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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
summary, our approach provides researchers with guidelines to test the mechanisms of
self-organization and predict the shape of organoid.
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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

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
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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.

(a) (b) (c) (d)

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 41

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

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

expansion must match that of the cell proliferation rate for the stable existence of the 44

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

the cell junctions [36]. These factors, which we term “mechanistic factors,” specifically 46

refer to physical and mechanical processes such as lumen pressure, tissue elasticity, and 47

proliferation rates. These processes are distinct from the biochemical and genetic 48

attributes often associated with the “cell state,” such as differentiation or pluripotency. 49

While mechanistic factors can be influenced by the cell state, they can also operate 50

independently as universal principles shaping organoid morphology. Therefore, in this 51

study, we do not focus on the cell state but rather consider the underlying mechanistic 52

factors. It is important to note that this assumption does not limit the scope of the 53

study regarding the cell states in which differentiation does not occur. Rather, it is a 54

framework that enables the discussion of the topic regardless of the cell state. 55

To reveal the mechanisms that can determine the morphology of the organoids or 56

real organs observed in each experiment, careful theoretical discussions are necessary to 57

integrate these factors. However, such discussions are currently unavailable. Specifically, 58

the following elements are missing: (i) fundamental knowledge on what can mechanically 59

emerge in the system that comprises of proliferating cells under geometrical constraints 60

and (ii) a systematic manner to characterize the observed morphology. 61
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In this study, we addressed this issue through the analysis of a computational model 62

of organoids, i.e., growing computationally simulated cell assemblies. Assuming a typical 63

organoid culture environment, we set a few cells (four cells in this study) as the initial 64

condition and computationally simulated the self-organized multicellular structures after 65

multiple rounds of cell proliferation. Simulations were performed by applying the 66

computational framework called multicellular phase-field model, which can simulate the 67

shape of each cell and lumen using the continuum field in space [37,38]. This model was 68

chosen due to its ability to represent both cell and lumen pressure dynamics, which are 69

crucial for assessing mechanical factors influencing organoid morphology. In contrast 70

other common modeling approaches, such as the vertex model, cellular Potts model, and 71

mesh-based models, each have specific advantages and limitations that influenced our 72

choice of approach [39]. The vertex model is computationally efficient, as it simplifies 73

cell shapes to polygons (or polyhedra in 3D) with flat interfaces, making it particularly 74

useful for modeling epithelial tissues with junctional contractility [40–43]. However, this 75

simplification limits its ability to represent curved interfaces, which are essential for 76

capturing the nuanced cell and lumen shapes that are critical in our study of organoid 77

morphology under varying pressure conditions. 78

The cellular Potts model, on the other hand, allows flexibility in cell shapes and can 79

accommodate complex cell-cell and cell-lumen interactions, through stochastic 80

rules [44–53]. This flexibility makes it suitable for studies focusing primarily on cellular 81

interactions. Nevertheless, the cellular Potts model accompanies interface fluctuations 82

necessarily due to its construction principle and lacks a straightforward mechanism for 83

modeling force balances, which are crucial in our approach, where the distribution of 84

forces and pressures directly influences morphology. 85

Mesh-based models, such as the immersed boundary model and subcellular element 86

model, provide highly detailed representations of cell shapes and allow for targeted force 87

application [54–61]. However, these models require substantial computational resources, 88

making them less practical for large-scale simulations of organoid growth under various 89

mechanical conditions, like those we are attempting in this study. 90

In addition to these models, other approaches, like those representing lumens as 91

particles [62], also offer intriguing perspectives. However, the multicellular phase-field 92

model was deemed the most suitable for our research objectives. Given these limitations 93

in alternative models, we selected the phase-field model for its ability to represent both 94

cell division and lumen pressures in a computationally feasible way. This model allowed 95

us to study the emergence of diverse morphologies under mechanical and geometric 96

constraints, aligning well with the goals of our study. These results may provide a 97

framework to study the mechanics- and kinetics-based principles that determine the 98

formation process and final forms of organoids and may be applied to gain a deeper 99

understanding of the morphogenetic mechanisms of functional organs. These results 100

may provide a framework to study the mechanics- and kinetics-based principles that 101

determine the formation process and final forms of organoids, and may be applied to 102

gain a deeper understanding of the morphogenetic mechanisms of functional organs. 103

In the following sections, we discuss the computational simulations. In the Results 104

section, after briefly outlining our computational model, we present the results and 105

analysis. This includes the phase diagram, morphology, and indices used to characterize 106

the model. We also explore the effect of introducing noise to the cell division process, as 107

well as the mechanism that maintain the monolayer morphology. In the Discussion 108

section, we tackle the challenge of both quantitatively and qualitatively comparing the 109

organoids from this study with those observed under experimental conditions. We also 110

emphasize the importance of considering the model limitations and investigating the 111

role of the extracellular matrix. These insights provide valuable guidance for future 112

research endeavors. In the last, we comprehensively describe the mathematical model in 113
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the Materials and Methods section. 114

Results 115

Outline of the model 116

We employed the phase field model to simulate the dynamics of cells and lumenal fluid, 117

building upon insights from previous studies [37,38]. Most of our simulations were 118

conducted in two dimensions, except for the second last subsection of Results, where we 119

checked if an important semi-quantitative result is reproduced even in three dimensions. 120

We define the field variables ui within the range [0,1] to describe the dynamics of 121

cells and lumens, as illustrated in Fig. 2. The index i denotes a lumen when i = 0, and 122

it represents a specific cell when i ∈ {1, 2, . . . ,M}. In this context, M signifies the total 123

number of cells within the system. In the visualization of the organoid, the colors 124

represent the field variables of the lumen and cells as shown in Fig. 2. Note that regions 125

where cells overlap are depicted in white, a phenomenon often observed just after cell 126

division. The threshold value ui = 0.2 is utilized for counting the number of isolated 127

lumens and for calculating both the perimeter and the area enclosed by the perimeter 128

for cells and the lumen. However, this choice of threshold value is exclusively for 129

morphological analysis and does not impact the simulation of the dynamics. 130

Fig 2. Cells and lumen represented by field variables ui ∈ [0, 1] represents each
cell for i ∈ {1, 2, ...,M}, and u0 represents the lumen. Color codes are shown for cells
and lumen.
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We assume that the system’s rate of change is always proportional to the gradient of 131

the free energy F , moving in the direction that decreases the system’s energy most 132

rapidly. This is described by: 133

τ
∂ui

∂t
= − δF

δui
, (1)

where the coefficient τ is a characteristic time for the field variables. For modeling 134

multicellular organoids, we express the energy form to encapsulate the behavior of both 135

the cells and the lumens in question. Concerning the dynamics of cells, we consider 136

three primary factors: the volume exclusion effect for cell-cell and cell-lumen 137

interactions, the growth of cell volume towards Vtarget, and cell-cell adhesion. 138

Regarding the dynamics of lumens, our primary considerations are the volume exclusion 139

effect between lumens and cells, and lumen expansion. Detailed form of the free energy 140

F is given in the method section. 141

By differentiating F with respect to the cell variables, we derive the following 142

time-evolution equation for the cell (i ∈ [1,M ]): 143

τ
∂ui

∂t
= D∇2ui + ui(1− ui)

(
ui −

1

2
+ fi

)
(2)

fi = α(Vtarget − Vi)− β
∑

j∈[0,M ],j ̸=i

h(uj) + η∇2
∑

j∈[1,M ],j ̸=i

h(uj) + γ∇2h(ui) .(3)
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Eq. (2) is a modified version of the Allen-Cahn equation and offers a smooth front 144

solution connecting regions 0 and 1 of ui. Eq. (3) encompasses functions related to the 145

progression towards the target volume Vtarget (the first term), the constraint from the 146

excluded volume interaction (the second term), and the adhesion interaction with other 147

cells (the third and fourth terms). Meaning and the choice of each coefficients, α, β, γ 148

and η are described in detail in the method section. We also implemented cell 149

proliferation by dividing the single cell (i.e., single phase field variable for the 150

corresponding cell) into two when the time after the last cell division exceeds the given 151

threshold time, td, and the volume of the cell is larger than the threshold value; for the 152

details of this rule, please see the subsections named “Cell division” and “Determination 153

of the division plane” in Materials and methods. 154

By differentiating F with respect to the lumen variable u0, we derive the 155

time-evolution equation for the lumen. Its structure mirrors Eq. (2), but with a 156

different formulation specific to the lumen; 157

f0 = ξ − β
∑

j∈[1,M ]

h(uj), (4)

where the coefficient ξ represents the osmotic pressure of the lumen, a driving force for 158

the lumen growth. Hereafter, we refer to ξ simply as ‘lumen pressure’ for simplicity. 159

The justification for associating ξ with osmotic pressure is described in the Methodology 160

section. We incorporate, in our model, the formation of microlumens at the adhesion 161

surface between the two daughter cells right after the division, inspired by experimental 162

observations in Ref. [63], which will be detailed in the subsequent section. When several 163

isolated lumen regions come into contact, they are assumed to merge into a single entity. 164

For additional information, please refer to [37,38]. The numerical integration 165

scheme of Eq. (2) and the algorithm for cell division are described in the method section 166

in detail. 167

We initiated each simulation run with four cells at the center of the simulation 168

domain in a two-dimensional system. Each cell adhered to two neighboring cells, 169

forming a circular shape that was divided into four equal quadrants. The equations 170

were discretized and numerically integrated by finite difference over an interval of 171

δx=0.02 in space and a timestep of δt=0.01 in time. We utilized the first-order Euler 172

scheme for temporal discretization, and for spatial discretization (finite difference 173

method; regular square lattice), the central difference method was implemented. All 174

units adopted in this study are dimensionless and arbitrary, not conforming to standard 175

SI units such as m, s, or min. For simplicity, we refer to the simulation duration as 176

‘time’ in this document. The simulation domain was selected to be sufficiently large 177

compared to that of a single cell, and the simulation boundary was square, with a size 178

of 40×40. When the organoid reached the simulation boundary, the simulation was set 179

to stop. We call it the ‘final state’ in this study. For convenience, we refer to the area in 180

two dimensions as the ‘volume’ in this paper. 181

Patterns of organoids 182

We numerically simulated our organoid model by varying the parameters of td and ξ 183

from 0 to 300 and from 0.27-0.40, respectively, with increments of 20 and 0.01. Here, td 184

is the minimum time required for a cell to divide after the last cell division, and ξ is the 185

lumen pressure; see the Materials and Methods section for more details. Figure 3(g) 186

shows the phase diagram and typical pattern of each organoid morphology. Based on 187

the morphology features based on specific indices, we classified the simulated organoid 188

patterns into seven distinct types: star-shape, monolayer lumen, branched multi-lumen, 189

multilayer multi-lumen, multilayer no-stable-lumen, multilayer single-stable-lumen, and 190
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ruptured sheet with expanding lumen. The ruptured sheet with expanding lumen was 191

excluded from our analysis because no organoid growth is typically observed after 192

rupture. The star-shape and monolayer cyst organoids exhibited a single lumen 193

surrounded by a single cell layer, with the former breaking rotational symmetry and the 194

latter having a round shape [Fig. 3(a,b)]. Both branched multi-lumen and multilayer 195

multi-lumen organoids featured multiple lumens within the cell layers[Fig. 3(c,d)]. The 196

former showed an increase in the lumen area relative to the total organoid area over 197

time, while the latter exhibited a decrease in the ratio. The multilayer no-stable-lumen 198

corresponded to a state in which the lumen area eventually disappeared and multiple 199

cell layers were persistently present, as the name implies [Fig. 3(e)]. Similarly, the 200

multilayer single-stable-lumen was a state in which one lumen area was surrounded by 201

multiple cell layers [Fig. 3(f)]. This phase diagram highlights the importance of the cell 202

proliferation rate and lumen growth rate to determine the morphology of organoids. To 203

further explore the mechanism of the formation of different shapes, we used specific 204

indices to characterize each morphology, which are discussed in the following 205

subsections. 206

Fig 3. Overview of the morphologies produced by this model. The final states
of (a) star shape organoid formed when (ξ, td) = (0.37, 0), (b) monolayer cyst organoid
formed when (ξ, td) = (0.36, 280), (c) branched multilayer organoid formed when
(ξ, td) = (0.33, 100), (d) multilayer multi-lumen organoid formed when
(ξ, td) = (0.30, 120), (e) multilayer no-stable-lumen organoid formed when
(ξ, td) = (0.28, 60), and (f) 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. (g) Phase diagram of the organoid morphology and typical pattern of each
phase. Each domain corresponds to; star shape (yellow), monolayer cyst (green),
branched multi-lumen (blue), multilayer multi-lumen (red), multilayer no-stable-lumen
(purple), and multilayer single-stable-lumen (gray). The black diamond markers
correspond to the parameter sets where the organoids of (a)-(f) emerge.
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Figure 4 illustrates the time evolution of each morphology. In the beginning, four 207

initial cells were clustered in the center of the computational area. In most cases, the 208

first micro-lumen was created when the first four cells divided and merged in the center, 209

surrounded by more cells that divided radially to create a monolayer. This process 210
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occurred in the star-shape, monolayer cyst, branched multi-lumen, and multilayer 211

single-stable-lumen morphologies [Fig. 4(a), (b), (c), (e) and (f)]. After the initial 212

formation of micro-lumens, the star-shape organoid branched outward, while the 213

monolayer cyst grew in a relatively stable shape. In the branched multi-lumen and the 214

multilayer multi-lumen morphologies, multiple lumens were generated in the outer cell 215

layers, some of which merged with the center lumen. In the multilayer 216

single-stable-lumen, subsequent micro-lumens that were generated in the process were 217

not stable and disappeared without growing. In contrast, in multilayer no-stable lumen 218

morphologies [Fig.4(e)], a lumen did not initially form in the center due to the pressure 219

from the surrounding cells. 220

It is important to highlight that the number of cells used to initiate the process can 221

lead to subtle changes in each phase region. For instance, starting the simulation with 222

only two and seven cells — one at the center and six surrounding it — results in a 223

multilayer multiple-stable-lumen phase under parameters (ξ, td) = (0.28, 60), as shown 224

in Fig. S2(e) of the Supporting Information (S1 Text). At (ξ, td) = (0.28, 140), starting 225

the simulation with seven cells leads to a multilayer no-stable-lumen phase [refer to 226

Fig. S2(e) in S1 Text]. Additionally, under the conditions (ξ, td) = (0.36, 280), the 227

organoid undergoes rupture when the simulation begins with two cells. For a 228

comprehensive analysis of these phenomena, please see the detailed discussion in the S1 229

Text. 230

Fig 4. 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, 120), (e) multilayer
no-stable-lumen (ξ, td) = (0.28, 60), and (f) multilayer single-stable-lumen
(ξ, td) = (0.28, 140). See S1-S6 Movies.
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Indices to characterize organoid morphology 231

In this section, we define several indices to characterize morphology of the organoids. 232

The patterns that appeared in the simulations were categorized based on the extent of 233
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lumen occupancy, lumen number, and sphericity. Table 1 provides a summary of the 234

range of each index for each organoid shape. 235

Table 1. Summary of the behaviors of the indices to characterize the organoid morphology.

lumen occupancy no. of lumen sphericity

star-shaped increasing = 1 < 0.6
monolayer cyst increasing = 1 > 0.6
branched multi-lumen increasing > 1 -
multilayer multi-lumen decreasing > 1 -
multilayer single-stable-lumen decreasing = 1 -
multilayer no-stable-lumen decreasing (almost 0) = 0 -

Lumen Occupancy 236

The first index used to classify the morphologies is the lumen occupancy, which is 237

defined as the volume of lumen over the volume of the organoid (in 2D, replace volume 238

with area), and is expressed as: 239

Lumen occupancy:
Al

Ao
, (5)

where Al and Ao are the effective areas of the lumen and organoid, respectively 240

[Fig. 5(a)]. More specifically, Al =
∫
Ω
h(u0)dr and Ao =

∑
i∈0,1,...,M

∫
Ω
h(ui)dr, where 241

Ω represents the whole area of the simulation, h(u) = u2(3− 2u), M is the total number 242

of cells, and the index i denotes a lumen when i = 0, and it represents a specific cell 243

when i ∈ {1, 2, . . . ,M} (see Materials and methods). Here, Ao includes the area of Al. 244

The simulated organoids are growing systems with no steady states. Thus, we focused 245

on the time variation to capture the growing morphology. 246

Figure 5(a) shows how the lumen occupancy changes over time for the different 247

lumen pressures (ξ) and minimum time for cell division (td). At ξ = 0.28, the lumen 248

occupancy increased in the beginning, but decreased in the subsequent phase, except for 249

td = 0. Organoids at ξ = 0.28 exhibited multiple cell layer [lower row in Fig.5(d)]. In 250

most cases at ξ = 0.28, the lumen occupancy initially increased but then decreased in 251

the subsequent phase except for td = 0. The simulation at (ξ, td) = (0.28, 0) was 252

terminated before lumen occupancy could start to decrease because the organoid grew 253

larger than the simulation area. For ξ = 0.32, the lumen occupancy increased in the 254

beginning, and the slope gradually decreased before reaching a constant value. 255

Organoids at ξ = 0.32 and td values of 0, 60, 120, 180, and 240 harbored multiple cell 256

layers, while those at td = 300 had a single cell layer [middle row in Fig. 5(d)]. When 257

ξ = 0.36, the lumen occupancy increased over time, regardless of td, which resulted in 258

monolayer organoids [upper row in Fig.5(d)]. 259

To better understand the behavior of the organoids in the subsequent phases, we 260

analyzed the rate of change in the lumen occupancy during the last 200 arb. units of 261

time. The results are presented in a heat map in Fig. 5(b), where two main regions can 262

be identified: one where the lumen occupancy increases (above the black dashed line), 263

and the other where it decreases (below the black dashed line) as the lumen pressure 264

decreases. 265

We also examined the final lumen occupancy for each of the parameter sets, 266

calculated over 50 arb. units of time. Figure 5(c) shows that lumen occupancy was 267

generally higher at higher values of ξ and td. As both parameters increase, lumen 268

occupancy also tends to increase. The black dashed line represents the point where the 269

lumen occupancy does not change over time. 270
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Fig 5. 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. The black dashed line serves as a
visual guide to indicate zero rate. 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. The black dashed line here
corresponds to the one in (b), demonstrating regions of increasing and decreasing lumen
occupancy. (d) Snapshot of each parameter set of (a). 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.
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By comparing the variation in the lumen occupancy, the growth of the organoids can 271

be discussed. When the lumen occupancy expands over time, there is a chance of the 272

cells being a monolayer. Conversely, when it decreases over time, the cell layer becomes 273

thicker, indicating the presence of multiple cell layers in the organoid. This criterion can 274

be applied to both three-dimensional simulations and experimental systems to classify 275

the growing organoids. Measurements can be taken by determining the volume of the 276

lumen and the entire organoid using three-dimensional scanning, or by measuring the 277

area of the lumen and organoid in cross-section where the cells can be tracked. 278
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Number of lumens 279

The second index of our analysis is the number of stable lumens. The stable lumens 280

were defined in this study as lumens that have twice the volume as that of the 281

micro-lumens generated immediately after cell division. We excluded micro-lumens from 282

our lumen counts because they are not necessarily stable over a long period. Figure 6(a) 283

shows the number of stable lumens in the final state of each parameter set, calculated 284

over 50 arb. units of time. In general, the number of lumens in the final state is either 285

one at high and low lumen pressures or more than one at intermediate lumen pressure. 286

However, the organoids at (ξ, td) = (0.27, 60), (0.28,60), and (0.29,60) did not have any 287

stable lumens present. 288

Fig 6. Number of lumens. (a) Number of lumens present at the various values of
the minimum cell division time td and lumen pressure ξ. The brown region with a star
marker, *, represents zero. The black dashed lines serve as visual guides to demarcate
the boundaries between regions with single and multiple lumens (b-d) Time evolution of
the number of lumen at the various td and ξ. See their morphology in Fig. 5(d).
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Figures 6(b-d) display the number of lumen over time at ξ = 0.28, 0.32, and 0.36. At 289

ξ = 0.28, the organoids with a multilayer no-stable-lumen configuration are represented 290

by the line at td = 60 in Fig. 6(b), where the number of lumen remains zero for nearly 291

the entire time. For td = 120 and 180 at ξ = 0.28, the number of lumens was 292

consistently one. However, for td = 0, 240, and 300 at ξ = 0.28, the number of lumen 293

tended to increase as time increased. In Fig.6(c), the number of lumen at ξ = 0.32 was 294

mostly more than one, except at td = 300. In contrast, for organoids with a single 295

lumen, such as those at higher values of ξ, such as (ξ, td) = (0.36, 300), the number of 296

lumens remained at one for nearly entire time, as shown in Fig.6(d). 297

The number of lumens is an important index of the complexity of the organoid’s 298

inner structure, as it reflects whether the internal structure is composed of only cells, a 299
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cyst-like lumen, or more complex structures. Counting the number of lumens in a 300

cross-section can therefore provide valuable insight into the developmental processes and 301

morphogenesis of organoids in both three-dimensional simulations and experimental 302

systems. 303

Sphericity 304

The third index of our analysis is sphericity, which is defined as 305

Sphericity:
2
√
πAsl

ℓsl
, (6)

in 2D, where Asl represents the area of the stable lumens, ℓsl denotes the perimeter of 306

these lumens, as consistent with previous studies [64,65]. Stable lumens are defined as 307

those with an area exceeding twice the size of a microlumen, consistent with the 308

definition used for the number of lumens. When an organoid has a single lumen that is 309

circular in shape, its sphericity index is one. However, if the organoid has a single lumen 310

with a complex shape or multiple lumens, the sphericity index will be smaller than one. 311

Note that the sphericity index cannot be defined for organoids with no lumens. 312

Fig 7. 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. The black solid, dashed, and dotted lines are included
as visual guides. The solid and dashed lines suggest regions of single and multi-lumen
formations, respectively, while the dotted line provides a reference for distinguishing
between star-shaped and monolayer cyst structures. (b-d) Time evolution of the
sphericity at various values of td and ξ. See their morphology in Fig. 5(d).
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Figure 7(a) shows the sphericity in the final state of each parameter set, calculated 313

over 50 arb. units of time. The sphericity index is crucial to distinguish between the 314

star-shaped and monolayer lumen organoids. For lumen pressures higher than the black 315
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dashed line, which separates the multi-lumen from single-lumen configurations, the 316

sphericity is generally higher at the lower values of td compared to the higher values of 317

td. The transition from star-shape to monolayer cyst organoids is continuous, suggesting 318

a crossover phenomenon, which involves gradual changes rather than a phase transition. 319

We define sphericity of the boundary between the star-shape and monolayer cyst phases 320

as 0.6. This determination is based on observations that changing the sphericity 321

threshold within the range of 0.55 to 0.65 does not change the boundary between the 322

two phases. Indeed, the standard deviation of sphericity over 50 arb. unit of time, 323

calculated across four independent samples with different td values, is 0.05. This 324

boundary is shown by the upper black solid line in Fig. 7(a). 325

Figures 7(b-d) display the sphericity over time for ξ = 0.28, 0.32, and 0.36. The 326

sphericity at (ξ, td) = (0.36, 240), (0.36, 300), and (0.32, 300), where the monolayer cyst 327

emerges, maintains a value of approximately 0.8 from the early simulation phase 328

[Figs. 7(c,d)]. Conversely, at (ξ, td) = (0.36, 120), the sphericity decreases over time, 329

indicating the transition from monolayer cyst to star-shape organoids [Figs. 7(d)]. At 330

(ξ, td) = (0.36, 180), the final state values exceed 0.6, indicating a monolayer cyst. 331

However, the decreasing trend suggests a possible shift towards a star-shape with 332

ongoing growth. It also decreases with time in the pattern of multi-lumen organoid; for 333

example, ξ = 0.32 and 0 ≤ td ≤ 240 [Fig.7(c)] and ξ = 0.28 and td = 240 and 300 334

[Fig.7(b)]. At (ξ, td) = (0.28, 120) and (0.28, 180), where the multilayer 335

single-stable-lumen organoids form, sphericity reaches 0.9 in the early phase and 336

maintains this value throughout [Fig. 7(b)]. 337

In this study, we found that the sphericity index was a crucial parameter to 338

distinguish between the different configurations of organoids, such as between the 339

star-shaped and monolayer lumen organoids. We defined the sphericity of the boundary 340

between these phases based on the jump in sphericity between the different 341

configurations. The sphericity index provides valuable insight into the structural 342

complexity of the organoids and can help understand how the structure of the cell sheet 343

affects their fate and the organoid functions. Therefore, examining the sphericity in 344

three-dimensional simulations and experiments can be a useful tool to study organoid 345

morphogenesis. 346

Effect of noise added to the minimum volume condition 347

In previous simulations, the condition of the minimum volume required for cell division 348

was constant and Vd = 2.9 for all cells although noise of ±10% of td itself was added. 349

However, we found that the condition of the minimum time required for cell division 350

was more easily satisfied compared with that of the minimum cell volume condition for 351

cell division for many of the classified patterns. Therefore, in those cases, the minimum 352

volume condition dominates, and the resulting growth dynamics were almost 353

deterministic. This is in contrast to real organoid systems, where high variability and 354

heterogeneity exists within the same experimental conditions, which suggests the 355

influence of fluctuations [66]. To investigate this, we introduced variability in the 356

minimum volume condition for cell division, where Vd was assumed to follow a normal 357

distribution with a mean of 2.85 and standard deviation of 0.025. In this section, we 358

explored the impact of this variability on the shape of the organoids. For example, a 359

pattern such as the star-shape breaks rotational symmetry, and it is therefore possible 360

that fluctuations in cell volume could contribute to the observed variability and 361

heterogeneity in real organoid systems. 362

As shown in Fig.8(g), the phase diagram exhibits the same morphology classes as 363

discussed in the previous subsection, with no alteration in the relative positioning of the 364

classes compared to Fig.3(g). Each class appears at a higher lumen pressure region 365

compared to Fig. 3(g) because of the reduced average threshold value and subsequent 366
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increase in the possibility of cell division. Nevertheless, the inclusion of noise in the 367

minimum volume condition does not alter the qualitative characteristics of the system. 368

In contrast, there are notable differences in the morphological details of certain 369

classes. The star-shape organoid with noise tended to have more branches, where a 370

‘branch’ refers to the position of cells along the angular direction where cell division 371

occurs [Fig. 8(a)], compared to those without added noise [Fig. 3(a)]. Moreover, the 372

directions of the extensions of the branches were not restricted to specific directions, 373

which restored the rotational symmetry in a statistical sense. Furthermore, monolayer 374

cyst organoids exhibited a rounder shape without facets, and the same is true for the 375

branched multi-lumen and multilayer multi-lumen morphologies, where the facets were 376

absent in each lumen. 377

In addition to observed morphological differences, it is important to consider the 378

probability of the cell layer rupturing. For the simulations with added noise at td = 300, 379

we observed rupturing events in the monolayer regions. Specifically, out of ten 380

simulations, there were two instances of rupturing at ξ = 0.35, five instances at ξ = 0.4, 381

seven instances at ξ = 0.45, and nine instances at ξ = 0.5. It is worth noting that 382

although the patterns without rupturing at ξ = 0.35 were eventually classified as 383

multilayer in a later phase of the simulation, the rupturing occurred while the organoid 384

was still a monolayer during the initial phase. 385

Notably, the branched multi-lumen morphology closely resembled the visual 386

appearance of the pancreatic organoid, as shown in Fig 1. Conversely, the multilayer 387

no-stable-lumen and multilayer single-stable-lumen morphologies remained unchanged. 388

In summary, the morphology with added noise was more similar to the morphology 389

observed in in vitro experiments than the morphology of those without added noise. 390
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Fig 8. Morphologies resulting from the addition of noise to the volume
condition for cell division. The final states of (a) star shape organoid formed when
(ξ, td) = (0.60, 0), (b) monolayer cyst organoid formed when (ξ, td) = (0.45, 300), (c)
branched multilayer organoid formed when (ξ, td) = (0.45, 0), (d) multilayer
multi-lumen organoid formed when (ξ, td) = (0.40, 180), (e) multilayer no-stable-lumen
organoid formed when (ξ, td) = (0.30, 60), and (f) multilayer single-stable-lumen
organoid formed when (ξ, td) = (0.30, 180). (g) 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), monolayer cyst
(green), branched multi-lumen (blue), multilayer multi-lumen (red), multilayer
no-stable-lumen (purple), and multilayer single-stable-lumen (gray). The black diamond
markers correspond to the parameter sets where the organoids of (a)-(f) emerge.
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Mechanism to maintain a monolayer with a monolayer cyst 391

As discussed in the Materials and Methods section, our model does not have a specific 392

feedback mechanism implemented to maintain a monolayer. However, we discovered 393

that a monolayer often emerged within a considerable parameter space, particularly 394

when the ξ and td were large, as shown in Fig. 3(g) and 8(g). It is important to note 395

that this monolayer remains present throughout the growth process, rather than only in 396

the final simulation phase. The question arises about why this monolayer state emerges 397

in the broad range of parameter space. 398

To better understand this mechanism, we examined how the lumen perimeter ℓsl 399

changes over time in relation to the number of cells in the organoid N . In Fig. 9(a), the 400

red line represents the time evolution of ℓsl at (ξ, td) = (0.33, 300). It shows good 401

agreement with the plot of the cell number N multiplied by a constant a (red line), 402

which assumed a mean apical surface width of cells to be a = 1.6. This indicates that 403

the rate of cell division is balanced with the rate of lumen growth, which results in the 404

maintenance of a monolayer and enclosure of the lumen. When the rate of cell division 405

is higher than the rate of lumen growth, a multilayer state forms. Conversely, when the 406

rate of cell division is lower than the rate of lumen growth, the cell layer ruptures. 407

As shown in the inset of Fig.9(a), ℓsl increases sharply when N is in the plateau 408

state, but decreases as cell division occurs and the N increases. This interplay between 409

the two curves is due to the volume exclusion interactions between the cells and lumen. 410

When there is a large number of cells in the layer, they push against each other, thus 411

preventing cell volume growth beyond a minimum volume required for cell division (Vd). 412

However, when the lumen enclosed by the cell layer grows, it stretches the perimeter of 413

the cell layer, thereby creating more space for cells to grow outward. When a cell 414

reaches the minimum Vd required for division, it divides, and its daughter cells then 415

rapidly increase in volume. This growth pushes the micro-lumen generated when the 416

cell is divided backward until it expands again as the growth rate of the cell volume 417

decreases, and the micro-lumen merges into the larger lumen, as shown in Fig.9(b). 418

To examine the time evolution of the relation between the lumen perimeter and 419

number of cells, we introduced a new index called the lumen index, which is defined as 420

Lumen index:
ℓsl
aN

, (7)

where a is a typical apical surface width of a cell in two dimensions. The apical surface 421

is defined as the surface of a cell facing inward toward the lumen area. The time 422

derivatives of the lumen index reveal the following important dynamics: a negative 423

coefficient indicates narrowing of the cell’s apical surface area or an increase in the 424

number of cell layers, while a positive coefficient suggests widening of cell width, 425

monolayer rupture, or merging of the micro-lumens. 426

In Fig. 9(c), we observed the lumen index for various lumen pressures, with an apical 427

surface area of 1.6. The organoids at ξ = 0.32 and 0.36 exhibited a monolayer 428

single-lumen state, and their lumen index remained close to one. The lumen index at 429

ξ = 0.28 decreased with time, and the number of cell layers increased. The lumen index 430

at ξ = 0.38 increased with time, while the cell layer ruptured at around t = 500. 431

A similar correlation between the lumen perimeter and number of cells was observed 432

when noise was added to the minimum volume condition for cell division. Figure 9(d) 433

shows the time evolution of ℓsl and āN at (ξ, td) = (0.5, 300), where ā was defined as 434

the average short axis of each cell when fitted with an ellipse, over all the cells present 435

on the organoid at that time. It should be noted that in this analysis, we focus on one 436

of the ten instances at (ξ, td) = (0.5, 300) which did not undergo rupture. Similar to the 437

previous case, ℓsl and N increase with time at similar rates. Figure 9(e)shows the color 438

plot of the time since after the cell was generated in the angular coordinates of cells. It 439
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can be seen that cell division occurs uniformly throughout the cell sheet. Therefore, the 440

morphology became rounder compared with the similar conditions without noise. 441

Figure 9(f) presents the lumen index at td = 300 for the different values of ξ=0.35, 0.4, 442

0.45, and 0.5. A monolayer single-lumen was stably formed at ξ = 0.5 and exhibited a 443

lumen index of around 1.0, while the others switched from a monolayer to multilayer. 444

Those at ξ=0.35, 0.4, and 0.45 remain monolayered until approximately 800, 1000, and 445

1100 arb. units of time, respectively. After 1000 arb. units of time, the number of cells 446

that did not face the lumen increased, leading to a decrease in the lumen index. 447

The monolayer stabilization mechanism has been widely discussed in the literature, 448

with the stretch-induced cell proliferation being a proposed mechanism [67–70]. The 449

concept is that, if the stretching of tissue increases the rate of cell proliferation, the 450

monolayer will be robustly maintained, and this process may be controlled through 451

mechanobiological feedback mechanisms. However, our simulations suggest that the 452

minimum cell volume condition for cell division may have a similar effect through the 453

direct mechanical interactions between the cells and lumen. 454

We further confirmed this mechanism in the 3D simulation of the phase field model 455

with td = 10, as shown in Fig. 9(h). The parameters used for the 3D simulations were 456

almost the same as those in the 2D simulations, except for Vd = 3.88 and Vtarget = 4. In 457

the 3D simulation, we plotted the time evolution of the number of cells N multiplied by 458

a constant a and lumen surface area defined by the equation: 459

Sl =

∫
s(1− s)dr. (8)

As shown in Fig. 9(g), the two curves overlap nearly perfectly as a function of time 460

(ξ = 0.35). Here we assumed a = 0.05 as the mean of the apical surface are of cells. 461

Figure 9(h) depicts the outer layer shapes of the organoid (top row) and lumen surfaces 462

(bottom row). Although numerous micro-lumens can be observed, only one stable lumen 463

is present in the center. Figure 9(i) displays cross-sectional views of the organoids at 464

t=50 for the different values of ξ. The organoid at ξ = 0.3 exhibits multiple layers, 465

whereas those at ξ = 0.35 and 0.4 maintain a monolayer structure. The organoid at 466

ξ = 0.45 is also a monolayer, but some cells appear to be stretched. 467

We also investigated the time evolution of the lumen index for the various values of ξ 468

in 3D, as shown in Fig.9(j). At ξ = 0.3, the lumen index decreased over time, and at 469

this parameter, the organoid had a multilayer structure when the number of cells was 470

85, as shown in Fig.9(i). At ξ = 0.35 and 0.4, the lumen index remained around specific 471

values. These results suggest that the organoids can maintain a monolayer structure, as 472

shown in the cross-section of Fig.9(i), at least in the observed period. At ξ = 0.45, the 473

lumen index increased over time, suggesting that the cell layer rupture is expected to 474

occur at a specific time. 475

The lumen index is a useful parameter to observe the cell layer dynamics in 476

experimental systems. As demonstrated in our simulation, morphological changes such 477

as the timing of transitioning from a monolayer can be identified by tracking the time 478

course of the lumen index. The value used to represent the cell width in the simulation, 479

a, can be substituted with an appropriate measure in the experiment. For example, if 480

the cross-sectional area of a typical cell in the system is known, then its square root can 481

be used as a surrogate for cell width. Conversely, in a system where a monolayer is 482

known to exist, changes in the cell membrane can be assessed by measuring the apical 483

surface area of the cells. Furthermore, the time derivative of the lumen index allows for 484

the observation of micro-lumen fusion. Analyzing the temporal relationship between this 485

measurement and phenomena such as cell division provides valuable biological insights. 486

In our model, the emergence of a monolayer is invariably linked with the formation 487

of a single lumen. As we explore in Fig. 4, the initial micro-lumen appears at the center 488
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as a result of the first four cells’ division and subsequent merging. The persistence of 489

this central lumen is influenced by the size of the initially combined lumen, 490

underscoring the importance of early lumen formation in determining later morphology. 491

The single-lumen morphology can emerge in various configurations, appearing not 492

only in monolayer cysts but also in multilayer structures that retain a single stable 493

lumen. Initially, a monolayer single-lumen structure forms, which then transitions to a 494

multilayer configuration. This transition occurs due to a shift in the direction of cell 495

division from radial (r-direction) to circumferential (θ-direction) around the cell sheet in 496

the cell division algorithm described in Materals and Methods section. This directional 497

change in division is influenced by the shape of the cells and the determination of the 498

cell division plane, as detailed in the Materials and Methods section. 499
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Fig 9. Process of maintaining monolayers; (a) Lumen perimeter ℓsl 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 a =
1.6 to align with the curve of ℓsl(t) on the right vertical axis. Inset: An enlarged view of
the two curves. Inset: N(t) shows a step-wise increase while ℓsl(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 ℓsl
and the number of cells multiplied by the short axis of a cell āN were plotted as a
function of time for the 2D simulation with noise added to the volume condition at
ξ = 0.5 and td = 300. Inset: Variation of the typical cell width ā 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 measured at td = 300 with added noise to the volume
condition, was plotted for various values of ξ. (g) The lumen surface, defined by Eq.(8),
Sl, and the number of cells N multiplied by a constant a were plotted as a function of
time for the 3D simulation at (ξ, td) = (0.35, 10), where a = 0.05. (h) The evolution of
the organoid shape (top row) and the lumen shape (bottom row) are shown for the 3D
simulation with (ξ, td) = (0.35, 10). (i) Cross-sectional images of organoids from 3D
simulations at different lumen pressures, with a constant cell division time (td) of 10. (j)
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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Mechanism of forming a monolayer star-shape 500

This subsection discusses the mechanism for the formation of star-shape organoids. As 501

shown in Fig. 10(a), the star-shape organoid at (ξ, td) = (0.35, 300) without added noise 502

in the Vd, exhibited a cellular layer protruding outward. In addition, some cells 503

extruded toward the lumen. In our simulations, this shape with broken rotational 504

symmetry emerged spontaneously. 505

Observing the growth at the tip, it appears that only the cells arranged at the tip 506

could divide [Fig. 10(b)]. Cells along the elongated branches were compressed in the 507

tangential direction, whereas the apical cells were not subjected to those compressive 508

forces. Therefore, apical cells could grow. 509

To examine the relationship between the cell volume and position, we plotted the 510

cell volume at each angle position, as shown in Fig. 10(c). Various cell sizes were 511

observed along the angles of the lumen branches, indicating that cells located along the 512

branches surpassed the cell volume required for division and produce daughter cells. 513

Conversely, in other areas, cells were unable to reach the required cell volume for 514

division and remained undivided. 515

To investigate the reason why only cells at the tip of the branches had the ability to 516

divide, we examined changes in the cell volume over time. Figure 10(d) shows changes 517

in the cell volume and their position after the cells in the organoid were generated. 518

Cells that were generated in the early stages of the simulation and extruded towards the 519

lumen at the end of the simulation increased in area immediately after generation 520

[orange crosses in Fig. 10(d)]. However, their volume did not increase to the extent 521

required for cell division, Vd, and subsequently decreased with time because of 522

compression caused by the growth of subsequently-generated cells. Cells that remained 523

in the cellular layer at the end of the simulation also increased in area to some extent 524

after generation but did not surpass the cell volume required for cell division due to the 525

compressive forces [green triangles in Fig. 10(d)]. In contrast, cells located at the tip of 526

branches increased their volume to the required division volume condition immediately 527

after generation and subsequently divided [blue circles in Fig. 10(d)]. 528

Figure 10(e) shows the positions of each cell at the various times overlaid in the 529

same figure for the parameters (ξ, td) = (0.35, 300). The colors indicate the elapsed time 530

from the generation of each cell. From the figure, it can be seen that new cells were only 531

generated at the tips of the branches, as indicated by the concentration of dark green 532

color at the central part of the branches. In contrast, cells that did not divide remained 533

in other positions. These results suggest that cells spontaneously change their roles 534

depending on their position, and only the cells at the branch tips have the ability to 535

divide. 536

Furthermore, we analyzed the number of cell divisions from the initial cells in the 537

final state at (ξ, td) = (0.35, 300). Figure 10(h) shows a histogram of the number of 538

divisions. For most bins, the number of cells is four, which is consistent with the 539

number of branches. This finding suggests that only one of the two daughter cells 540

generated through cell division is able to divide again, leading to a repetition of cell 541

divisions that form each branch. 542

To compare the star-shaped organoid with other monolayer organoids, we examined 543

the same plots for cases with added noise in the volume condition for cell division. At 544

(ξ, td) = (0.60, 0), where the organoid forms a more-branching star shape, the positions 545

of cell divisions are consistent with the extension of the branches [Fig. 10(f)]. The 546

histogram also indicates a state in which the cell lineages with division potential are 547

limited [Fig. 10(i)]. In contrast, at (ξ, td) = (0.45, 300), where the organoid forms a 548

round monolayer with a single-lumen, cell divisions uniformly occur in the angular 549

direction, particularly in the first half stage [Fig. 10(g)]. The histogram shows that most 550

cells undergo approximately seven divisions since their initial cell stage and exhibit little 551
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variability. This is consistent with the division potential that is not coupled with the 552

position [Fig. 10(j)]. 553

Intestinal organoids exhibit a phenomenon similar to the spontaneous positioning 554

and formation of tubular structures observed in stem cells. These organoids develop 555

tubular branches from a single lumen, with cells capable of division located primarily at 556

the tip of the tubular structure [31]. While numerical models incorporating self-renewal 557

promoter signals have explained branching morphogenesis [71,72], other theoretical 558

studies have shown that the coupling of cell division and the curvature of a single-cell 559

layer, driven solely by mechanical forces without signaling, contributes to the formation 560

of structures observed in the intestinal lining [73], which is consistent with our results. 561

Further research is needed to confirm whether organoids grow tubular branches from 562

small outward protrusions due to positive feedback from division conditions. 563
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Fig 10. 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 black dot line represents the volume of the cells required for cell division,
Vd. (d) Relations between the cell volume and position of the representative cells in a
star-shaped organoid at (ξ, td) = (0.35, 0). The black dot line represents the volume of
the cells required for cell division, Vd. Cell 1, Cell 2, and Cell 3 represent typical cells in
the center, on a branch, and at the tip of the branch, respectively. The orange, green,
and blue markers in the inset represent the final positions of Cell 1, Cell 2, and Cell 3,
respectively. (e-g) Historical positions of each cell. All cells at 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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Discussion 564

In this study, we investigated the impact of mechanical elements on the organoid 565

morphogenesis. We utilized a phase field model to simulate multicellular systems, where 566

the cell-lumen interactions were mediated through various mechanical conditions. We 567

explored conditions with varying lumen pressure and minimum time required for cell 568

division, and classified the morphology of the resulting organoids using these proposed 569

indices. 570

The growth rate of the observed organoids under the experimental conditions varied 571

greatly depending on the system, making it challenging to directly compare the different 572

systems. However, as demonstrated in this study, it is possible to compare them when 573

measuring the number of cells, volume, and surface area of the organoid and lumen. 574

This can be confirmed through scaling relations between the cell number versus the 575

volume and surface area. For example, if the organoid is spherical with a radius of R, 576

the volume and surface area of the organoid scale is R3 and R2, respectively. If an 577

organoid is a monolayer, the number of cells should be proportional to surface area, R2, 578

and if there is no lumen inside the organoid, then N ∝ R3. In other words, the 579

relationship between the radius, volume, or surface area and the number of cells can be 580

used to describe the organoid structure. The same principle can be applied to more 581

complex organoid morphologies. For example, pancreatic organoids, which exhibit a 582

monolayer organoid with branching, are known to show fractal dimension, and the 583

relationship between the surface area and volume deviates from the aforementioned 584

power-law relationship [22]. 585

In the Results section, we went beyond simple scaling arguments and employed 586

indices to characterize the morphology of the organoids grown under the various 587

conditions. Specifically, we used the sphericity and lumen index, which capture the 588

deviations from simple spherical shapes and highlight when lumen structure changes. 589

Additionally, these indices are also useful for experimental investigations as well. Our 590

study thus offers a deeper understanding of how mechanical elements influence organoid 591

morphogenesis and provides new tools to analyze and quantifying this complex process. 592

Building on the indices introduced in the Results section for characterizing organoid 593

morphology, we further explored how our model’s findings correlate with experimental 594

data from studies on MDCKII cells. These cells, differentiated into three cell lines—wild 595

type, claudin knockout, and ZO protein knockout—exhibit distinct behaviors primarily 596

at their tight junctions. A recent study investigated the interplay between lumen 597

pressure and morphological indices in these lines (see Fig. 2 in ref. [74]). Both wild-type 598

and claudin knockout organoids, which were characterized by sufficiently high lumen 599

pressure, exhibited spherical cyst formation. In contrast, ZO knockout organoids, 600

associated with lower lumen pressure, exhibited a shrunken monolayer morphology. To 601

compare the phases, we examined the lumen occupancy and sphericity for multiple 602

parameter sets corresponding to the monolayer cyst and branched multilumen phases. 603

These parameter sets were selected based on the phase diagram, and several simulations 604

were conducted for each phase. To more closely replicate the experimental conditions, 605

randomness was introduced into the initial cell state (representing the time until the 606

first division) in our simulations. Additionally, the cell number was an estimate by 607

translating the two-dimensional cell count n2D into three-dimensional equivalents n3D. 608

To perform this translation, we assume a spherical monolayer morphology for the 609

monolayer cyst (n3D = n2
2D/π) and a packed sphere for the branched multilumen 610

(n3D = 4/3
√
n3
2D/π). As illustrated in Fig. 11, our model shows qualitative alignment 611

with the experimental results. These comparisons not only validate our model’s core 612

assumptions but also suggest its broader applicability in understanding organoid 613

morphology for various lumen pressure and cellular proliferation dynamics. 614
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Fig 11. Comparison between simulation and experiments; (a) and (b) are
adapted from Figure 2 in [74] and represent experimental measurements of lumen
occupancy and lumen sphericity, respectively, for MDCK-II cells. Blue markers indicate
wild-type (WT), green markers represent claudin knockout (CLDN-KO), and red
markers correspond to ZO1/2 knockout (ZO-KO) MDCK-II cells. WT and CLDN-KO
cysts exhibit round lumen shapes, while ZO-KO cysts exhibit lumen morphologies with
folds. Data are based on 3D segmentation of lumen and cyst surfaces as a function of
total cell number per cyst. Error bars represent SEM, and statistical significance was
determined using one-way ANOVA. (c) and (d) show simulation results for lumen
occupancy and sphericity, respectively, based on our model. The x-axis represents the
cell count, where 2D values were converted to 3D equivalents. Different markers
correspond to simulations with varying combinations of ξ and td. As in Fig. 8, noise
was added to the volume conditions. Green markers represent parameter combinations
classified as Monolayer Cysts: (ξ, td) = (0.55, 180) (circle), (0.5, 240) (triangle), and
(0.45, 300) (square). Red markers represent parameter combinations classified as
Branched Multilumen: (ξ, td) = (0.6, 180) (star), (0.5, 240) (cross), and (0.4, 300) (plus).
Monolayer Cysts show behavior similar to WT and CLDN-KO cysts in (a) and (b),
while Branched Multilumen resembles the behavior of ZO-KO cysts.
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Another insightful qualitative comparison can be drawn with pancreatic cells 615

cultured under different conditions. When grown in a medium referred to as an 616

organogenesis medium, pancreatic cells typically develop a branched morphology, 617

whereas in another medium, termed sphere medium, they tend to form spherical 618

structures (Fig. 3 in [14]). Notably, the growth rate in organogenesis medium is 619

approximately three times faster than that in the sphere medium [75]. This observation 620

agrees with our simulation results, where the branch morphology manifests at shorter td, 621

while spherical morphology appears at longer td under a high lumen pressure. Similarly, 622

a recent study measuring doubling time in comparable systems reported that the branch 623

morphology has a doubling time of approximately 18 hours, while the spheroid 624

morphology has a doubling time of approximately 25 hours, representing a 1.4-fold 625

difference [75]. In our simulations, for example, (ξ, td) = (0.32, 100) and (0.38, 140) 626

correspond to branched multi-lumen and monolayer cyst morphologies, respectively, 627
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showing a similar relationship and consistent trend. Furthermore, a similar dependence 628

of morphology on proliferation time is also observed in the subcellular element 629

model [65]. This relationship is also consistent with our simulation results. 630

These qualitative comparisons support the predictions of our simulation. While the 631

observed tendencies match, we acknowledge the necessity for more detailed quantitative 632

comparisons in future studies. 633

In this study, we initiated our simulations with four cells as the starting condition. 634

Variations in the initial number of cells tend to shift the regions where certain phases 635

appear, as well as affect the morphological details of these phases (see S1 Appendix for 636

more details). However, the relative positioning of each phase within the phase diagram 637

remains largely consistent, regardless of the initial cell count. This observation aligns 638

with experimental reports, which have also indicated that the final morphology of cell 639

assemblies does not significantly change despite variations in the initial number of 640

cells [63]. 641

In developing our model, we have deliberately chosen a simplified approach to lumen 642

modeling. This approach includes assumptions such as constant lumen pressure (driving 643

force) during growth and a preset initial volume for microlumens. Our decision to 644

simplify is driven by the goal of distilling the complex processes of organoid 645

development into fundamental principles that govern morphogenesis. By starting with a 646

more straightforward model, we set the stage for systematic exploration and build a 647

foundation that allows us to establish clear, interpretable relationships. These 648

relationships might otherwise be obscured by the multitude of interacting factors 649

present in a more detailed and biologically comprehensive model. With this foundation, 650

we can better understand the fundamental behaviors of organoid growth, setting a clear 651

path for the integration of additional complexities in future research. 652

By adopting this initial simplified approach, we have laid a solid foundation for 653

future enhancements that will address the current model’s limitations. However, our 654

current formulation cannot reproduce structures where the apical surface of the cells 655

protrude toward the lumen, which is present in some organoids which show rosette-like 656

structures. One way to address this issue is to introduce a model for molecules localized 657

on the apical surface, which could be achieved by modifying the multicellular phase field 658

model. Future research can focus on reproducing the curvature of the cell membrane. In 659

addition, our model does not currently capture the network structure that is observed in 660

the pancreas. To reproduce this network structure, it is necessary to incorporate a 661

tube-shaped lumen formation mechanism into the model. This would require updates to 662

the model, such as considering the reaction-diffusion processes [76]. Incorporating these 663

additional elements could provide a more comprehensive understanding of the organoid 664

morphogenesis and enable the simulation of the complex network-like structures that 665

are observed in certain organs. 666

It is important to acknowledge that the current model represents organoids in a 667

state where they can grow in an outward direction without any physical constraints. 668

However, in real organoids or organs, growth is influenced by various factors, including 669

the extracellular matrix (ECM). Mechanical interactions, which are the focus of this 670

research, are also expected to be influenced by the external environment, such as the 671

pressure exerted by the ECM on the cells as some experimental studies have 672

demonstrated [77,78]. Considering the pressure exerted by the ECM, it can be 673

anticipated that the growth of cells in the outer shell of the organoid would tend to be 674

more uniform, as some outer cells would experience resistance and they would be 675

hindered from protruding outward. Exploring how these dynamics change in a model 676

that incorporates the ECM would be a valuable avenue for future investigations. 677

In summary, we used a simple mathematical model to investigate the morphogenesis 678

of organoids that were affected by mechanical factors. We introduced the minimum cell 679
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volume and minimum elapsed time as parameters and examined the organoid growth. 680

The organoid morphologies were classified into seven distinct patterns based on the 681

lumen occupancy, number, and sphericity. In addition, the dynamics of morphology can 682

be monitored by lumen occupancy and lumen index. Those parameters are useful to 683

characterize the morphologies observed in experiments. 684

Materials and methods 685

Modeling approach 686

We define the free energy F in the multi-celllar phase field model by: 687

F =
∑

i∈[0,M ]

∫
Ω

[
D

2
|∇ui|2 +

1

4
u2
i (1− ui)

2

]
dr

+
∑

i,j∈[0,M ],i̸=j

β

12

∫
Ω

h(ui)h(uj)dr +
∑

k∈[1,M ]

α

12
(Vtarget − Vk)

+
∑

k,ℓ∈[1,M ],k ̸=ℓ

η

12

∫
Ω

∇h(uk) · ∇h(uℓ)dr +
∑

k∈[1,M ]

γ

12

∫
Ω

|∇h(uk)|2dr

− ξ

6

∫
Ω

h(u0)dr

(9)

Here, Ω denotes the system’s area. The coefficients D, α, β, γ, η, and Vtarget are 688

positive constants and set to 0.001, 1, 1, 0.001, 0.008, and 3 in this study. It is necessary 689

for γ to exceed η for the numerical stability, as noted in previous studies [37,38]. The 690

function h(uj) is defined as h(x) = x2(3− 2x). This choice of the function h(x) is for 691

the convenience that any function of h such as G(h(u)) in the free energy gives a force 692

proportional to u(1− u) as 693

f = −∂G(h)

∂u
= −∂G(h)

∂h

∂h(u)

∂u
= −6u(1− u)

∂G(h)

∂h
. (10)

This brings us the force term to the Allen-Cahn equation in Eq.(3). Vtarget 694

represents the target cell volume towards which a cell expands, while Vk denotes the 695

volume of the cell k as Vk =
∫
Ω
h(uk)dr. The parameter ξ corresponds to the lumen 696

(osmotic) pressure. Distinct functions related to cells and lumens are encompassed in 697

the terms from the second onward: the second term elucidates the volume exclusion 698

effect; the third indicates cell volume growth; the fourth and fifth represent cell-cell 699

adhesion; and the sixth indicates lumen expansion. 700

In our model, as delineated by Eq. (3), the parameters α, β, γ, η, and Vtarget each 701

serve a unique function in regulating cell volume dynamics. The parameter α represents 702

the intrinsic growth rate of a cell, driving expansion towards the target volume, Vtarget. 703

The parameter β characterizes the volume exclusion effect, which provides a repulsive 704

force between neighboring cells and lumens, simulating the physical constraint of limited 705

space. The term η models the strength of cell-cell adhesion, a critical factor in 706

maintaining the structural integrity of the cell assembly. To prevent unphysical 707

outcomes due to the adhesion term, γ acts as a limiting factor, ensuring that the 708

influence of η does not lead to divergence in the model. 709

The values for these parameters are carefully selected to reflect the biophysical 710

properties observed in real cellular systems. For instance, if α is disproportionately 711

large in comparison to β, cells may unrealistically encroach upon the space of 712

neighboring cells. Conversely, a too-small α would result in unnaturally slow cell growth. 713
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The appropriate balance between α and β is therefore crucial for realistic simulations. 714

Similarly, η must be balanced by γ to ensure that cell adhesion contributes to tissue 715

cohesion without leading to model instability. The calibration of these parameters to 716

relevant ranges is critical for the accurate simulation of organoid development. 717

Additionally, we selected parameter values that ensure the dynamics are not sensitive to 718

minor changes in these parameters. For an in-depth understanding of how each 719

parameter variation impacts cell growth and steady-state conditions, please refer to the 720

detailed analysis provided in the S1 Appendix. Detailed values are in the Table 2 at the 721

end of this paper. The simulation code is available at 722

https://gitlab.com/Sakurako T/hfsp.git. 723

Luminal force balance and the implication of ξ 724

In the following argument, we relate ξ in the dynamics of the lumen variable u0 to the 725

osmotic pressure Π. For this purpose, it is useful to separate the free energy associated 726

with the lumen variable u0 and consider the growth of the isolated lumen first. 727

F0 =

∫
Ω

[
D

2
|∇u0|2 +

1

4
u2
0(1− u0)

2 − ξ

6
h(u0)

]
dr = F 0

0 − ξ

6
V0, (11)

where F 0
0 =

∫
Ω
f0
0dr with f0

0 ≡ D
2 |∇u0|2 + 1

4u
2
0(1− u0)

2 and V0 is the lumen volume 728

defined by V0 =
∫
Ω
h(u0)dr. f

0
0 consists of the interfacial energy term D

2 |∇u0|2 and 729

1
4u

2
0(1− u0)

2 term. The latter does not contribute inside (u0 = 1) and outside the 730

lumen (u0 = 0). 731

Each integral is easily solved in one dimension by using the analytic solution 732

u0(x) = (1/2)(tanh(x/(2
√
2D)) + 1) of an interface as 733∫ ∞

−∞

D

2

∣∣∣∣ ddxu0(x)

∣∣∣∣2 dx =
D

2

∫ ∞

−∞

∣∣∣∣12 d

dx
(tanh(x/(2

√
2D)) + 1)

∣∣∣∣2 =
√
2D/24. (12)

The integral of 1
4u

2
0(1− u0)

2 term also gives the same value,
√
2D/24, thus the sum 734

of two terms is
√
2D/12. In two dimension, when the lumen is circular with a radius R 735

(thus V0 = πR2) and assuming that the integral of f0
0 is proportional to the 736

circumference length 2πR, the contribution from the interface in the phase field model 737

(PFM) can be approximated by, as
∫
Ω
f0
0dr = (

√
2D/12)(2πR). 738

Therefore, the dynamics of V0 leads to 739

∂V0

∂t
= −k

∂F0

∂V0
= k

(
ξ

6
− ∂F 0

0

∂R

∂R

∂V0

)
=

k

6

(
ξ −

√
D/2

R

)
, (13)

where k is a kinetic constant. From Eq. (13), the critical radius for the lumen growth is 740

given by Rc =
√
D/2/ξ above (below) which the lumen expands (shrinks). Thus, ξ is 741

the driving force and
√

D/2/R is the counter force with
√

D/2 being the tension of the 742

interface in the Young-Laplace relation, ∆p =
√
D/2/R. The time evolution of V0 (or 743

R) in the PFM simulation is found to be in good agreement with the Eq.(13) and is 744

easily extended to three dimensions. 745

How the lumen expands or shrinks is determined by the force balance between the 746

driving force to grow and the counter force that tends to shrink the lumen due to the 747

tension of membrane and cell layers. The same situation holds in PFM in Eq. (13). The 748

driving force to inflate is ξ and the counter force is the surface tension of the lumen 749

when it is isolated, while if the lumen is surrounded by a cell layer, tension from the cell 750

layer will be added. 751
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To further clarify the physical meaning of ξ, let us consider a simplified (virtual) 752

situation that the lumen is surrounded by a cell monolayer and cell-cell junctions which 753

we assume is a semi-permeable membrane, permeable to water molecules but not to 754

larger ions such as Na+ and Cl− (Fig. 12). 755

V0

iw iw

R

Δp =
2T

R

Δp

Π

Fig 12. Figure illustrating force balance and water transport across cell
layer.
The lumen has a higher concentration of ions by the active ion pumping. The cell
monolayer is modeled as an elastic semipermeable membrane. It creates osmotic

pressure Π as well as hydrostatic pressure difference ∆p across the layer which balances
with the tension of the monolayer.

Ion channels in the membrane create the difference in the concentration of ions 756

across the cell monolayer that promotes the osmotic pressure Π to the lumen. Water 757

molecules permeate through the semipermeable membrane into the lumen and swell the 758

volume of the lumen to increase the entropy. The osmotic pressure Π equals the force 759

per unit area applied to the membrane to keep the volume of the lumen constant. 760

Therefore, Π can be derived from the total free energy F of the system including the 761

inside and outside of the lumen as Π = − ∂F
∂V0

[81]. Applying this relation to the free 762

energy in Eq.(11), if the tension of the membrane is ignored, yields 763

Π = −∂F0

∂V0
=

ξ

6
. (14)

Therefore, ξ in our model corresponds to the osmotic pressure of the lumen. Note 764

that the lumen variable u0 is 0 in the outside region and does not contribute in Eq.(14). 765

As the lumen volume increases, the surrounding cell monolayer will be inflated thus the 766

tension of the monolayer increases. This tension balances with hydrostatic pressure 767

difference ∆p between the lumen and the outside by the Laplace law, ∆p = 2T
R , for a 768

spherical lumen (In two dimension case, ∆p = T
R .), where T is the tension of the 769

monolayer. In this simplified model, the increase of the lumen volume is given by [35,68] 770

dV0

dt
= λwAapical(Π−∆p) = λwAapical

(
ξ

6
− 2T

R

)
, (15)

where λw is the water permeability of the membrane. Aapical is the area of the apical 771

side of the monolayer. Thus, the assumption that ξ is held constant in PFM is the 772

simplification by assuming that the osmotic pressure remains constant during growth. 773

We adopted this simplification because it is difficult to measure the temporal evolution 774

in osmotic pressure during growth in experiments, and there is a lack of experimental 775

data. 776

Equation (15) is a straightforward extension of the Eq.(13) when the lumen is 777

surrounded by a cell layer. Setting the control parameter ξ to a constant value 778

represents the simplified assumption that the osmotic pressure remains constant during 779

growth. The hydrostatic pressure of the lumen is determined by the tension of the cell 780

layer and its curvature. If the cell layer is an elastic solid instead of a liquid, the tension 781
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T is not constant but strongly depends on the radius R. However, this tension of the 782

cell layer is not the control parameter and cannot be measured directly in the PFM 783

simulation. To estimate T , we performed a simulation of lumen growth surrounded by 784

cell layers. We fitted the growth dynamics of the lumen volume as a function of the 785

measured lumen radius R with Eq.(15). From the fitting result, we obtained a 786

proportional relation between ξ and fitted values of ∆p (∆p ∼ 0.7ξ), although 787

determining whether T increases with R or not was challenging due to large fluctuations 788

in the simulation results. Cell-cell adhesion in PFM can slip in the tangential direction 789

of the lateral walls of the cells. Even if each cell exhibits elastic properties, without a 790

mechanism of strong adhesion such as tight junctions, the cell layer will rapture when 791

stronger forces are acted by lumen growth through the steric interaction in the PFM. 792

The kinetic constant k in Eq.(13) can be regarded as the water permeability λw in 793

Eq.(15). The value of k is inversely proportional to the time constant τ of the evolution 794

equation of the lumen given in Eq.(1) if we set a different time constant for the lumen. 795

However, we set τ = 1 for the lumen (i = 0) and all cell variables (i = 1, · · · ,M) for 796

simplicity in the simulation. 797

Cell division 798

Cell division is often governed by physical parameters such as cell size and the time 799

elapsed since the last division. Different cell types may have unique triggers for division, 800

whether it’s reaching a specific volume or after a set period since the last division [79]. 801

In our model, cell division is treated as an external event, separate from the 802

dynamics defined by Eqs. (2) and (3). This means cell division is triggered by specific 803

predefined conditions, not as an emergent property of our primary equations. A cell is 804

postulated to undergo division when it meets both volume and time criteria. By 805

incorporating both volume and time criteria in our model, we aim to capture the 806

complexity of cell division triggers in a simplified manner. This approach allows us to 807

consider not only cell volume but also other influencing factors. 808

The volumetric criterion is Vi > Vd, where Vi represents the volume of cell i, and Vd 809

is the threshold volume required for division. For this study, the target cell volume 810

Vtarget was set at 3.0. In most simulations, Vd was fixed at 2.9. We also explored 811

scenarios where noise influenced the volume threshold, setting Vd to follow a normal 812

distribution with a mean of 2.85 and a standard deviation of 0.025 (Section “Effect of 813

noise added to the minimum volume condition”). 814

The temporal criterion is tcell > td(1 + ζ). Here, tcell denotes the time since the 815

cell’s last division, td is the minimum time required for division, and ζ introduces white 816

noise in the range [−0.1, 0.1]. The exact moment a cell satisfies the volume criterion can 817

be influenced by the surrounding environment. Figure 13(a) provides a typical time 818

evolution of cell volume. The illustrated cell emerges from the division of a single 819

isolated cell. Post-division, the offspring cell’s volume increased rapidly until it met the 820

volume criterion at around 14 arb. units of time, which we refer to as tcell(Vd). 821

If the cell’s time condition td exceeds tcell(Vd), division happens at td [Fig. 13(b)]. 822

Conversely, if td is less than tcell(Vd), the division takes place at tcell(Vd) [Fig. 13(c)]. If 823

neither condition is met, the cell remains in its current state, not undergoing division or 824

death, but it can still change in volume or shape. 825

Determination of the division plane 826

Once a cell satisfies both the time and volume conditions, it undergoes immediate 827

division. Within the simulation model, when determining the position of the division 828

plane, calculations related to cell dynamics are temporarily halted. As highlighted in the 829

comprehensive study [38], the division plane is determined by the position of the two 830
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Fig 13. 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, 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.

(a)
(b) cell division mainly determined by time

cell division

cell division

(c) cell division mainly determined by cell volume

0

0

Lumen

Lumen

spindle poles. The position of the poles, represented by the position vectors r1 = (x1, y1) 831

and r2 = (x2, y2), are determined by the steady state of the following equations, which 832

apply for both spindle pole positions, with i and j representing the two positions; 833

µ
∂ri
∂t

= Fi − σ(ri − rj) (i, j ∈ {1, 2} and i ̸= j), (16)

where µ and σ are positive constants and are set to 0.001 and 10 in this study. The 834

force applied to the poles can be expressed as: 835

Fi =

∫
|ri−r|<|rj−r|

(ρ0 − ρeeη)ui(1− ui)(r − ri)dr (i, j ∈ {1, 2} and i ̸= j), (17)

where ρ0 and ρe are positive constants and are set to 0.01 and 1 in this study. The 836

relative values of ρ0 and ρe determine the concentration of the force from the cell-cell 837

adhesion region. eη is a function given as 838

eη =
∑
i

∑
j ̸=i

η

6
∇h(ui) · ∇h(uj) . (18)

Consequently, when a cell is attached to others, an asymmetrical pulling force is 839

exerted from the cell-cell adhesion region towards the poles. 840

The shapes of the two daughter cells, labeled with m1 and m2, resulting from cell
division can be mathematically expressed by using the mother cell variable, um, and the
positions of poles as follows:

um1(r, t) = um(r, t)χ(r; r1, r2), (19)

um2(r, t) = um(r, t)(1− χ(r; r1, r2)). (20)

Here, the step function χ(r; r1, r2) is defined such that it assumes the value of one in 841

region Ω1 and zero in region Ω2, with r1 and r2 representing the steady positions of the 842

spindle poles. In our simulation, this step function χ(r; r1, r2) in the above equations is 843

expressed by: 844

χ(r; r1, r2) =
1

2

(
1 + tanh

(
g(r; r1, r2)

ϵ

))
. (21)
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In this equation, ϵ is a positive constant and are set to 0.1 in this study. The function 845

g(r; r1, r2) is defined as: 846

g(r; r1, r2) =
r1 − r2
|r1 − r2|

(
r − r1 + r2

2

)
. (22)

This function, g(r; r1, r2), effectively describes a line that bisects the line connecting 847

r1 and r2 at their midpoint. The function g(r; r1, r2) assumes positive values in region 848

Ω1 and negative values in region Ω2. Consequently, when a cell is sandwiched between 849

two cells within a cell sheet, and it is attached to these neighboring cells, the division 850

plane tends to align parallel to the plane of cell-cell contact. For further details on this 851

mechanism, see [38]. 852

Upon the determination of the two daughter cells, a spherical micro-lumen is 853

immediately formed. To simulate and model the microlumen formed at the adhesion 854

surface between the two daughter cells post-division, the microlumen is modeled as a 855

spherical structure with a fixed initial volume [63]. This lumen has a fixed initial 856

volume of VL,ini = 0.785. For the simulation, the microlumen’s center aligns with the 857

middle points of the spindle poles. The field variables of the lumen within a central 858

circle of size VL are set to u0 = 1, whereas those of the daughter cells within this area 859

are set to um1 = um2 = 0. As previously stated, these newly formed lumens will then 860

evolve over time, governed by Eqs. (2) and (4). 861

Dimensionalisation of the phase field model 862

So far, we have employed a nondimensional form in the phase field model (PFM). In 863

this subsection, we convert the PFM to its dimensional form and compare the values of 864

physical parameters in experiments and simulations. Nondimensionalisation is 865

performed by introducing a characteristic length L, characteristic time t0, and 866

characteristic force f0. Using these characteristic scales as the units, a nondimensional 867

variable a is transformed into its corresponding dimensional variable ā, where a 868

represents any generalized variable: 869

x = x̄/L, y = ȳ/L, z = z̄/L, t = t̄/T, f = f̄/f0. (23)

Cortical tension γ and cell-cell adhesion η have the unit of tension [N/m]. Thus, we 870

can represent a characteristic tension Γ using f0 and L, as Γ = f0/L. Following a 871

similar approach, these parameters can be nondimensionalized as follows: 872

γ = γ̄/Γ, η = η̄/Γ, (24)

Pressures can be represented similarly: 873

Π = Π̄/(f0L
−2), ∆p = ∆p̄/(f0L

−2), ξ = ξ̄/(f0L
−2) , (25)

where Π is osmotic pressure, and ∆p is cavity pressure. By substituting Eqs.(23) and 874

(24) into Eq.(9), the nondimensional free energy F is converted into its dimensional 875
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form F̄ as 876

(f0L)
−1F̄ = (f0L)

−1

{ ∑
i∈[0,M ]

∫
Ω

[
D̄

2
|∇̄ui|2 +

1

4
u2
i (1− ui)

2

]
dr̄3

+
∑

i,j∈[0,M ],i̸=j

β̄

12

∫
Ω

h(ui)h(uj)dr̄
3 +

∑
k∈[1,M ]

ᾱ

12

(
V̄target − V̄k

)
+

∑
k,ℓ∈[1,M ],k ̸=ℓ

η̄

12

∫
Ω

∇̄h(uk) · ∇̄h(uℓ)dr̄
3

+
∑

k∈[1,M ]

γ̄

12

∫
Ω

|∇̄h(uk)|2dr̄3 −
ξ̄

6

∫
Ω

h(u0)dr̄
3

}
,

(26)

where α and β are dimensionalized as α = ᾱ/(f0L
−5), β = β̄/(f0L

−2). By multiplying 877

both hand sides of Eq.(26) by (f0L), we obtain the dimensional form of the free energy. 878

The system dynamics are also converted to their dimensional form using the same 879

procedure. For simplicity, we redefine dimensional variables in a generalized form by 880

removing the bar notation from ā. Here, a represents any dimensional variable. 881

To enable quantitative comparisons between experiments and simulations, we list 882

dimensional and nondimensional physical variables along with their typical values in 883

Table 2. For the characteristic force f0, we use a typical value of the stress exerted by 884

epithelial tissue, 1 (kPa) [86]. From this, we calculate f0 = 103 × L2 = 100 (nN), where 885

L = 10 (µm). Similarly, we adopt migration as the reference speed v = 0.6 886

(µm/min) [80]. Using t0 = L/v, the typical time scale is calculated as t0 = 16.7 (min). 887

Table 2. Typical values of physical parameters in experiments and simulation. *1) It was estimated as 103 (Pa)
in [69], while it was estimated as 105 (Pa) in [68]. *2) It is not a control parameter but estimated by the fitting simulation
data. *3) Water permeability can be adjusted by modifying the characteristic timescale specific to the lumen (τ0), as
λw ∝ 1/τ0. However, in the simulation, the same parameter τ = 1 is used for both the cells and the lumen, as described in
Eq. 3.

Symbol Physical meaning Experiment References Simulation Simulation
Values (unit) Values (non-dim) Values (dim)

L Reference length Cell radius: 10 (µm) 1 10 (µm)
P Reference pressure Traction: 1 (kPa) [86] 1 1 (kPa)
v Reference speed Migration: 0.6 (µm/min) [80] - -
f0 Characteristic force f0 = PL2 - 1 100 (nN)
t0 Characteristic time t0 = L/v - 1 16.7 (min)

td Proliferation time 24 (hour) [63,75] e.g. 100 28 (hour)
ξ (= Π) Osmotic pressue *1) Assumed e.g. 0.3 300 (Pa)
∆p Cavity pressue 100∼300 (Pa) [63,74,75] *2) ∼ 200 (Pa)
γ Cortical tension 50∼1000 (Pa·µm) [87] 0.01 100 (Pa·µm)
η Cell adhesion η ≤ γ (Pa·µm) [87] 0.008 80 (Pa·µm)

D
√
2D: Interface width PFM specific Assumed 0.001

α Volume elasticity PFM specific Assumed 1
β Volume exclusion PFM specific Assumed 1
λw Water permeability 25 (µm/h·kPa) [68,69] 1 *3) 36 (µm/h·kPa)
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43. Gonay L, Hoarau-Véchot J, Deroanne C, Krantic S, Sibille C, Plateroti M, et al.
Modelling of epithelial growth, fission and lumen formation during embryonic
thyroid development: a combination of computational and experimental
approaches. Frontiers in Endocrinology. 2021;12:655862.
doi:10.3389/fendo.2021.655862.

44. Kim SHJ, Park S, Mostov K, Debnath J, Hunt CA. Computational
investigation of epithelial cell dynamic phenotype in vitro. Theoretical Biology
and Medical Modelling. 2009;6:8. doi:10.1186/1742-4682-6-8.

45. Kim SHJ, Debnath J, Mostov K, Park S, Hunt CA. A computational approach
to resolve cell level contributions to early glandular epithelial cancer progression.
BMC Systems Biology. 2009;3:122. doi:10.1186/1752-0509-3-122.

46. Engelberg JA, Datta A, Mostov KE, Hunt CA. MDCK cystogenesis driven by
cell stabilization within computational analogues. PLOS Computational Biology.
2011;7(4):e1002030. doi:10.1371/journal.pcbi.1002030.

47. Datta A, Bryant DM, Mostov KE. Molecular regulation of lumen morphogenesis.
Current Biology. 2011;21(3):R126–R136. doi:10.1016/j.cub.2010.12.018.

48. Cerruti B, Puliafito A, Shewan AM, Yu W, Combes AN, Little MH, et al.
Polarity, cell division, and out-of-equilibrium dynamics control the growth of
epithelial structures. Journal of Cell Biology. 2013;203(2):359–372.
doi:10.1083/jcb.201305044.

49. Sluka JP, Fu X, Swat M, Belmonte JM, Cosmanescu A, Clendenon SG, et al. A
liver-centric multiscale modeling framework for xenobiotics. PLOS One.
2016;11(9):e0162428. doi:10.1371/journal.pone.0162428.

50. Belmonte JM, Clendenon SG, Oliveira GM, Swat MH, Greene EV, Jeyaraman S,
et al. Virtual-tissue computer simulations define the roles of cell adhesion and
proliferation in the onset of kidney cystic disease. Molecular Biology of the Cell.
2016;27(22):3673–3685. doi:10.1091/mbc.E16-06-0372.

51. Hirashima T, Iwasa Y, Morishita Y. Dynamic modeling of branching
morphogenesis of ureteric bud in early kidney development. Journal of
Theoretical Biology. 2009;259(1):58–66. doi:10.1016/j.jtbi.2009.03.031.

52. Hirashima T, Rens EG, Merks RMH. Cellular Potts modeling of complex
multicellular behaviors in tissue morphogenesis. Development, Growth &
Differentiation. 2017;59(5):329–339. doi:10.1111/DGD.12358.

January 15, 2025 37/40

.CC-BY-NC-ND 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 February 5, 2025. ; https://doi.org/10.1101/2024.04.22.590518doi: bioRxiv preprint 

https://doi.org/10.1101/2024.04.22.590518
http://creativecommons.org/licenses/by-nc-nd/4.0/


53. Mombach JCM, de Almeida RMC, Thomas GL, Upadhyaya A, Glazier JA.
Bursts and cavity formation in Hydra cells aggregates: experiments and
simulations. Physica A: Statistical Mechanics and its Applications.
2001;297(3–4):495–508. doi:10.1016/S0378-4371(01)00280-0.

54. Fletcher AG, Cooper F, Baker RE. Mechanocellular models of epithelial
morphogenesis. Philosophical Transactions of the Royal Society of London.
2017;372(1720):20150519. doi:10.1098/rsta.2015.0519.

55. Rejniak KA, Anderson ARA. A computational study of the development of
epithelial acini: I. sufficient conditions for the formation of a hollow structure.
Bulletin of Mathematical Biology. 2008;70(3):677–712.
doi:10.1007/s11538-007-9267-1.

56. Rejniak KA, Anderson ARA. A computational study of the development of
epithelial acini: II. necessary conditions for structure and lumen stability.
Bulletin of Mathematical Biology. 2008;70(5):1450.
doi:10.1007/s11538-007-9282-2.

57. Rejniak KA, Quaranta V, Anderson ARA. Computational investigation of
intrinsic and extrinsic mechanisms underlying the formation of carcinoma.
Mathematical Medicine and Biology. 2012;29(1):67–84.
doi:10.1093/imammb/dqq025.

58. Rejniak KA. Homeostatic imbalance in epithelial ducts and its role in
carcinogenesis. Scientifica. 2012;2012:132978. doi:10.6064/2012/132978.

59. Dokmegang J, Yap MH, Han L, Cavaliere M, Doursat R. Computational
modelling unveils how epiblast remodelling and positioning rely on
trophectoderm morphogenesis during mouse implantation. PLOS One.
2021;16(7):e0254763. doi:10.1371/journal.pone.0254763.

60. Van Liedekerke P, Gannoun L, Loriot A, Johann T, Lemaigre FP, Drasdo D.
Quantitative modeling identifies critical cell mechanics driving bile duct lumen
formation. PLOS Computational Biology. 2022;18(2):e1009653.
doi:10.1371/journal.pcbi.1009653.

61. Torres-Sánchez A, Winter MK, Salbreux G. Interacting active surfaces: A model
for three-dimensional cell aggregates. PLOS Computational Biology.
2022;18(12):e1010762. doi:10.1371/JOURNAL.PCBI.1010762.
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