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Multicellular organisms utilize epithelial folding to achieve remarkable three-
dimensional forms. During embryonic development, stereotypical epithelial folds
emerge from underlying active cellular and molecular processes including cell shape
change and differential cell growth. However, the origin of epithelial folding in
early animals and how folding may be harnessed in synthetic systems remain open
questions. Here, we identify a modality of behavior-induced epithelial folding and
unfolding arising from cilia–substrate adhesion and ciliary walking in the basal animal
Trichoplax adhaerens (phylum Placozoa). We show that T. adhaerens is capable of
exhibiting dynamic nonstereotyped folding states, providing a 3D perspective to an
organism previously only characterized in its 2D state. We correlate these folding states
to local substrate geometry, revealing that the animal conforms to available substrate
surface area, promoting the maintenance of a folded state. Using 4D fluorescence light
sheet microscopy, we characterize fold geometry, curvature evolution during unfolding,
and the nonstereotypy of unfolding behavior. Through repeated unfolding trials, we
reveal the robustness and timescales associated with unfolding behavior and employ
scaling analysis and toy model simulations to establish how collective ciliary activity can
robustly drive unfolding. In this way, despite lacking any folding–unfolding “pathway,”
transitions between folding and unfolding states emerge as a function of the animal’s
environment and motility. Our work reveals a remarkable behavior exhibited by a
brainless, nerveless animal, and demonstrates the capacity for 3D–2D transitions in
folding epithelial sheets using ciliary activity.

Placozoa | Trichoplax adhaerens | epithelial folding | cilia | active origami

Epithelial folding is ubiquitous in animal embryogenesis (1–3). Detailed studies of model
systems such as the Drosophila ventral furrow (4) have revealed key cellular and molecular
processes that drive epithelial folding in development, including cellular shape change
(5), apical constriction (6, 7), and differential cell growth (8, 9). These mechanisms, in
combination with morphogenic regulation, enable the initiation of “stereotyped” (defined
as predictable and invariant) folds in a spatiotemporally controlled fashion critical for
the robust coordination of developmental processes such as neurulation and gastrulation
(10). Deviations from normal folding in human development can lead to conditions
such as polymicrogyria (11) and spina bifida (12).

Before the evolution of tightly controlled folding in development, what principles
governed epithelial shape, form, and behavior? Folding and wrinkling are emergent
properties of active soft materials (13, 14). Yet, how animal evolution constrained these
processes in favor of programmed, stereotyped folding is unclear. The earliest physical
constraints on epithelial folding and their consequences for the form and function of
early animals have not been considered. Furthermore, the full scope of cellular and
environmental mechanisms capable of guiding epithelial folding is not well understood.
Just as simple multicellular organisms such as colonial choanoflagellates, ichthyosporeans,
and volvox embryos have been harnessed to study the origins of morphing multicellular
systems (15–17), new experimental systems are needed to study the constraints on
epithelial folding in the context of the early evolution of animal form.

In this article, we present the identification of an epithelial folding and unfolding
behavior driven by collective ciliary mechanics in the early diverging animal, Trichoplax
adhaerens (phylum Placozoa) (Fig. 1A and Movie S1). Often described as the simplest
extant animal in terms of morphology, this aneural and amuscular organism displays
a sheet-like body plan with a ciliated ventral epithelium responsible for locomotion
(19, 20) (Fig. 1A). While previous literature has primarily treated T. adhaerens as flat
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Fig. 1. T. adhaerens exhibits epithelial folding guided by substrate geometry. (A) T. adhaerens displays both flat and folded morphologies. These morphologies
may be categorized as flat vs. folded and conforming vs. nonconforming to a substrate. (B) 3D light sheet scans of five different folded animals labeled with
plasma membrane stain (Materials and Methods), perspective view. These animals are observed in the folded-transitional state undergoing unfolding behavior.
Inset shows a ventral view, revealing distinct patches of the ciliated ventral epithelium that make contact with the substrate. (C) Categorization of T. adhaerens
based on folding state and substrate interaction. Folded states emerge when a recently detached animal is in the process of conforming back to a flat substrate
(folded-transitional); in the absence of a substrate (folded-nonconforming); and when conforming to a substrate with a lower surface area than that of the
animal (folded-conforming). The transition from the folded-nonconforming state to the flat-conforming state via the folded-transitional state is termed unfolding
behavior. (D) Workflow for extracting folding states from light sheet data. 3D datasets enable the complete description of the animal’s folding state, along with
identification of motifs and curvature analysis. (E) T. adhaerens phylogeny relative to other animal relatives (18). (F ) Folding dynamics of T. adhaerens conforming
to a thin glass capillary with an outer diameter of 0.17 mm (blue) and 1.0 mm (red). The low surface area of the 0.17 mm case leads to the maintenance of
folds, while the 1.0 mm case provides sufficient surface area for the animal to reach the flat-conforming state. Each curve represents a different animal trial.
Animal height on the capillary is used as a measure of folding, as indicated by the vertical yellow line in the Inset image. (G) In the absence of a rigid substrate
(suspended in a water column), animals remain in the folded-nonconforming state. Animals at 0 s were folded, and visible animal area is used as a measure of
folding, as indicated by the yellow outline in the Inset image. (H) Summary schematic illustrating how substrate geometry impacts folding state. When the ratio
of animal to substrate surface area N < 1, the animal can attain the flat-conforming state. When N > 1, the animal stays in the folded-conforming state. [Scale
bars: (B) 150 μm and (D) 100 μm.]

2 of 11 https://doi.org/10.1073/pnas.2517741122 pnas.org

D
ow

nl
oa

de
d 

fr
om

 h
ttp

s:
//w

w
w

.p
na

s.
or

g 
by

 S
T

A
N

FO
R

D
 U

N
IV

E
R

SI
T

Y
 o

n 
D

ec
em

be
r 

19
, 2

02
5 

fr
om

 I
P 

ad
dr

es
s 

17
1.

66
.1

3.
22

7.



and pancake-like, here we reveal the folding states exhibited by the
animal in the context of its environment (Fig. 1 A–C ). We show
that these states can arise as a function of local substrate geometry,
demonstrating the importance of the environment in shaping
the animal’s morphology. Using a combination of whole-animal
tracking microscopy and 4D light sheet fluorescence microscopy
in live animals, we show that T. adhaerens exhibits active folding
and unfolding behavior on fast timescales (seconds to minutes).
This behavior is reversible and nonstereotyped, distinguishing
it from epithelial folding processes in development. Via simple
unfolding assays, we collect statistics to reveal the robustness
of this folding–unfolding transition and leverage 4D datasets
to identify common folding motifs. Finally, we employ scaling
analysis and toy model simulations to show how the strength of
substrate adhesion and collective ciliary activity encode emergent,
robust active unfolding algorithms.

Results

Placozoan Folding and Substrate Geometry. By observing
T. adhaerens in different substrate contexts, we identify four
distinct morphological states of the animal (Fig. 1 A–C ). (1) On
a flat substrate, the animal displays a surface-conforming pancake-
like 2D morphology characterized extensively in past literature
(“flat-conforming” in Fig. 1C ) (19–25). (2) The absence of
a substrate leads to a dynamic yet folded 3D morphology
(“folded-nonconforming” in Fig. 1C ). Using vertical tracking
microscopy (26), we imaged T. adhaerens in the absence of any
rigid substrate falling in a water column under the influence
of gravity, revealing the continued persistence of a folded state
(Fig. 1G and Movie S2), indicating that attachment to a rigid
substrate is necessary for the organism to transition to a flat
state. Additionally, we regularly observe folded, detached animals
in laboratory cultures, further supporting this intuition (SI
Appendix, Fig. S1). (3) Detached animals reestablishing contact
with a flat substrate remain temporarily folded until they can
eventually flatten (“folded-transitional” in Fig. 1C ; see also
Fig. 1B). The transition from folded-nonconforming to flat-
conforming via folded-transitional occurs regularly in laboratory
culture conditions. We term this transition “unfolding behavior.”
(4) Finally, on irregular substrates, the animal displays a folded
yet substrate-conforming state (“folded-conforming” in Fig. 1C ).
We investigated this folded-conforming state via unfolding trials
on thin glass capillaries, revealing the animal’s tendency to remain
in an attached, dynamic folding state in the presence of low
substrate area (SAsubstrate) relative to the ventral surface area of
a given animal (SAanimal ) (Fig. 1F and Movie S3). These cases
of attachment to irregular (nonflat) substrates exhibited by this
ultrathin animal indicate a high adhesion, low bending energy
regime (27). Accordingly, we identify a nondimensional number
N which describes the ratio of the animal’s ventral surface
area to the available substrate surface area (Fig. 1H ). When
N < 1, a folded state is maintained, as the animal attempts
to attach to a substrate with insufficient area. When N > 1,
a folded animal will gradually return to a flattened state, as the
ventral cilia interact with the substrate. This phenomenon is
akin to area mismatches that occur in developing tissues, though
without any tissue growth in this case (28). Interestingly, we
observed a similar behavior occurring naturally in our cultures,
where animals attach to and fold on globular algal clusters
(sp. unknown), conforming to the irregular geometry of the
cluster (“folded-conforming” in Fig. 1C and Movie S4). In
this way, substrate geometry guides the folding morphotype

of T. adhaerens, as substrate adhesion dominates over bending
energy.

3D Structural Characterization of Folding States. Given these
four morphological states, we focused our attention on
unfolding behavior (transition from folded-nonconforming to
flat-conforming via folded-transitional, Fig. 1 B and C ). To
determine how the animal achieves this transition, we first
investigated the geometry of folding states over the course
of unfolding. Previous physical studies focused on crumpled
paper have relied on volumetric imaging techniques to estab-
lish the relationship between three-dimensional structure and
folding/unfolding dynamics (29–32). In a similar vein, we
performed 4D imaging (in live animals) and 3D confocal scans
(in fixed animals) of membrane-labeled unfolding animals (Fig.
2 A–C, Movie S5, and Materials and Methods). In contrast to
the relatively slow timescales associated with tissue folding in
other systems such as animal embryos and bacterial biofilms, T.
adhaerens’ folds evolve on second timescales, presenting a unique
challenge for 3D visualization. Low-exposure light sheet scans
enabled the visualization of the animal’s folding states over time
(Fig. 1D).

From these data, it is apparent that folds are high-curvature,
hierarchical structures, which display variable geometries
(Fig. 2 A–C and Movie S5). Folds are distributed throughout
the animal’s body and do not leave a structural memory after
being resolved (Fig. 2A). Furthermore, folding states are dynamic,
exhibiting dramatic structural changes on the order of seconds
(Fig. 2A). We fit smooth surfaces to these folded geometries and
extracted local Gaussian curvature across the body (Fig. 2 A and
C, Movie S6, and Materials and Methods), revealing the animal’s
ability to increase body curvature in the process of unfolding
before eventually reaching a flat state. The nonmonotonicity of
curvature evolution highlights the inherent frustration in the
associated energy landscape for unfolding (Fig. 2C ). Confocal
scans of fixed folded animals revealed, in the most extreme cases,
as few as three cells spanning the cusp of a fold (Fig. 2B).
Additionally, we extracted an inner fold width of 5 to 10 μm,
implying the presence of cilia–cilia contact within high-curvature
folds (Fig. 2D and SI Appendix, Fig. S1) (20). In this way, folds
establish domains of cilia–cilia contact, removing cilia from their
interaction with the substrate. Moreover, the system is able to
maintain and introduce high curvatures, pointing to the role of
active processes in driving folding–unfolding dynamics.

Folding Motif Dynamics. Previous studies of epithelial folding
in the context of animal morphogenesis have revealed distinct
motifs such as furrows, ridges, branches, and loops (33). Although
T. adhaerens folding states are not stereotyped, we identify specific
folding motifs in our data, including 1) perimeter folds, 2) rucks,
3) hairpin folds, 4) balloon folds, 5) sealed folds, and 6) 2�
twists (Fig. 3A) (34–37). This nonexhaustive but illustrative list
of motifs provides a handle on T. adhaerens folding dynamics.
Interestingly, each of the identified motifs (except for 2� twists)
is biased toward negative ventral (positive dorsal) curvature,
hinting at the role of adhesion between the ventral cilia and
substrate in driving folding and unfolding processes. Tracking
the time evolution of hairpin folds and rucks (Fig. 3B) reveals
variable scaling between height and width of these motifs (Fig. 3
F and G). While ruck height scales with ruck width, hairpin
folds change height without changing width, suggesting the
presence of adhesive self-contact within the fold (Fig. 3 F andG).
Additionally, extracting local cross-sectional curvature allows us
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Fig. 2. Curvature evolution of unfolding behavior. (A) 4D light sheet imaging of unfolding behavior (transition from folded-nonconforming to flat-conforming
via folded-transitional state, as defined in Fig. 1C) shown for four different animals. Dorsal view, surface meshes shown. The variety of initial folding states,
unfolding trajectories, and emergent fold structures are apparent. (B) Cellular perspective within folds. Confocal scans of fixed folded animals labeled with
Hoechst nucleic acid stain (green) and CellMask plasma membrane stain (red) reveal ∼3 cells spanning the cusp of a high-curvature fold. (C) Extraction of local
Gaussian curvature from surface meshes shown in (A) yields local curvature maps. Curvature evolution is nonmonotonic, which demonstrates the importance
of activity in shaping the animal’s folding state. (D) Extraction of ciliary length and inner fold width (both ∼10 μm), indicating the presence of cilia–cilia contact
within folds (SI Appendix, Fig. S1). [Scale bars: (A and C) 200 μm, (B) 20 μm, (D) 10 μm (Top row) and 100 μm (Bottom row).]

to quantify motif-specific curvature evolution (Fig. 3B,H, and I ).
We find that rucks undergo gradual curvature removal, while
hairpin folds maintain constant curvature until the moment they
are removed (Fig. 3 B, H, and I ). In this way, distinct folding
motifs undergo unique geometric transformations as they are
resolved.

We next consider the relationship between fold area and
length. As can be seen in Fig. 3D, hairpin and perimeter folds
display distinct crease lines on the ventral surface, which are
observed to change in length over time as more material is
absorbed into (or removed from) the fold. From the rough
geometry of a growing perimeter fold, we show that the change
in length should scale approximately as (

√
L2 + ΔA/ tan �)− L

and for a shrinking fold, L− (
√
L2 − ΔA/ tan �), where L is the

length of the crease, ΔA is the change in fold area during a given

time step, and � is the maximum angle (based on sheet elasticity)
the fold base can make with the substrate (Fig. 3 D and E, see
Materials and Methods and SI Appendix for details). Notably,
this behavior exhibits similar dynamics to contact line pinning in
liquid droplets on surfaces, which only begin to expand in contact
area upon reaching a critical angle set by the liquid and surface
properties (38) (see SI Appendix for further discussion). Fitting
the data in Fig. 3J to the above equations yields a predicted
� ≈ 45◦, which is similar to that observed in our 3D data
(� ≈ 42◦, Fig. 3 D and J ).

Finally, we turn our attention to the 2� twist motif. We clearly
observe variability in twist tightness within a single animal over
the course of unfolding (Fig. 3 C and K and Movie S7). The
tightest twist observed in our data is ∼10 μm wide, on the order
of a single dorsal epithelial cell diameter. Furthermore, time-lapse
data revealed extensive twist mobility, analogous of topological
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Fig. 3. Dynamics of 3D folding motifs. (A) Folding motifs include perimeter folds, rucks, hairpin folds, balloon folds, sealed folds, and 2� twists. Dorsal view
(Top row), cross-sectional view (Middle row indicated by the red dotted line in the Top row), and cartoon schematic of each motif (Bottom row). Balloon and
sealed motifs span the entire body, whereas perimeter, ruck, hairpin, and twist motifs are local. (B) cross-sectional time lapse imaging of individual ruck and
hairpin folds with local curvature maps. These folds are observed to reduce in height locally, rather than being pushed out the edge of the body. (C) 2� twists
display mobility and variation in tightness. Unlike folds, twists behave as point defects which must be removed from the edge of the body. (D) Visualization of a
perimeter fold height and angle (i.e., the angle the fold base makes with the substrate). In the ventral view, crease lines (pink) are observed, which vary in length
as material is added to or removed from the fold. (E) From a simple geometric representation of a perimeter fold, we estimate how crease length is expected
to scale with fold area as folds grow and shrink in height. (F ) Fold width and height time evolution for the ruck and fold shown in (B) and additional rucks
and folds shown in SI Appendix, Fig. S1. (G) Fold width and height scaling. Hairpin folds (blue, orange, purple) exhibit constant fold width for variable heights,
while ruck width scales with height (black, green, red). (H) Median curvature evolution for the ruck and fold shown in (B). While hairpin folds with self-contact
exhibit relatively steady median curvature over time, rucks undergo gradual curvature reduction with removal. (I) Curvature evolution distributions for the ruck
and fold shown in (B). (J) Change in fold area vs. crease length extracted from nine-perimeter folds, fit to the equations in (E). The resulting fit predicts a fold
angle of ∼45◦. See SI Appendix for further discussion. Circle size represents crease length. Color represents fold identity. (K ) Quantification of twist tightness. A
single twist within a given animal can exhibit variable widths, as thin as 10 μm (on the order of a single cell diameter). (L) Summary schematic of motif-specific
unfolding pathways. Motif dynamics arise from ciliary activity of the adjacent substrate-adherent patches (Fc ). Motif-specific features, such as self-adhesion
within hairpin folds (Fcc ) and topology of a 2� twist lead to distinct dynamics, as highlighted in (F ). [Scale bars: (B) 200 μm and (C and D) 100 μm.]
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solitons or “twistons” as observed in graphene nanoribbons (37).
Both 2� and−2� twists are observed to form in the same animal,
enabling twist annihilation (twists colliding and resolving) and
pile-up (twists colliding and stacking), depending on twist
chirality (SI Appendix, Fig. S1). Furthermore, single twists can
only be removed via transport to the animal’s perimeter, whereas
folds can be removed locally (Fig. 3 B and C ). Twist geometries
have been described in a variety of contexts (36, 39–42), but the
effect of twists on epithelia has not been considered.

In summary, unfolding behavior sees the emergence of
distinct motifs, each with particular resolution trajectories. Fig.
3L summarizes the basic physics underlying these trajectories.
In all cases, ciliary forces generated by substrate-adherent
tissue patches adjacent to the motif drive motif evolution.
Self-adhesion forces within the hairpin fold and topology of
the 2� twist lead to distinct curvature evolution pathways
(seen in Fig. 3 F and G) and resolution outcomes, respectively.
For example, opposing ciliary forces from motif-adjacent patches
promote motif resolution in rucks and folds but yield tightening
and sometimes rupture in 2� twists (Movie S8). Thus, the
universal forcing mechanism of active ciliary patches produces
different outcomes depending on the motif at hand.

Dynamics of Folded-Flat Transition. How an aneural organism
coordinates a complex transition from a 3D folded to a flat
state at the scale of an entire animal is not obvious. Moreover,
the coordination of a ciliary carpet to manage folding/unfolding
behavior is not a trivial task. To test the robustness of unfolding
behavior and quantify unfolding pathways, we collected 163
unfolding time lapses (on flat substrates) from repeated trials
across 45 animals (Fig. 4 A and C and Movie S9). This dataset
reveals unfolding behavior to be extremely robust; all trials
resulted in the animal reaching a final flattened state, except
for one which ended in animal fission at the site of a twist (Movie
S8). Furthermore, these time-lapse datasets reveal the extent of
nonstereotypy in this process; each animal passes through a series
of distinct folding intermediates along different trajectories before
eventually reaching a flat state (Fig. 4B and SI Appendix, Fig. S1).
Importantly, this is also the case for individual animals across
repeated unfolding trials, indicating that the unfolding trajectory
emerges from initial condition and stochastic activity, rather than
being preprogrammed in the animal’s physiology (SI Appendix,
Fig. S2).

It is well known that T. adhaerens exhibits natural variation
in body size and shape (24). Yet, how variation in animal size
impacts unfolding behavior is not obvious. Using a mixture
of small (≲0.1 mm2) and large (≳1 mm2) animals (varying
by roughly one order of magnitude in area), we performed
ten repeated unfolding trials across ten animals (100 total
measurements) (Fig. 4D). We find that, on average, large animals
are roughly three times slower to unfold compared to small
animals, likely due to their ability to configure into more complex
folding states (Fig. 4 E and F ) (43). Additionally, organizing
unfolding times based on animal identity reveals a distribution
of unfolding times in repeated trials, particularly for larger
animals, which correspond to variations in unfolding paths taken
(Fig. 4E). Thus, unfolding behavior does not have a fixed
timescale, but rather proceeds as a function of the complexity
of the folding state.

As with size, animal shape has the potential to impact
unfolding behavior, as shape changes the pattern of active ciliary
domains in contact with substrate. To test the impact of animal
shape on unfolding, we performed unfolding trials for both

toroidal and high-aspect ratio string-like animals (24). We find
that toroidal animals are capable of complete unfolding despite
their topologically distinct body plan (Fig. 4J and Movie S10).
Interestingly, high-aspect-ratio animals also exhibit extensive
unfolding (Fig. 4J and Movie S11), but twist defects tend to
persist in the body (Fig. 4J, arrows), often leading to binary
fission of the animal. These findings highlight the general and
distributed nature of unfolding behavior, which can be realized
in a wide range of body morphologies rather than requiring a
specific body architecture.

Finally, previous work has demonstrated the role of the
animal’s ventral ciliary carpet, which exhibits characteristic
collective dynamics, in driving locomotion (20, 23). Individual
cilia exhibit a unique walking gait on a rigid substrate which,
through local mechanical coupling, leads to the emergence of
ciliary coherence on long length scales (20, 23). Our findings
showed that interaction with a substrate is necessary for unfolding
to occur (Fig. 4C ). Thus, we tested whether normal ciliary activity
is necessary for unfolding behavior by performing unfolding trials
in calcium-free seawater (CFSW) or lithium chloride, both of
which have been previously shown to perturb normal ciliary
beating in T. adhaerens (44, 45) (Fig. 4 G and H, SI Appendix,
Fig. S1, Movie S12, and Materials and Methods). We find that
both treatments reversibly inhibit unfolding, demonstrating the
critical driving role of ciliary activity in unfolding behavior.
Cilia-resolved imaging also revealed ciliary activity proximal to
folds and twists, making clear the fundamental role of cilia in
this process (Movies S7 and S13). In addition, we tested the
effects of CFSW and LiCl on folded-nonconforming animals
and found that, relative to ASW, these conditions reduced local
tissue motion, hinting at the role of cilia in the suspended animal’s
3D shape dynamics (Movie S14). However, these dynamics are
not sufficient to drive unfolding in the absence of a substrate.

Scaling Analysis of Cilia-Driven Folding–Unfolding. The physics
of passive thin-sheet folding and deformation has been studied
in a variety of contexts (27, 28, 31, 34, 46–52), including
substrate delamination (34, 52), elastic wrinkling (28, 49), paper
crumpling (53), and paper unfolding (48). Uniquely in the case
of living self-folding sheets such as T. adhaerens, we must also
account for the dynamics of distributed ciliary activity which
injects energy into the system at the micron length scale. Cilia
can be traced back to the last eukaryotic common ancestor
(54, 55). However, ciliary activity and adhesion have not been
previously implicated in epithelial folding processes. Here, we
present a scaling-based approach to account for the contribution
of collective ciliary activity to unfolding behavior.

To understand where T. adhaerens resides in the phase space
of active folding, we consider a 1D folded sheet with length L,
thickness t, fold width � and fold height h (34, 52). The strain in
this system � is given by the length of excess material that has been
absorbed into the fold,Δ = L−L′. We define the relevant energy
scales in the problem as 1)Ebend (out-of-plane bending energy), 2)
Etensile (in-plane elastic energy), 3) Ecilia:substrate (adhesion energy
between the cilia layer and the substrate, abbreviated as Ecs), and
4) Eactivity (energy injected by ciliary walking). Leveraging past
measurements of the bending modulus B ∼ 2×10−13 N ·m and
Young’s modulusEt ∼ 1.5×10−2 N/m in generic thin epithelial
sheets (50), we evaluate the Föppel-von Kármán number 
 =
YL2/B ∼ 7 × 104, which is much larger than 1 (see Materials
and Methods and SI Appendix for details). Thus, out-of-plane
bending is the preferred mechanism for releasing in-plane stress,
which clearly points to the ready formation of folds in the system
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Fig. 4. Robustness, nonstereotypy, and timescales of unfolding behavior. (A) Schematic of the experimental assay used for studying unfolding behavior. Gentle
flow from a pipette pushes the animal from a flat-conforming state to folded-nonconforming, triggering the onset of unfolding behavior. See Materials and
Methods. (B) Example unfolding trials shown for four different animals, ventral view. Variation in initial folding state and timestamps highlight the nonstereotypy
inherent to this process. (C) Histogram of T. adhaerens unfolding times for 163 trials across 45 animals demonstrating the robustness of the unfolding algorithm.
We measure a mean unfolding time of 12 min and median unfolding time of 9.5 min. (D) Subset of data (100 trials) shown in (C) organized by animal size. Large
animals (≳1 mm2, light gray) consistently take longer to unfold than smaller animals (≲0.1 mm2, dark gray). (E) Distribution of unfolding times in (D) sorted by
animal identity (labeled 1 to 10). Individual animals exhibit a wide range of unfolding times across repeated trials, and larger animals take significantly longer
to unfold than smaller animals (Welch’s t(61.07) = 5.41, P = 1.08e − 06). (F ) Positive correlation between mean (R2 = 0.67), median (R2 = 0.5), minimum
(R2 = 0.77), and maximum (R2 = 0.58) unfolding times and animal size, further demonstrating the impact of animal size on unfolding time. (G and H) Treatment
of animals with calcium-free sea water or 200 mM lithium chloride reversibly inhibits unfolding, as visualized through total animal–substrate contact area.
Pretreatment, treatment, and posttreatment unfolding trials are shown for each individual animal. (I and J) Animals exhibiting atypical morphologies are still
capable of unfolding, highlighting the general and distributed nature of the animal’s unfolding algorithm. This can be seen for ultralong (∼0.5 cm), string-like
animals in (I) and toroidal animals in (J). [Scale bars: (B and J) 500 μm and (I) 2 mm.]

(Figs. 1–4). Additionally, we can write the total energy in the
system as Etotal = Ebend +Etensile +Ecs +Eactivity. Ecs = Fcs�c�lc ,
where Fcs is the adhesion energy per cilium, �c is the ciliary
density, and lc is the ciliary length; Ebend = Et3h2/�3; Etensile =
Et3�2L, where � = Δ/L; and Eactivity = Fc�c�L2, where Fc is
the force exerted by a walking cilium. Using the above values for
Ebend and Etensile (50); previous measurements of cilia–substrate
adhesion Fcs ∼ 2 nN/cilium (56); previous estimates of active
ciliary force Fc ∼ 10 pN (57, 58); and measurements of ciliary
density �c ∼ 0.4 cilia/μm (Materials and Methods), we evaluate
� = Ebend/Eactivity ∼ 0.158, � = Etensile/Eactivity ∼ 0.06, and

 = Ecs/Eactivity ∼ 2.17 (see SI Appendix for details). Thus,
active ciliary forces dominate over elastic forces, permitting the
emergence of folds as a function of local ciliary activity. Ciliary
adhesive and active forces are comparable in magnitude, but
because active forces scale with L (which can be large or small) and
adhesive forces scale with � (which is often relatively small and
invariant), unfolding behavior is largely driven by active rather

than passive properties of the sheet. Notably, this theoretical
framework predicts that curtailing ciliary activity should inhibit
unfolding behavior, which we indeed observed through LiCl and
CFSW perturbations presented above (Fig. 4G andH and Movie
S12).

1D Toy Model of Active Folding and Unfolding. While scaling-
based analysis demonstrates the potential of a ciliary collective
to dominate over passive elastic properties of the body and drive
unfolding; how that ciliary collective coordinates efficiently to
yield robust unfolding behavior remains unknown. Thus, we
develop a 1D toy model to explore how spatially organized
stochastic ciliary activity can facilitate the folding–unfolding
transition (Fig. 5 and SI Appendix, Fig. S3, see SI Appendix for
further details).

We consider a string of cells with in-plane stiffness Etensile,
bending modulus Ebend , surface adhesion Ecs, ciliary activity Fc
(see SI Appendix for details), and self-adhesion Ecc , which repre-
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Fig. 5. 1D Toy model of active folding and unfolding. (A) We consider the energetics of active folding and unfolding in a 1D context. (B) We develop a 1D toy
model of T. adhaerens to capture the time evolution of hairpin folds, twists, and active flat domains in a 1D lattice. Self-adhesion energy Ecc is associated with
folds (cyan) and twists (green), while substrate adhesion energy Ecs is associated with flat regions (gray). Directional activity of flat regions biases the motion
of fold and twist boundaries to the Right (light gray) or Left (dark gray). See SI Appendix for model details. (C) At each time step in the simulation, the Left and
Right junctions of the fold or twist (marked with an asterisk) are perturbed in all possible directions, and the lowest energy perturbation is selected for the
folding state at the next time step. (D) Example simulations of a single twist (Left, shown in green) and fold (Right, shown in cyan). Columns indicate lattice sites
and rows indicate the lattice state over time. In both cases, patch activity leads to the removal of the motif through random switching of directional activity. (E)
Example of a twisted animal demonstrating directional switching of ciliary patches. Initially, the twist moves to the Left, but reorientation of the cilia ultimately
moves the twist to the Right. (Scale bar: 500 μm.) (F ) To represent a case of passive unfolding, we collected unfolding time lapses of silicone rubber sheets on in
a glass dish with a layer of silicone oil. In this system without activity, our toy model predicts (G) a linear increase in contact area over time as folded sites are
converted to flat sites. (H) Indeed, we observe linear increases in contact area over time as the system unfolds. In contrast, (I) T. adhaerens presents a case of
active unfolding. (J) With random ciliary activity, our toy model predicts fluctuations in contact area, as ciliary patches bias the process of folding and unfolding.
Trajectory shown for a 2 mm lattice (200 sites), with a 1 s activity persistence time and 100 μm fold (20 sites). (K ) Extracting contact area over time for ten
unfolding animals reveals fluctuations in contact area. (L) Unfolding efficiency, defined as AN−A1∑N

i=1 |ΔAi |
, for the unfolding trajectories shown in panels (G, H, J, and

K ). (M) Distribution of run lengths in active simulations and T. adhaerens unfolding data, where run length is the duration of time a system spends increasing
or decreasing contact area without reversal.

sents the adhesion energy between a pair of cilia in contact within
a hairpin fold (Materials and Methods and SI Appendix, Fig. S5 A
andB). The behavior of this string is determined by a competition
between Ecs, Ecc , and Fc (Fig. 5 B andC ). At each simulation time
step, ΔEtotal (the change in total system energy) is calculated for
all possible positional perturbations of the fold boundaries and
the resulting lowest-energy perturbation is chosen for the evolved
folding state (Materials and Methods and Fig. 5 C and D).

For simplicity, we consider how such a discrete sheet behaves
with hairpin folds and 2� twists (Fig. 5B). In the passive case
(Fc = 0), folding or unfolding occurs based on the ratio Ecs/Ecc
(SI Appendix, Fig. S3). When (Fc > 0), active forces (arising
from flat regions of the lattice) can directly influence the folding
state (SI Appendix, Fig. S3). We assign activity a “persistence
time,” defined as the timescale on which a patch is oriented

in a particular direction (i.e. Left or Right) before randomly
reorienting. Fig. 5E shows an example of these reorientation
dynamics in our data, where a twist is first observed moving
to the Left before it ultimately moves to the Right as a result
of ciliary reorientation (also seen in Movie S7). By comparing
distributions of run lengths for simulation and experimental data
(defined as the durations of periods within unfolding trajectories
which display monotonic increases or decreases in contact area),
we see the effects of ciliary persistence time in simulation vs.
data (Fig. 5M ). Differences in these two distributions likely
result from two factors, namely the greater diversity of folding
states present in the data as compared to simulation; and
the difference in dimensionality (activity dynamics simulated
in 1D cannot fully capture the collective ciliary dynamics
in 2D).
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Using this toy model, we compare and contrast passive
folding with active folding. For an initial condition with a
single central fold, zero patch activity will result in a monotonic
increase in contact area as the fold is removed (Fig. 5G). To
test these conditions experimentally, we performed unfolding
assays with silicone rubber sheets on a glass substrate lubri-
cated with silicone oil (Fig. 5F ). Indeed, these passive sheets
unfold without fluctuations in contact area, instead showing a
monotonic increase in their contact area with the glass substrate
(Fig. 5H ). In contrast, a nonzero patch activity will result in
nonmonotonic increase in contact area, with fluctuations as patch
activity randomly reorients according to the cilia persistence time
(Fig. 5J ). Experimentally, we extracted the contact area from
unfolding T. adhaerens and also observe substantial nonmono-
tonic fluctuation in contact area before eventual unfolding occurs
(Fig. 5K ). To quantify this effect, we introduce an unfolding
efficiency metric, defined as AN−A1∑N

i=1 |ΔAi|
, which compares the total

cumulative distance (
∑N

i=1 |ΔAi|) of an unfolding trajectory over
duration NΔt, to the difference between the final and initial
contact area (AN − A1), showing a stark difference between the
active vs. passive cases (Fig. 5L). Thus, the observed fluctuation
in contact area over time is a signature of unfolding driven by
stochastic distributed activity.

Discussion

Our finding of a cilia-driven folding and unfolding behavior
establishes T. adhaerens as a tractable living system for studying
the mechanics of thin-sheet folding driven by distributed cellular
activity. Future studies will examine the relationship between
biochemical signals and sheet mechanics in T. adhaerens. For ex-
ample, neuropeptides are known to trigger folding inT. adhaerens
on flat substrates (59), but the interplay between neuropeptide
response and modulation of cellular activity to trigger folding
remains to be understood. Additionally, the high curvatures
observed in folds (Fig. 2B) raise the question of cellular curvature
sensing within T. adhaerens. It has been shown that epithelial
sheets exhibit fast response to curvature (60), but few studies
have been done to test the response to dynamically modulating
curvature due to a lack of model systems (61). T. adhaerens is a
powerful model system for studying dynamic epithelial curvature
response.

It is useful to compare T. adhaerens folding–unfolding behav-
ior with other biological examples of active folding and wrinkling.
Fig. 6 provides qualitative and quantitative comparisons with
ventral furrow development in the Drosophila embryo (62, 63),
wrinkling in Vibrio cholerae biofilms (64), and folding in the
chick gut lining (65). In all four cases, wrinkling or folding
emerges from active cellular processes such as cell growth, shape
change, or motility.T. adhaerens presents a unique case of folding
emerging from behavior, specifically animal-scale ciliary motility.
The reversible and stochastic nature of this motility leads to
a low unfolding efficiency, a feature which is absent from the
other systems. Moreover, while all four cases exhibit folds on
comparable length scales, T. adhaerens exhibits nonstereotyped,
reversible folding on much shorter time scales, making it a rich
system for studying folding–unfolding dynamics. These unique
qualities position T. adhaerens as a valuable model system for
investigating the mechanics of epithelial folding.

Our work demonstrates that ciliary activity (coupled to a
rigid substrate boundary condition) is able to drive epithelial
folding and unfolding without genetic control. Other examples
of emergent mechanical folding have been recently noted in

A

B

Fig. 6. T. adhaerens folding in context. (A) Comparison of T. adhaerens
folding behavior with other examples of epithelial folding in living systems,
including the development of the ventral furrow in the Drosophila embryo
(62, 63); the formation of wrinkles in V. cholerae biofilms (64); and the
emergence of folds in the chick gut lining (65). (B) T. adhaerens offers
a mechanism for thin-sheet folding, differing from other systems in its
fast timescale, reversibility, and stochastic activity leading to a low fold-
ing/unfolding efficiency (as defined above).

developmental systems (66, 67). It is possible that even before
the evolution of molecular-driven epithelial folding processes,
like those studied in embryonic development, a multitude of
other active cellular mechanisms (e.g. ciliary activity, flagellar
beating, substrate adhesion, contractility, etc.) enabled epithelial
folding, perhaps allowing primitive multicellular organisms to
achieve dynamic three-dimensional forms (15). Given that the
earliest animals possessed cilia (54), ciliary interactions with
environmental substrates may have enabled epithelial folding in
early animals. More broadly, our work shows the importance
of environmental geometry in shaping the morphology of soft-
bodied, surface-adherent organisms.

Our measurements of inner-fold width and ciliary length reveal
a configuration of interciliary contact within folds (Fig. 2D).
Combining these measurements with cilia-resolved imaging (SI
Appendix, Fig. S1), we establish the presence of direct physical
interciliary interaction within folds. Interciliary interactions
have been studied in a variety of contexts, including hydro-
dynamic synchronization (68) and ciliate mating (69). Here,
we present a unique geometry enabling the interaction between
two parallel, open-facing regions of a single animal’s ciliary
carpet, inviting future study into the possible hydrodynamic and
biochemical modes of communication at play within ciliated
folds.

The general phenomenon of folding driven by a combination
of cell activity, surface adhesion, and substrate geometry is
relevant to understanding the physics of development. Recent
work has begun to highlight the role of cellular interaction
with the extraembryonic boundary in developing embryos
(70). However, more studies are needed to explore the effects
of embryonic-boundary interactions on epithelial folding and
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other morphogenic processes. Similarly, in organoid growth,
morphogenesis often occurs on a substrate. Yet, we have a
limited understanding of how interactions with this substrate,
or the geometry of this substrate, impacts morphogenesis.
Previous work has established the importance of substrate
nanotopography in organoid growth (71). However, the role
of mesoscale substrate geometry has not been considered. Our
study demonstrates the capacity of epithelia–substrate inter-
actions for driving morphological change, and invites further
investigation into similar processes in developing embryos and
organoids.

Our finding of folded placozoan morphotypes guided by
substrate geometry provides insight into the ecophysiology of
T. adhaerens, particularly with respect to feeding, dispersal, and
response to turbulence in the ocean (SI Appendix, Fig. S8).
Previous work has shown that T. adhaerens feeds in a flat-
conforming state by “grazing” on algal lawns, secreting digestive
enzymes via the ventral epithelium to lyse algal cells before
uptaking nutrients (72). Our work identifies a second feeding
modality in which the animal conforms to globular algal clusters,
adopting a folded-conforming state guided by algal geometry
(Fig. 1C and Movie S4). Folding during feeding may alter how
digestive enzymes are spatially distributed, potentially localizing
nutrient uptake to specific regions of the body. Further studies are
needed to explore the physiological implications of fold geometry
on feeding mechanisms.

The identification of folded-conforming animals on algal
substrates suggests a broader range of possible food sources
available to T. adhaerens in the ocean, including free-floating
algal aggregates in the water column rather than being limited to
benthic substrates in the intertidal zone. Previous environmental
sampling efforts have focused on collecting placozoans from
stones and corals in shallow waters, but the animals have also
been isolated from the water column, implying the existence of a
planktonic state (73, 74). In this surface-detached state, folding
may offer advantages such as reduced hydrodynamic drag and
protection of the ventral epithelium. In addition, the ability to
conform to free-floating food links feeding with dispersal, as
T. adhaerens may hitch rides on colonial or aggregate algae and
travel in the planktonic state with food on hand. Such a strategy
is advantageous due to the scarcity of food in the water column
at the microbial scale.

The ability to rapidly and robustly transition between folded
and flattened states is likely critical forT. adhaerens’ survival in the
ocean, where patchy, turbulent flows in shallow waters can lead
to surface detachment. Substrate detachment can be triggered
by neuropeptide signaling, raising the possibility that placozoans
actively regulate when to leave substrates in response to chemical,
physical, or social cues (59). In this context, the capability to
unfold and reattach efficiently is essential for maintaining control
over habitat and food access.

It is interesting to consider the range of parameters explored
by evolution to produce robust folding–unfolding behavior in
this simple animal. Slight variations in morphological parameters
such as ciliary adhesion, activity, animal size, and bending mod-
ulus would render folding–unfolding behavior impossible. For
example, stronger ciliary adhesion would lead to stuck states and
prevent ciliary walking necessary for locomotion and unfolding.
Similarly, weaker ciliary activity would lead to fold maintenance,
as ciliary collectives would not be able to provide enough
force to remove folds. Instead, evolution has produced a robust

solution for thin-sheet folding and unfolding in the physiology of
T. adhaerens. Future work is needed to understand the mecha-
nisms by which the animal’s ciliary collective coordinates the
resolution of complex folding states. Previous studies have high-
lighted the role of mechanics in ciliary coordination, as individual
cilia exert torques on their neighbors, leading to coherent locomo-
tion (20, 23). Yet, how this aneural mechanical process is capable
of efficiently and robustly solving folding problems remains to be
understood.

We expect this finding of living, multicellular active folding to
inspire a class of engineered living and nonliving active folding
processes, which rely on local, distributed activity to drive surface-
attached unfolding. Self-folding has proven to be a powerful
tool in engineering to build a variety of deployable structures,
including telescope sunshields (75), soft robots (76, 77), and
microscale devices (78). Our work highlights a robust algo-
rithm for active epithelial folding and unfolding in a simple
animal.

Conclusions

In conclusion, we have identified a folding–unfolding behavior
exhibited by the early diverging animal T. adhaerens. This
nonstereotyped behavior is governed by local substrate geometry
and the active–adhesive interaction between the animal’s ventral
ciliary carpet and a rigid substrate. Our work highlights the vast
configuration space of active thin-sheet folding beyond what
is typically seen in developmental epithelial folding. Through
experiments, scaling analysis, and toy modeling, we show
that T. adhaerens undergoes reversible, nonstereotyped folding–
unfolding transitions driven by ciliary activity. Our finding
of distributed active unfolding behavior lays the groundwork
for engineering a class of active origami materials; motivates
further consideration of the substrate in epithelial folding
processes; and reveals possible folding morphodynamics of early
epithelia.

Materials and Methods

Detailed methods are provided in SI Appendix.

Data, Materials, and Software Availability. The code used for simulation
is available on GitHub (https://github.com/charlottebrannon/1D-active-folding-
unfolding.git) (79). The data that support the findings within this study are
available on Dryad (https://doi.org/10.5061/dryad.xpnvx0kvd) (80).
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