making it possible to discuss the effect of lumen pressure as a variable 486

of the organoid morphology. However, our current formulation cannot reproduce 487

structures where the apical surface of the cells protrude toward the lumen, which is 488

present in some organoids which show rosette-like structures. One way to address this 489

issue is to introduce a model for molecules localized on the apical surface, which could 490

be achieved by modifying the multicellular phase field model. Future research can focus 491

on reproducing the curvature of the cell membrane. In addition, our model does not 492

currently capture the network structure that is observed in the pancreas. To reproduce 493

this network structure, it is necessary to incorporate a tube-shaped lumen formation 494

mechanism into the model. This would require updates to the model, such as 495

considering the reaction-diffusion processes [46]. Incorporating these additional elements 496

could provide a more comprehensive understanding of the organoid morphogenesis and 497

enable the simulation of the complex network-like structures that are observed in 498

certain organs. 499

It is important to acknowledge that the current model represents organoids in a 500

state where they can grow in an outward direction without any physical constraints. 501

However, in real organoids or organs, growth is influenced by various factors, including 502

the extracellular matrix (ECM). Mechanical interactions, which are the focus of this 503

research, are also expected to be influenced by the external environment, such as the 504

pressure exerted by the ECM on the cells as some experimental studies have 505

demonstrated [53,54]. Considering the pressure exerted by the ECM, it can be 506

anticipated that the growth of cells in the outer shell of the organoid would tend to be 507

more uniform, as some outer cells would experience resistance and they would be 508

hindered from protruding outward. Exploring how these dynamics change in a model 509

that incorporates the ECM would be a valuable avenue for future investigations. 510

In summary, we used a simple mathematical model to investigate the morphogenesis 511

of organoids that were affected by mechanical factors. We introduced the minimum cell 512

volume and minimum elapsed time as parameters and examined the organoid growth. 513

The organoid morphologies were classified into seven distinct patterns based on the 514

lumen occupancy, number, and sphericity. In addition, the dynamics of morphology can 515

be monitored by lumen occupancy and lumen index. Those parameters are useful to 516

characterize the morphologies observed in experiments. 517

Materials and methods 518

We modeled the dynamics of cells and lumenal fluid using the phase field model, 519

building on previous studies [37,38]. To avoid excessive computation time, most of the 520

simulations were performed in 2D, except for the simulations that are presented in 521

Fig. 8(g-i). 522

Time evolution 523

Similar to previous studies [37,38], the existence of cells and lumens are described by 524

the field values, ui ∈ [0, 1]. Label i represents the index of a cell when i ∈ {1, 2, ...,M} 525

and a lumen when i = L, where M is the number of cells in the system. ui = 1(= 0) 526

designates the inside (outside) of the cell or lumen i. Common dynamics of the cells and 527

lumens are described as follows: 528

τ
∂ui

∂t
= D∇2ui + ui(1− ui)

(
ui −

1

2
+ fi

)
, (5)
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where the coefficient τ is a characteristic time for the field variables, diffusion coefficient 529

D is proportional to the square of the interface thickness and fi is a function that 530

depends on whether the value represents a cell or the lumenal fluid. When ui represents 531

a cell, the function is described as follows: 532

fi = fi∈1,2,...,M (uL, u1, ..., ui, ..., uM )

= α(Vtarget − Vi)− β
∑
j ̸=i

h(uj) + η∇2

 ∑
j ̸=i,L

h(uj)

+ γ∇2h(ui) , (6)

where the coefficients α, β, γ, η, and Vtarget are positive constants; h(uj) is a function 533

that is defined as h(x) = x2(3− 2x) [37]; and Vi is the volume of the cell i. The volume 534

of each cell, defined by Vi =
∫
h(ui)dr, increases towards the target volume Vtarget 535

under the constraint of the excluded volume interaction (−β
∑

j ̸=i h(uj) term) and 536

adhesion interaction (3rd term on the right-hand side of Eq.(6)) with the other cells. 537

When i = L, the function is described as follows: 538

fi = fL(u1, ..., ui, ..., uM ) = ξ − β
∑
j ̸=L

h(uj), (7)

where the coefficient ξ represents the lumenal pressure, which is a positive constant. If 539

multiple isolated lumen regions are in contact with each other, they are assumed to 540

merge into one. See [37,38] for additional details. 541

These equations were integrated numerically by discretizing them with dx in space 542

and dt in time using the Euler scheme. All units used in this study are arbitrary units 543

and not SI units such as m, s, or min. Rather, we use ‘arb. unit’ to represent the 544

arbitrary units in this report. For ease of reference, we refer to the time of simulation as 545

‘time’ throughout this report. 546

Cell division and micro-lumen creation 547

Cell division conditions can be represented using physical quantities, such as cell size 548

and time since previous division. Different cell types have different division triggers, 549

such as reaching a certain volume threshold or after a specific time period has elapsed 550

since the last division [55]. In this study, we varied the time conditions as a control 551

parameter. 552

We assumed that each cell was set to divide when both the volume and time 553

conditions were met. The volume condition is formulated as Vi > Vd, where Vi is the 554

volume of the cell i, and Vd is the minimum cell volume required for cell division. In 555

this study, we set the target cell volume Vtarget to 3.0 arb. unit of volume. For most of 556

our simulations, Vd was fixed to 2.9 arb. unit of volume. We also implemented 557

conditions where noise was added to the minimum volume condition, where Vd was set 558

to follow a normal distribution with a mean of 2.85 and a standard deviation of 0.025. 559

The time condition is formulated as tcell > td(1 + ζ). Here, tcell is the time since the 560

last cell division of the cell; td is the minimum time required for cell division, which is a 561

positive constant, and ζ is white noise in the range of [−0.1, 0.1]. The time when the 562

volume condition is satisfied depends on the surrounding environment. Figure 10(a) 563

presents an example of the time evolution of the cell volume. The presented cell is one 564

of the two cells that were generated through the division of an isolated cell. The volume 565

of the daughter cell increases rapidly after cell division and satisfies the volume 566

condition at a certain elapsed time since the division. For instance, the elapsed time for 567

a cell division from a single isolated cell was approximately 14 arb. unit of time. We 568

refer to typical elapsed time as tcell(Vd). When the cell time condition td is greater than 569
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tcell(Vd), it divides at td [Fig. 10(b)]. Conversely, when td is less than tcell(Vd), the cell 570

divides at tcell(Vd) [Fig. 10(c)]. If either of the conditions was not met, the cell is 571

assumed to remain in its current state, without undergoing division or extinction, but 572

retains the potential to change its volume and shape. 573

Fig 10. Figure illustrating the conditions that need to be met for cell
division to occur in the model used for this study. (a) Time evolution of the cell
volume of a daughter cell that was generated through cell division. The horizontal
dashed line represents Vd = 2.9 arb. unit of volume, which is the minimum volume
required for cell division to occur. The vertical dotted line indicates the time when the
cell satisfies the volume condition for cell division. (b) When the time condition is
dominant, the cell divides immediately after the time condition is satisfied. (c) When
the volume condition is dominant, the cell divides immediately after the volume
condition is satisfied.

The cell immediately divides when both time and volume conditions are satisfied. As 574

per a previous study [38], the division plane is determined by the position of the two 575

spindle poles. The position of the poles, represented by the position vectors r1 = (x1, y1) 576

and r2 = (x2, y2), are determined by the steady state of the following equations; 577

µ
∂ri
∂t

= Fi − σ(ri − rj) (i, j ∈ {1, 2} and i ̸= j), (8)

where µ and σ are positive constants. The force applied to the poles can be expressed as: 578

Fi =

∫
|ri−r|<|rj−r|

(ρ− ρeeη)ui(1− ui)(r − ri)dr (i, j ∈ {1, 2} and i ̸= j), (9)

where ρ and ρe are positive constants, and eη is a function given as 579

eη =
∑
i

∑
j ̸=i

(η/6)∇h(ui) · ∇h(uj) . (10)

This force enables the division plane to be parallel to the cell-cell contact plane if the 580

cell attaches to other cells. See [38] for additional details. 581

A spherical micro-lumen is created at the center of the division plane with a constant 582

size of VL,ini = 0.785 arb. unit of volume simultaneously with the determination of the 583

division plane. It is assumed that the lumen does not exist until cell division occurs. As 584

mentioned above, the generated lumens evolve over time according to the Eqs. (5) and 585

(7). The values of parameters utilized in this investigation are shown in Table 2. 586
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Mart́ın-Belmonte F, Mostov KE. A molecular network for de novo generation of
the apical surface and lumen. Nature Cell Biology 2010 12:11.
2010;12(11):1035–1045. doi:10.1038/ncb2106.

25. Camelo C, Luschnig S. Cells into tubes: Molecular and physical principles
underlying lumen formation in tubular organs. Current Topics in Developmental
Biology. 2021;143:37–74. doi:10.1016/BS.CTDB.2020.09.002.

26. Bejoy J, Song L, Li Y. Wnt-YAP interactions in the neural fate of human
pluripotent stem cells and the implications for neural organoid formation.
Organogenesis. 2016;12(1):1–15. doi:10.1080/15476278.2016.1140290.

27. Gjorevski N, Sachs N, Manfrin A, Giger S, Bragina ME, Ordóñez-Morán P, et al.
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