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Abstract 
Epithelial folding is a fundamental process governing the transformation of flat epithelial sheets into intricate 
three-dimensional structures during morphogenesis. This phenomenon plays a pivotal role in the development 
of various organs across biological systems. Despite its importance, the underlying mechanisms of epithelial 
folding remain incompletely understood due to its dynamic and complex nature. In recent years, computational 
simulations have emerged as powerful tools to study epithelial folding, providing a means to test theories, 
generate predictions, and integrate data from various sources. The basic workflow of simulation-based research 
involves formulating hypotheses grounded in insights derived from experimental observations, constructing 
mechanical models based on these hypotheses, conducting simulations, and subsequently comparing 
simulation results with experimental observations. This review encompasses studies exploring how spatial 
distributions of contractile cells and temporal histories of growth and contraction contribute to the 
three-dimensionalization of epithelial sheets by modeling the mechanics of tissue growth and cell contractile 
forces. Additionally, it addresses the studies examining the impact of asymmetry in physical constraints 
imposed by the surrounding structures of epithelial sheets and the non-uniformity of growth on the undulation 
pattern formation of epithelial sheets by modeling the mechanical interaction between the growing tissue and 
the surrounding structures. Furthermore, a recent advancement proposes a new framework where computations 
are employed for initial stages of hypothesis formation by inferring the causality. In this context, we also 
discuss a recent study that quantitatively infers differential growth, causing the morphogenesis, solely from 
pre- and post-growth shape data. Through this comprehensive review, we demonstrate the utility of simulations 
in studying epithelial folding, emphasizing their potential for synergistic integration with various perspectives 
and exploring synergistic opportunities. 

 
1. Introduction 

 
Epithelial folding is a crucial process in morphogenesis, orchestrating the transformation of a flat epithelial sheet 

into complex three-dimensional structures. This phenomenon plays a central role in the development of various organs 
and structures, spanning a wide range of biological systems, from simple organisms to complex multicellular entities 
such as humans. Notable examples include the formation of villi of the intestinal tract (Shyer et al., 2013; Walton et al., 
2016), folds in oviduct (Koyama et al., 2016), and brain gyri (Tallinen and Biggins, 2015) through epithelial folding. 
Moreover, the process contributes to three-dimensionalization of diverse organs, such as neural tube closure (Inoue et 
al., 2016; Martin and Goldstein, 2014), optic cup development (Eiraku et al., 2011), gastrulation (Beane et al., 2006), 
and even the formation of insect exoskeletons (Adachi et al., 2020; Matsuda et al., 2017). 

The process of epithelial folding is intricately regulated and governed by a complex interplay of biochemical 
signals and mechanical forces. These can include cellular processes such as cell division (Mao et al., 2011, 2013), 
migration (Morishita et al., 2017; Sato et al., 2015), and apoptosis (Toyama et al., 2008), as well as physical forces such 
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as contractile forces induced by cells (Nishimura et al., 2007; Sawyer et al., 2010; Simões et al., 2006). Interactions 
between cells and surrounding structures such as substrates are also key contributors to the folding process (Koyama et 
al., 2016; Tallinen and Biggins, 2015). 

Despite the critical role of epithelial folding in development and its impact on adult organ function, the underlying 
mechanisms governing this process remain incompletely understood. This is largely due to the complex and dynamic 
nature of the process, which involves changes at the molecular, cellular and tissue scales over time. 

In recent years, computational simulations have emerged as a powerful tool for studying complex biological 
processes such as epithelial folding. These simulations, which can incorporate detailed, quantitative information about 
the properties and behaviors of cells and tissues, provide a way to test theories and generate predictions about the 
mechanisms driving epithelial folding. By enabling researchers to manipulate various parameters and observe their 
effects on the folding process, simulations offer a level of control and precision that would be challenging, if not 
impossible, to achieve in experimental settings. They also offer a way to integrate and interpret data from a variety of 
sources, including experimental studies and theoretical models. 

This review aims to introduce the practical utilization of simulations in understanding the mechanisms of epithelial 
folding. Particularly, we present the application of simulations to examine hypotheses related to mechanical aspects, 
which is the basic framework of the simulation-based study. In Section 2, we discuss studies on the mechanics of organ 
morphogenesis through the three-dimensionalization of epithelial sheets, and Section 3 focuses on studies on the 
undulation pattern formation on epithelial sheets. Furthermore, Section 4 introduces a recent study exploring the 
incorporation of computational approaches at the hypothesis-forming stage. Lastly, in Section 5, we discuss insights 
from these studies and explore the synergistic opportunities arising from the integration of diverse perspectives.  

 
2. Three-dimensionalization of epithelial sheets 
2.1 Role of spatial patterns of contractile cells in epithelial folding 

 
One of the key factors influencing epithelial folding is the distribution of contractile forces within the epithelial 

sheet. These forces, generated by the contraction of actomyosin networks located at the apical side of the cells, induce 
contraction of the apical surface of the cells, leading to the bending and folding of the epithelial sheet (Martin and 
Goldstein, 2014). 

In a study by Inoue et al., computational simulations were used to investigate the role of contractile forces in tissue 
invagination, a type of epithelial folding (Inoue et al., 2017). Their simulations were based on a model of monolayer 
epithelial sheet in which certain cells could undergo cell proliferation and contraction. By varying the spatial pattern of 
contractile cells in their simulations, the researchers were able to observe the effects of these patterns on the shape of 
the invaginated tissue. Two specific patterns were examined: circular and ring patterns of contractile cells. In both 
cases, cell proliferation occurred within the same circular region characterizing the pattern of contractile cells. 

Their results showed that a circular pattern of contractile cells led to an apically concave shape, while a ring pattern 
of contractile cells resulted in an apically convex shape (Fig. 1). These findings emphasize the importance of the spatial 
distribution of contractile forces in determining whether invagination or evagination occurs. They also highlight the 
potential of computational simulations as a tool for studying the role of mechanical forces in epithelial folding. 

Moreover, the study by Inoue et al. provides a compelling example of how simulations can be used to test 
hypothesis about the mechanisms of epithelial folding. By comparing the results of their simulations with experimental 
observations, the researchers were able to validate their model and confirm the predicted role of contractile forces in 
tissue invagination. This demonstrates the power of simulations as a tool for hypothesis testing in the study of epithelial 
folding. 

 
2.2 Role of temporal history of growth and contraction 

 
In epithelial folding driven by contraction, another mechanism influencing whether invagination or evagination 

occurs is the temporal control of growth and contraction. Even with the same spatial pattern of contractile cells, 
changes in the temporal relationship between tissue growth and contraction can result in altering invagination and 
evagination. 
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Research by Takeda et al. focused on the mechanical stability of tissues, visualizing the energy landscape of 

morphogenesis events to provide a new framework for understanding the mechanical forces driving morphogenesis 
(Takeda et al., 2020). Using simulations based on continuum mechanics, where the entire tissue uniformly grows 
in-plane under fixed boundary conditions, they constructed energy landscapes for tissue growth with a circular 
contraction pattern. The results revealed that both invagination and evagination were mechanically stable in tissues 
with circular contraction patterns. Moreover, the study elucidated a dependence on the temporal history of growth and 
contraction, revealing that invagination occurs when contraction precedes growth, whereas evagination occurs when 
growth precedes contraction. This temporal dependency was elucidated as paths on the energy landscape (Fig. 2). 

Furthermore, their study extended its framework to represent the wrinkling in tubular tissues, providing insights 
into the temporal role of mechanical and biological factors in epithelial folding. This work offers a framework for 
investigating the temporal roles of mechanical and biological factors in driving epithelial folding processes, 
demonstrating the potential of simulations for gaining new insights into complex biological phenomena. 

 
3. Undulation pattern formation of epithelial sheets 
3.1 Impact of physical constraints by surrounding structures in epithelial folding 

 
Another factor that plays a crucial role in epithelial folding is the constraints by the surrounding structures. In a 

study by Morikawa et al., computational simulations were used to examine the impact of environmental constraints on 
epithelial folding patterns (Morikawa et al., 2022). Their simulations were based on a model of an epithelial sheet 
surrounded by an elastic environment. Under conditions where the out-of-plane deformation of the epithelial sheet is 
constrained by elastic walls, folding occurs through the growth of epithelial sheet by cell proliferation, giving rise to 
the formation of wrinkle patterns. In their research, they explored the relationship between the asymmetry of 
environmental constraints and the folding pattern of epithelial sheet by setting asymmetric constraints on the epithelial 
tissue. The results showed that the degree of asymmetry could serve as a determining factor in the formation of dot 
patterns, labyrinth patterns, or hole patterns (Fig. 3A). This finding underscores the importance of environmental 
constraints in shaping the folding patterns of epithelial sheets and highlights the potential of simulations as a tool for 
studying the influence of the environment on epithelial folding. Moreover, the study provides an example of how 
simulations can be used to investigate complex biological phenomena that are difficult to study experimentally. By 
using simulations, the researchers were able to manipulate the properties of the environment and observe their effects 
on epithelial folding, providing insights that would be challenging to obtain through experimental methods. 

 
 

Fig. 1  Simulation snapshots at time 𝑡𝑡 investigating the impact of spatial patterns of contractile cells. (A) Cells on the 
circular pattern contract and also proliferate, resulting in invagination. (B) Cells in the ring pattern contract and the 
cells inside the ring proliferate, resulting in evagination. Reprinted and modified from (Inoue et al., 2017) (CC BY 
4.0). 
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In a study by Koyama et al., the folding of the luminal epithelium of the tubular mouse oviduct was investigated 

with a focus on the influence from the surrounding smooth muscle (SM) layer (Koyama et al., 2016). The luminal 
epithelium of mouse oviducts forms parallel fold structures with ridges in the longitudinal direction. However, in 
mutants with disrupted a gene, the folds exhibit branching. The researchers focused on the ratio of the longitudinal 
length of the epithelial layer to that of the surrounding SM layer (L-Epi/SM ratio) and conducted simulations of 
epithelial folding under the physical constraint of the SM layer. The results suggested that, depending on the L-Epi/SM 
ratio, orderly folding patterns in normal individuals and branched folding patterns in mutants are formed (Fig. 3B). The 
researchers also estimated the tension of the epithelium in each folding structure through both simulations and 
experiments. This dual approach indicated that epithelial tension plays a role in aligning wrinkle patterns. These 
findings emphasize the importance of L-Epi/SM ratio and the associated epithelial tension in the formation of ordered 
folding pattern in tubular oviduct. Moreover, the research demonstrates the utility of simulations in providing 
theoretical validation for hypothesis derived from experimental observations. 

 
3.2 Epithelial folding pattern formation with coupling of cell division and local curvature 

 
In the context of the formation of epithelial undulating patterns, certain scenarios involve not only cell 

proliferation, as observed in the intestines, but also frequent apoptosis. In the crypts of intestinal villi, cells undergo 
proliferation, while at the tip of the villi, cells experience apoptosis. A study conducted by Hannezo et al. introduced a 
model where the growth rate increases with curvature, expressing large growth rates at the bottom of concave crypts 
and small (negatively large) growth rates at the tip of convex villi (Hannezo et al., 2011). They conducted simulations 
of epithelial sheets growing under mechanical constraints imposed by the substrate. They created a phase diagram 
illustrating the effect of coupling between cell division and curvature, in addition to the relationship between the 
accumulated pressure due to growth and undulating patterns (Fig. 4). As a result, it became evident that asymmetrical 
undulating patterns, specific to the apical and basal sides, appear, showcasing only the crypts rather than the villi. This 
pattern corresponds to the morphology of the colon. While previous studies successfully reproduced the morphology of 
the small intestine with developed villi, the extension of their model in this study allowed for the reproduction of colon 
morphology as well.  

Fig. 2  Relationship between tissue shape and the temporal history of growth and contraction represented in the energy 
landscape. (A) Initial shape. Red region indicates the contractile apical surface. (B) Snapshots of simulations of 
growth and contraction. By changing the time history of growth and contraction, invagination and evagination are 
switched. (C) Visualization of the energy landscape. (D) Paths on the energy landscape corresponding to each time 
history of growth and contraction. Reprinted and modified from (Takeda et al., 2020) (CC BY 4.0). 
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Furthermore, their research provides a mechanical perspective for understanding epithelial folding. The wavelength 
of undulating patterns estimated from their elastic energy model closely resembles those observed in living organisms 
and can explain the size of villi in the biological context. Additionally, this observation explains the fact that the size of 
villi is consistent across many mammals, regardless of differences in body size. Thus, from a mechanical standpoint, it 
is possible to understand the universal principles of morphogenesis that transcend biological species. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

4. Differential growth in curved surface morphogenesis of 3D organs 
 
Recent approaches to understanding epithelial folding focus not only on the mechanical perspective but also on the 

geometric aspect, particularly considering differential growth, which is a growth mode where the growth rates are 
spatially biased, as a key factor of three-dimensional morphogenesis. 

Morikawa et al.’s study proposed a method to infer the differential growth, i.e., spatial distribution of area 
expansion rates, from pre- and post-growth shapes’ information in three-dimensional morphogenesis (Morikawa et al., 

Fig. 3  Impact of physical constraints by surrounding structures. (A) Impact of asymmetry of out-of-plane deformation by 
surrounding structures on epithelial folding patterns. (A-i) Schematic of the model of the surrounding structures. 
Elastic walls are set on each apical and basal side of the epithelial sheet, and asymmetry is set with respect to the 
distance between the walls and the epithelial sheet. (A-ii) Simulation results of epithelial folding with different 
asymmetry settings. By changing the degree of asymmetry, dot, labyrinth, hole patterns were formed. Reprinted 
and modified from (Morikawa et al., 2022) (CC BY 4.0). (B) Impact of ratio of longitudinal length of epithelial 
sheet and the surrounding smooth muscle (SM) layer. (B-i) Schematic of the epithelial sheet (orange) and SM 
layer (gray). (B-ii) Schematic of two-dimensionally spread epithelial sheet and SM layer. (B-iii) Simulation results 
of epithelial folding with different L-nEpi/SM (longitudinal natural epithelium/SM) ratio settings. By changing the 
L-nEpi/SM ratio, ordered and branching patterns of epithelial folding were formed. Reprinted and modified from 
(Koyama et al., 2016) with permission from Elsevier. 

Fig. 4  Phase diagram generated from simulations of epithelial folding models with coupling between cell division and 
curvature. (A) Colon-like folding pattern, showcasing only the crypts. (B-D) Small-intestine-like developed villi 
pattern, herringbone pattern, and labyrinth pattern. The horizontal axis is the pressure exerted by tissue growth, 
and the vertical axis is the coupling between cell division and curvature. Reprinted from (Hannezo et al., 2011) 
with permission from American Physical Society. 
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2023). Applying this method to the formation of horn primordia in beetles, they demonstrated its efficacy by comparing 
the inferred area expansion rate distribution with experimentally known cell proliferation frequency distribution (Fig. 
5). 

This research provides a tool to formulate working hypotheses for understanding the factors governing the complex 
three-dimensional morphogenesis. In conventional research, a mechanical model of growth can be constructed and 
theoretically verified by simulation only after a working hypothesis is obtained through sufficient experimental 
observation. Their method can provide a working hypothesis that can serve as a stepping stone for research using 
mechanical simulations, even for subjects for which detailed experimental observations are difficult. 

 
 
 
 
 
 
 
 

 
 
 
 
 

 
5. Multiple perspectives and strengths and limitations of simulations: comprehensive insights into 
epithelial folding 

 
This review introduces the process of theoretically examining hypotheses based on experimental observations 

using simulations. Through diverse examples, we illustrate how this process is practically implemented. Additionally, 
we introduced a computational method for inferring the causes of phenomena at the hypothesis formation stage. Fig. 6 
provides an overview of these processes. The reviewed papers have provided a range of perspectives on the process of 
epithelial folding, each contributing unique insights into the mechanisms behind this complex biological phenomenon. 
By examining these papers collectively, we can discern common themes and shared findings, as well as identify 
opportunities for synergy through the integration of various models and approaches. 

Epithelial folding manifests in various forms, including substantial invagination or evagination leading to 
three-dimensional large deformation and the formation of undulation patterns with relatively small out-of-plane 
displacement. For significant three-dimensional deformations, studies by Inoue et al. and Takeda et al. suggest that 
simulations reveal the potential control of invagination or evagination through the interplay of tissue growth and 
cellular contractile forces (Inoue et al., 2017; Takeda et al., 2020). Moreover, spatial distribution of contraction patterns 
and temporal histories of growth and contraction are proposed as mechanisms governing the regulation of invagination 
or evagination. These outcomes underscore the power of computer simulations in purely expressing insights from a 
mechanical standpoint. 

However, applying such methods to real developmental systems necessitates constructing the mechanical model of 
the system from substantial experimental knowledge (Okamoto et al., 2013; Shindo et al., 2019; Shinoda et al., 2018). 
In theoretical studies investigating mechanisms related to simple invagination and evagination, as seen in the works of 
Inoue et al. and Takeda et al., it was possible to model tissue growth with simple settings where cells uniformly 
proliferate within a circular region (Inoue et al., 2017; Takeda et al., 2020). On the other hand, to construct such models 
that reflect actual developmental systems, a quantitative understanding about how the tissue grows in these systems is 
essential. Formulating mathematical models requires obtaining quantitative data, which can be challenging in many 
cases. 

In instances where acquiring quantitative data proves difficult, Morikawa et al.’s proposed method for inferring the 
distribution of area expansion rates may serve as a valuable tool for generating working hypotheses about how they 
growth, a fundamental aspect for initiating mechanical studies (Morikawa et al., 2023). By inferring the area expansion 

Fig. 5  Inference of the area expansion rate distribution governing its growth in the curved surface morphogenesis. (A) 
Pre-growth shape of the beetle’s horn primordium. (B) Post-growth shape of the beetle’s horn primordium. (C) 
Inference result of the area expansion rate distribution governing the growth of the horn primordium. Reprinted 
and modified from (Morikawa et al., 2023) (CC BY 4.0). 
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rate distribution solely from data on the shapes before and after growth, it becomes possible to construct a mechanical 
model of growth based on this distribution. This approach allows for the exploration of the mechanical mechanisms of 
the target developmental system. Particularly, determining whether invagination or evagination occurs, as highlighted 
in the studies by Inoue et al. and Takeda et al., remains undetermined from the area expansion rate distribution alone, 
necessitating investigation through mechanical simulations. 

It's important to note that the method proposed by Morikawa et al. yields an isotropic growth pattern expressed as a 
scalar field representing the area expansion rate distribution (Morikawa et al., 2023). However, actual scenarios may 
involve anisotropic growth represented by vector fields, such as convergent extension or orientation of cell division. In 
cases where anisotropic growth predominates, the inferred growth pattern may deviate from reality. Validating the 
results requires examining the correspondence between the obtained area expansion rate distribution-based mechanical 
simulations and experimental observations. 

Concerning the formation of undulation patterns with relatively small out-of-plane displacement, many studies 
have focused on the mechanical interaction between epithelial tissue and surrounding structures. These studies 
investigate the relationship between parameters characterizing the surrounding structures and the formed undulation 
patterns to understand the mechanisms underlying epithelial folding (Hannezo et al., 2011; Koyama et al., 2016; 
Morikawa et al., 2022). The utility of using mechanical simulations lies in the ability to purely extract the effects of the 
specific mechanical properties of interest, such as the asymmetry of physical constraints or the ratio of lengths between 
the epithelium and the surrounding layer (Koyama et al., 2016; Morikawa et al., 2022). This approach, as seen in the 
work of Morikawa et al., provides new perspectives for hypothesis formation, suggesting that the mechanical 
asymmetry of surrounding structures may determine undulation patterns, or, as demonstrated in the work of Koyama et 
al., allowing for theoretical validation of hypotheses derived from experiments (Koyama et al., 2016; Morikawa et al., 
2022). 

However, the capability to selectively extract specific properties comes at the cost of disregarding certain aspects 
of the real-world subject. Nonlinearity of mechanical actions and randomness in tissue shapes and cellular activities 
such as cell division are often treated with a certain degree of idealization, but it is possible that important effects may 
be contained in such discarded properties. For instance, in the studies of Morikawa et al. and Koyama et al., tissue 
growth was assumed to be uniform, but as shown in Hannezo et al.'s research, there are epithelial folding patterns that 
cannot be explained without considering the non-uniformity of tissue growth (Hannezo et al., 2011). Regarding the 
feasibility of assuming uniformity in tissue growth, Morikawa et al.’s proposed method for inferring the distribution of 
area expansion rates may offer insights into it (Morikawa et al., 2023). In general, to verify that our models accurately 
represent the key mechanisms, we need to examine the correspondence with experiments. 

Moreover, instances of complex morphogenesis involving both three-dimensional large deformation and 
undulation pattern formation are known (Adachi et al., 2020; Matsuda et al., 2017). Conventional studies have explored 
such complex subjects by focusing on specific aspects and investigating local mechanisms (Inoue et al., 2020; 
Morikawa et al., 2022). However, by integrating the insights introduced in this review, it becomes feasible to 
comprehensively examine even these intricate subjects, shedding light on overarching mechanisms. 

In conclusion, simulations, despite their limitations, serve as invaluable tools in the study of epithelial folding. 
They provide a method to explore the intricate interactions driving the process, offering insights that may be 
challenging to obtain through experimental methods alone. Furthermore, the synergistic effects of diverse perspectives 
obtained through simulations hold promise for advancing further research in this field. 
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