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[On board] Mechanics of morphogenesis

Yang & Chen (2014)

?
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[On board] Mechanics of morphogenesis

in vitro in vivo / ex vivo

Latorre, et al Nature 2018 Heerman et al eLife 2015

development & regenerationtissue engineering

https://www.nature.com/articles/s41586-018-0671-4#auth-Ernest-Latorre-Aff1-Aff2
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[On board]

Patterning 
• french flag & cell specification 
• Reaction-diffusion 

Morphing tissues as active solids/fluids 
• Cell mechanics in convergent extension 
• Tissue-scale fluid flow 
• Self-organization of convergent extension 

Mechanics driving tissue curvature 
• Bilayer bending & ventral furrow 
• Wrinkling & buckling 
• Programmed shape changes 

Mechanics of visceral organ morphogenesis 
• Midgut tissue folding in flies 
• Heart morphogenesis  
• branching morphogenesis 

Mechanics of morphogenesis

Big space to explore

Focusing on specific 
models as examples
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Fridtjof Brauns [KITP, UCSB]
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Mechanics of morphogenesis

Wikimedia

gastrulation organ

morphogenesis

Development is a sequence of dynamic, self-organized geometric transformations
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Lecuit & Cohen (1997) Yang & Chen (2014)

fly embryo

stained with fluorescent tags

fly leg

Patterns of genes

Lewis, Nüsslein-Volhard, Wieschaus, Levine, Gehring, Kaufman, Scott, Weiner, & others
Mitchell*, Lefebvre*, Jain-Sharma*, et al (2022)

Morphogenesis: from genes to geometry
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cells compute relative to 
a threshold

Classic mechanisms of patterning:

Patterning is part of morphogenesis: 
two paradigmatic frameworks

Dubois et al PNAS 2012

See also Petkova et al Cell and 
David Bruckner et al Nat Phys
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Classic mechanisms of patterning:

Turing, Phil Trans Royal 
Soc of London B 1952

Kondo and Miura 2010

cells compute relative to 
a threshold

Patterning is part of morphogenesis: 
two paradigmatic frameworks

activator 

inhibitor 
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[On board]

Halatek et al. Phil 
Trans Royal Soc. 
B 2018

Patterning is part of morphogenesis: 
two paradigmatic frameworks
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genes 

Lewis, Nüsslein-Volhard, Wieschaus, Levine, Gehring, Kaufman, Scott, Weiner, & others
Mitchell*, Lefebvre*, Jain-Sharma*, et al (2022)

Ed Lewis

Caltech archives

Patterns of genes Hox genes

fly embryo

Morphogenesis: from genes to geometry
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Patterns of genes

mechanics
genes geometry

Lewis, Nüsslein-Volhard, Wieschaus, Levine, Gehring, Kaufman, Scott, Weiner, & others Tomer et al (2012)

morphogenetic movements
Hox genes

Mitchell*, Lefebvre*, Jain-Sharma*, et al (2022)

Morphogenesis: from genes to geometry
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tissue

 deformation

tissue

growth

• Cell area

• Cell shape

• Cell arrangement

Etournay et al. (2015), Jullicher + Eaton 
Saadaoui et al. (2018), Corson + Gros 
Lubensky, Martin, Heisenberg, Lecuit 

Ghallager et al. (2022), Carthew 
Lefebvre*, Claussen*, Mitchell, et al. (2022) 

…and many others!

mechanics
genes geometry

Feedback can 
arise: 

shape feeds into 
patterning

… and back againMorphogenesis: from genes to geometry
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[On board] … and back againMorphogenesis: from genes to geometry

Analogy to central dogma

patterning 


mechanics


shape

DNA 


RNA


protein

needs 
protein

geometry

dependence 
of gene intx

reverse 
transcription

mechano-
transduction

RNA 
replicationmechanical 

feedback

geometric 
patterning of 

stress
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[On board] From differentiation to morphogenesis 
Example: gastrulation

“It is not birth, marriage, or death, but gastrulation 
which is truly the most important time in your life” — 
Lewis Wolpert 1986

OpenTextBC & Abigail Pyne

Leptin, EMBO Journal 1999

twist

snail
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Tomer et al. (2012)Drosophila gastrulation Primitive streak formation (chicken) (Weijer Lab)

Tissue elongation (convergent–extension)

1. Where do the forces driving tissue flow originate? 
(local vs non-local)  

2. How are the forces coordinated on the cellular scale?

D

V

Head Trunk

Tissue elongation by convergent extension



adapted from Fridtjof Brauns   Brauns, Claussen, Wieschaus, & Shraiman, eLife (2024)

Tissue strain 
= 

Cell shape changes  
+ 

Cell rearrangements 
(T1 processes)

Segmentation data from Stern et al., Curr Biol. (2022)

Head Trunk
D

V

L

Cell-scale ‘tissue tectonics’
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[On board]

cytoskeleton & 
adherens 
junctions 

Pasticity/viscosity 
from dynamic 
remodelling 

Cortex is a bit like 
little muscles

Cell-cell mechanical interactions

Lecuit & Lenne, Nat Rev Mol Cell Bio 2007

Rest length 
is a variable!
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Cell-cell mechanical interactions

Lecuit & Lenne, Nat Rev Mol Cell Bio 2007

Noll et al, Nat Phys 2017
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Force balance at a 
single vertex

Arnold et al., eLife (2019)

On the timescale of morphogenetic flow, 
the tissue is in quasi-stationary force balance.

Force balance links geometry and mechanics: 
Angles at vertices           Junctional tensions

<latexit sha1_base64="FF1AbjGiHfZymUNM+LGEw0JD+KU="></latexit>,

low tension high tension

Relative tensions can be inferred 
from observed geometry.

Tissue = tension net near force balance
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Feedback mechanisms are needed to maintain 
force balance in a network of active tensions

Theoretical prediction: rate of strain recruits 
myosin

Gustafson et al. Nature Communications (2022)

Experimental test
Optogenetic myosin 

recruitment to induce strain 
in adjacent tissue

Myosin is recruited in 
strained tissue

Mechanical feedback: dynamical rules for tissues

<latexit sha1_base64="ld57y8V8mphjM0t+NW3Ymj43ryk=">AAACG3icbVDLSgMxFM3UV62vUZdugkVwVWaKVDdC0Y3LCvYBnaFk0kwbmmSGJCOUYf7Djb/ixoUirgQX/o3pdBa19cAlh3PuTXJPEDOqtOP8WKW19Y3NrfJ2ZWd3b//APjzqqCiRmLRxxCLZC5AijArS1lQz0oslQTxgpBtMbmd+95FIRSPxoKcx8TkaCRpSjLSRBnbdCyXCqTeMdMqzzBS8hh5i8RjBBcsjjBk3PwZ21ak5OeAqcQtSBQVaA/vL3IETToTGDCnVd51Y+ymSmmJGsoqXKBIjPEEj0jdUIE6Un+a7ZfDMKEMYRtKU0DBXFydSxJWa8sB0cqTHatmbif95/USHV35KRZxoIvD8oTBhUEdwFhQcUkmwZlNDEJbU/BXiMTKJaBNnxYTgLq+8Sjr1mtuoNe4vqs2bIo4yOAGn4By44BI0wR1ogTbA4Am8gDfwbj1br9aH9TlvLVnFzDH4A+v7FxnHors=</latexit>
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Noll et al. Nature Physics (2017)



[On board]

adapted from Fridtjof Brauns   

Active solid behavior from strain-rate feedback 

Noll et al. Nature Physics (2017)

myosins can walk, contracting the actin bundle, unless the load per myosin, T/am, reaches the ‘stall force’ 
level Ts. Above this, the filament elongates as motors slip. Here m is the average myosin line-density along the 
edge and a is the length scale over which motors share mechanical load.

Elastic component

Remodeling

Feedback
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Short times: fluid-like behavior

If there is negative feedback, 
the system settles to a solid-

like response
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<latexit sha1_base64="jMlO1pNoBMx9P+2Bajgmnsl2KqY="></latexit>

F ⇠ (L� L0)/L0
Solid-like (= "active" solid)
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feedback recruits myosin until 
force balance is reestablished

no feedback

<latexit sha1_base64="/AiZUCB0l3lhdw/0IxU5txGfs/I="></latexit>

F ⇠ @tL/L0 the only resistance is the walking kernel

Active solid behavior from strain-rate feedback 

Ts



Noah Mitchell — in collaboration with Fridtjof Brauns   

[On board]

Viscoelastic: Kelvin-Voigt
<latexit sha1_base64="MT39DYtgCikpZE+3Rls8kc2uGdE="></latexit>

� = �spring + �dashpot = E"+ ⌘"̇

Viscoelastic: Maxwell
Maxwell-Wiechert Model

Dashpot resists sudden strain rate

Spring suddely extends, dashpot flows under stress

Sudden stress:

Coarse-graining to 2D continuum mechanics

<latexit sha1_base64="DRxwFAitAhfjQ0OsOxrYHHCwlBo=">AAACHXicbVDLSgNBEJyNrxhfUY9eBoPgKexKiF6EoBePEcwDsiHMTiabITOzy0yvGJb9ES/+ihcPinjwIv6Nk8dBEwsaiqpuuruCWHADrvvt5FZW19Y38puFre2d3b3i/kHTRImmrEEjEel2QAwTXLEGcBCsHWtGZCBYKxhdT/zWPdOGR+oOxjHrShIqPuCUgJV6xYpveChJL/WBPYCWaZ+YYRxBluFLvOiZWHMVZlmvWHLL7hR4mXhzUkJz1HvFT78f0UQyBVQQYzqeG0M3JRo4FSwr+IlhMaEjErKOpYpIZrrp9LsMn1iljweRtqUAT9XfEymRxoxlYDslgaFZ9Cbif14ngcFFN+UqToApOls0SASGCE+iwn2uGQUxtoRQze2tmA6JJhRsoAUbgrf48jJpnpW9arl6WynVruZx5NEROkanyEPnqIZuUB01EEWP6Bm9ojfnyXlx3p2PWWvOmc8coj9wvn4AwZikOQ==</latexit>�dashpot = �spring
<latexit sha1_base64="uXcW4DIym/AcXI5FAES4vNyLRhw="></latexit>

"total = "spring + "dashpot
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Local force inference: dynamic tensions. 

Note the alternating pattern of low and 
high tensions that emerges before tissue 
flow starts.

Inferred relative tension
low high

Brauns, Claussen, Wieschaus, & Shraiman, eLife (2024)

Tissue = tension net near force balance
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Local force inference: dynamic tensions. 

Note the alternating pattern of low and 
high tensions that emerges before tissue 
flow starts. 

High-tension junctions collapse, causing 
T1 transitions. 

Cell rearrangements by T1s destroys the 
ordered pattern that coordinates them. 
Therefore, flow stalls.

Tissue = tension net near force balance

Inferred relative tension
low high
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T1s are not simply a passive response to motility
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[On board]

Yield stress and plasticity:


- small stress/strain >  elastic (like for instance a foam)


- above a threshold > yield & flow. 


Active T1s generate tissue flow through “active plasticity”, i.e. internally driven plastic 
strain

Yield stress & plasticity

Cell interfaces behave very differently 
from Hookean springs.  

Junctions control tension independently 
of length (like muscles).

Tension inference reveals difference 
between active and passive T1s. 
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Tension dynamics drives
deformation

Deformation stored by
isogonal
strain 

Tension homeostasisConstant isogonal strain

C

Tensions specify angles but leave 
isogonal (= angle preserving) d.o.f.s

Tensions triangles 
fit together forming 

a triangulation.

Noll et al. Nature Physics (2017)

Claussen et al., arXiv (2024)

• Tension triangulation can be used to formulate a model for 
tissue dynamics in quasi-static force balance. 

• Tension triangulation provides geometric constraints on the cell tiling

• Remodeling drives tissue flow through the dynamic constraints. 
Remodeling is governed by biomechanical feedback mechanisms 
(negative + positive): active plastic flow

Epithelial tissue as a transcellular network of balanced tensions
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[On board]

Bulk elasticity

No floppiness (mu>0)

Energy terms

Uniform 
pressure

Prevents isogonal 
modes

Leading 
contribution

Tensions are balanced by uniform pressure, 
with subleading rigidity from elasticity

Epithelial tissue as a transcellular network of balanced tensions: 

details

Bulk elasticity
Shear elasticity + some 
bulk contributions

Initial anisotropy: winner-takes-all
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DAY 2
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Morphing tissues as active solids/fluids 
• Cell mechanics in convergent extension 
• Tissue-scale fluid flow 
• Self-organization of convergent extension 

Mechanics driving tissue curvature 
• Bilayer bending & ventral furrow 
• Wrinkling & buckling 
• Programmed shape changes 

Mechanics of visceral organ morphogenesis 
• Midgut tissue folding in flies 
• Heart morphogenesis  
• branching morphogenesis 

Mechanics of morphogenesis
G
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Negative strain rate feedback 
Positive tension feedback

mechanical equilibrium + feedback 
No energy barrier

Fridtjof Brauns [KITP, UCSB]
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Negative strain rate feedback 
Positive tension feedback

mechanical equilibrium + feedback 
No energy barrier

Coarse-graining to 2D continuum mechanics

Tomer et al. Nat Meth. (2012)

2D active flows

D

V

Head Trunk
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Definition of strain tensor


Decomposition: conformal + 
deviatoric components


Coarse-graining to 2D continuum mechanics
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[On board] Coarse-graining to 2D continuum mechanics

<latexit sha1_base64="rjMUPJuTDb9VnB6gRsXKXnZ3UkQ="></latexit>

Q0

<latexit sha1_base64="7rTvktOhXeNzvstRBXM10toYFSM="></latexit>

P 0
<latexit sha1_base64="jPSuY1c84nP2OGi9Zecw0gpftJQ="></latexit>

P

<latexit sha1_base64="g3ZBSHCU3zeAD+k0Xp+HY/x4PIE="></latexit>

Q

Gradient 
tensor

<latexit sha1_base64="AJ4Hyz5vJI8ROu54yXn7pEaFrig="></latexit>

u(r + dr) = u(r) +ru · dr

<latexit sha1_base64="C8COU7JKn91Ed6iJJZ4jTMOjqwQ="></latexit>

ru = "+ R

<latexit sha1_base64="C8COU7JKn91Ed6iJJZ4jTMOjqwQ="></latexit>

ru = "+ R

<latexit sha1_base64="C8COU7JKn91Ed6iJJZ4jTMOjqwQ="></latexit>

ru = "+ R
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[On board] Coarse-graining to 2D continuum mechanics
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[On board] Coarse-graining to 2D continuum mechanics
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�ij = Cijkl"kl

Solid

Fluid

Hooke’s law
Isotropic linear elastic

Strain rate rather than strain: resistance to flow (viscosity)

<latexit sha1_base64="u0o2Tcy2F7jedY/smXIBA6kgzvM="></latexit>
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Blanchard et al Nat Meth 2009

Tissue tectonics

total 
stretch

cell 
shape intercalations total 

stretch
cell 

shape intercalations

<latexit sha1_base64="fytRgximMourLrOSuHDxxv4qZa4="></latexit>

" = "cell shape + "T1
<latexit sha1_base64="fytRgximMourLrOSuHDxxv4qZa4="></latexit>

" = "cell shape + "T1

total 
stretch

cell 
shape intercalations

<latexit sha1_base64="fytRgximMourLrOSuHDxxv4qZa4="></latexit>

" = "cell shape + "T1
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Tissue tectonics

Etournay et al eLife 2015
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From active solids to active fluids

Morphing tissues as viscous fluids

Embryo proper 

Primitive streak

Saadhoui et al, Science 2018

coarse-grained fluid: Streichan et al, eLife 2018; Saadhoui et al, Science 2018 
coarse-grained solid: Brauns et al, eLife 2024; Claussen et al bioRxiv 2023 
Similar models connecting chick & frog gastrulation via Serra, Maha, Weijer

Long timescales: 
many rearrangements
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[On board] Active viscous fluids

Recall strain definition

ie

and fluid const. rel.

substituting

Normally pressure is a Lagrange multiplier on incompressibility, but here we have 
divisions.

Force balance



Noah Mitchell — in collaboration with Fridtjof Brauns   

From active solids to active fluids

model: boundary-driven 2D Stokes flow 

Morphing tissues as viscous fluids

Saadhoui et al, Science 2018

Lagrangian ɣ: property of material points in the tissue

—> apparent forces are localized in a ring 
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From active solids to active fluids

Morphing tissues as viscous fluids

Saadhoui et al, Science 2018

coarse-grained fluid: Streichan et al, eLife 2018; Saadhoui et al, Science 2018 
coarse-grained solid: Brauns et al, eLife 2024; Claussen et al bioRxiv 2023 
Similar models connecting chick & frog gastrulation via Serra, Maha, Weijer

model: boundary-driven 2D Stokes flow 

—> apparent forces are localized in a ring 
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off-centered cuts bring the border 
closer to one side of the EP 

interaction between the EP and the 
border induces a rotation of the axis, 
leaving only one apparent vortex and 
resulting in a bent streak

Saadhoui et al, Science 2018

Morphing tissues as viscous fluids
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Mechanical feedback in gastrulation

Experiments Model

Caldarelli et al bioRxiv 2021 [Gros & Corson Labs, Pasteur/ENS]

Contractile region is 
nearly stationary 

ie Eulerian, not 
Lagrangian
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[On board] Morphing tissues as viscous fluids
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Constraint of 
vanishing average 
strain is gone!

Now the whole 
tissue can 
become 
contractile. 

Same as 
before but 
scaled down 
by 2x

Mechanical feedback in gastrulation

Caldarelli et al bioRxiv 2021 [Gros & Corson Labs, Pasteur/ENS]
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Cetera et al Nat Cell Bio 2018
Devenport Lab, Princeton

Counter-rotational cell flows in morphogenesis across systems: 
mammalian hair follicle polarization
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Cetera et al Nat Cell Bio 2018
Devenport Lab, Princeton

Counter-rotational cell flows in morphogenesis across systems: 
mammalian hair follicle polarization
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Requires planar cell polarity > Rho kinase + myoII

Linked to cell fate patterning
Cetera et al Nat Cell Bio 2018
Devenport Lab, Princeton

Counter-rotational cell flows in morphogenesis across systems: 
mammalian hair follicle polarization



Noah Mitchell — in collaboration with Fridtjof Brauns   

Shellard et al Science 2018
Mayor Lab, UCL

Counter-rotational cell flows in morphogenesis, part 3:

cranial neural crest migration

40 µm 40 µm
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Different scales 
Different motility mechanisms

Polonaise motions in convergent extension across diverse systems

Amniote gastrulation Mouse hair follicle Frog CNC migration

Cetera et al Nat Cell Bio 2018

Shellard et al Science 2018

Saadhoui et al, Science 2018
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Streichan Lab (UCSB)

a canonical example of tissue bending: 

ventral furrow formation

Eric Wieschaus (Princeton)

Internalized mesoderm

Active bending in gastrulation

twist
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[On board] Bending (a la the bimetallic strip)
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Our model does not specify the mechanism for trig- 
gering the contraction of the first cell-we take it as 
an initial condition, given a priori. It is a common as- 
pect of morphogenesis that, before a developmental 
process visibly unfolds, the stage has been set by the 
previous processes. Thus, in the case of gastrulation, 
the information designating the site of invagination 
would be established in the blastula. Our model reduces 
the need for prepattern to specifying only the site of 
initiation and the distribution of contractile machinery 
in the cells. It eliminates a need for clocks or programs 
in the other cells participating in invagination. 

Several possible mechanisms for terminating invag- 
ination may be envisioned. Invagination may cease 
when the two cell layers abutt one another, so that 
cessation of gastrulation may result simply from me- 
chanical obstruction. Alternatively, the buckling wave 
may run out of active cells. A particularly obvious 
mechanism of termination is illustrated by Volvox car- 
tern’ (Kelland, 1977; Viamontes and Kirk, 19’77). In this 
organism, the spherical integrity of the “blastula” is 
pierced by an opening (the phialopore). A bending wave, 
beginning at the lip of the phialopore, propagates all 
the way to the opposite pole, thereby turning the spher- 
ical colony inside out. 

Whatever the mechanism of initiation and termi- 
nation, the crucial aspect of our model is that, once 
triggered, the morphogenetic process of invagination 
proceeds on its own, directed solely by the global bal- 
ance of mechanical forces generated locally by each cell, 
and with no requirement for individually prepro- 
grammed sequences or patterns of cell shape change. 

3.2. The Ventral Furrow of Drosophila 
In addition to simple invagination, epithelial sheets 

can roll themselves into tubes. Figure 8 models a cross 
section of a Drosophila blastula showing the ventral 
furrow (Turner and Mahowald, 1977). To simulate this 
morphogenetic process we take advantage of the em- 
bryo’s cylindrical symmetry and model only a cross sec- 
tion as before. Figure 8 is a sequence extracted from 
a computer-drawn movie of this process as generated 
by the model. Aside from changing the number and size 
of the cells to conform more with the actual geometry, 
a number of other parameters was altered. In partic- 
ular, the cavity enclosed by the epithelial sheet was 
maintained at a constant volume to represent a leak- 
proof yolk-filled interior, in contrast to the leaky blas- 
tocoel in the gastrulation simulation. 

3.3. Neurdation in amphibians 
In amphibians (and in amphioxus), the formation of 

the neural plate and the neural tube comes about by 

FIG. 8. Computer simulation of ventral furrow formation in Dro- 
sophila. 

a remodeling of the neural ectoderm. This process is 
accompanied by changes in the shape of the cells con- 
stituting the neural ectoderm, and it appears likely that 
the coordinated shape changes of the individual cells 
constitutes the driving force behind neurulation (Burn- 
side, 1973). Jacobson and Gordon (1976) constructed a 
computer simulation of the formation of the neural 
plate based on different autonomous, preprogrammed 
schedules of shape changes for different regions of the 
neural ectoderm. Their simulations did not address the 
folding of the neural tube, however. In our model we 
can achieve characteristic neural plate formation and 
folding by lowering the firing threshold in the active 
cells constituting the presumptive neural plate. Figure 
9 is a sequence extracted from another computer movie. 
The dynamics of this folding is quite different from 
that of the ventral furrow. The contraction of the first 
few cells is transmitted “instantaneously” to the rest 
of the cells which, because of their lowered threshold, 
fire quickly and adjust their rest lengths, &, to near 
their final values. Thus, before the actual deformation 

Drosophila ventral 
furrow formation
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FIG. 6. The sequence of shapes assumed by a cell following a su- 
percritical dilation of the apical filament bundle. 

ferential equations like (5) and (6), describing each vis- 
coelastic element. In the next section we shall examine 
the dynamical behavior of assemblies of such cells. By 
varying the geometrical and mechanical parameters of 
the viscoelastic elements we will be able to mimic the 
time course of a number of interesting epithelial mo- 
tions. 

3. APPLICATIONS OF THE MODEL 

In this section we shall demonstrate how large-scale 
epithelial motions can be coordinated by mechanical 
action alone. Initially, we shall restrict ourselves to sim- 
ple geometric configurations (i.e., spheres and cylin- 
ders) and to situations where cells do not change neigh- 
bors. These restrictions will be lifted in subsequent 
publications. 

3.1. Gastrulation 

The simplest epithelial arrangement is a spherical 
monolayer of uniform-sized cells whose apical periph- 
eries are firmly attached. This closely approximates the 
configuration of blastomeres in amphioxus (Conklin, 
1932) and sea urchins (Gustafson and Wolpert, 1967). 
Since the blastula is approximately rotationally sum- 
metric we can reduce the calculation considerably by 
examining a longitudinal cross section. Therefore, con- 
sider the cross-sectional ring of cells shown in Fig. ‘7a. 
If one of the cells “fires” and undergoes a rapid apical 
contraction, the following sequence of events occurs 
(refer to Fig. 7). The trigger cell in contracting its apical 
surface dilates the apical surface of its neighbors. If 
this dilation is sufficiently large, the neighboring cells 
wiil “fire” and undergo a rapid apical contraction as 
well. Thus the contraction of the trigger cell can initiate 
a spreading wave of contraction as each cell stretches 
its neighbors’ surfaces causing them to commence their 
contraction cycle. We therefore predict that the apical 
surface of the blastula constitutes an “excitable,” or 

“active,” medium which can propagate contraction 
waves in a manner analogous to the propagation of 
depolarization waves along nerve axons (cf. Hodgkin 
and Huxley, 1952) and the propagation of electrical 
waves over the brain’s cortical surface (cf. Cowan, 1970). 

The significance of contraction waves lies in the fact 
that a spreading wave can generate an invagination in 
the cell layer. This is shown in the sequence shown in 
Fig. 7 which is taken from a computer-generated movie 
obtained by solving the model equations sequentially 
in time. The mathematical details of the model used to 
generate Fig. 7 are described in Appendix 4. The in- 
vagination occurs roughly as follows. The contraction 
of the trigger cell and its neighbors initiates a “dimple” 
in the cell layer. As the wave spreads radially from the 
nucleation center the cell layer buckles inward at the 
wavefront, so that the outgoing contraction wave is con- 
verted into a buckling wave. The buckling in effect 
“pumps” cells into the interior of the sphere converting 
a convex surface into a concave one. 

The velocity of the buckling wave and the extent of 
the invagination depends on several features of the 
cells’ mechanical constitution: (a) the viscoelastic prop- 
erties of the fiber bundle, i.e., the velocity and strength 
of the contraction cycle, the firing threshold, and the 
elastic response to subthreshold excitation; (b) the vis- 
cous resistance of the cell to dilations and contractions; 
(c) the mechanical properties of the cell-to-cell junc- 
tions; e.g., viscous sliding of lateral surfaces may change 
the invagination pattern; (d) in addition to the above 
hypotheses concerning the mechanical constitution of 
each cell, a model of gastrulation requires specifying 
how the (incompressible) fluid filling the blastocoel is 
forced out during gastrulation. This is described in 
Appendix 4. Roughly, we assume that the blastocoel 
fluid is passively extruded out when the interior hy- 
drostatic pressure is elevated above ambient (external) 
pressure by circumferential tension in the cell sheet. 

FIG. ‘7. Computer simulation of gastrulation in sea urchin. The 
frames (ordered, a, b, c , ..-. f), were extracted from a computer- 
generated film obtained by solving the model’s equations derived in 
Appendix 4. 

Sea urchin gastrulation

ODELLETAL. Mechanical Basis of Morphogenesis 451 

FIG. 9. Computer simulation of neural tube formation in amphib- 
ians. 

proceeds very far, all of the active cells have been me- 
chanically “set”; in a sense the “prepattern” for con- 
traction is established by mechanical signalling before 
the time of neural plate flattening. Thus, this “plate” 
structure (Fig. SC), even were it isolated from the rest 
of the cells, would nevertheless proceed to roll into a 
tube. Indeed, excised neural ectoderm at the plate stage 
will fold “as if” the cell shrinkage pattern already had 
been specified. In this situation, the apparent simul- 
taneity of response by participating cells (on the time 
scale of the tissue movements) is a consequence of the 
low Reynolds number regime, and there is no need to 
invoke cellular clocks as coordinating mechanisms. 

The neuralation model differs in an important re- 
spect from the gastrulation and ventral furrow simu- 
lations. In the latter two cases we could invoke spherical 
and cylindrical symmetry, respectively, to justify treat- 
ing only a cross section of the tissue. This is not the 
case in neurulation, however. Burnside (1973) has 
mapped the trajectories of cells in the neural ectoderm 

and found that there are major axial (anterior-poste- 
rior) as well as transversal movements which accom- 
pany neural plate formation. Moreover, Jacobson and 
Gordon (1976) have shown that the cells of the supra- 
notochordal region must repack longitudinally in order 
for the neural plate to achieve its characteristic keyhole 
shape. Therefore in the simulation of Fig. 9 cells are 
flowing through plane of the cross section, so that the 
“cells” shown in successive frames of the sequence may 
represent different cells: the cells which happen to be 
in that plane at that time. The simulation, thus, does 
not keep track of actual cells, but does account for the 
circumferential forces which produce folding. A com- 
plete study of neural plate formation and folding which 
includes the effects of cell rearrangement (cf. Section 
3.4.E) is in preparation (Jacobson et al., to appear). 

3.4. Other Applications of the Model 

The mechanical model developed above is capable of 
generating a number of geometrical structures other 
than buckling and invagination, depending on the geo- 
metric configuration of the cells, their viscoelastic pa- 
rameters and how the contractile machinery is distrib- 
uted within the cell. Below we briefly describe some of 
these configurations; a more complete discussion will 
be presented elsewhere. 

(A) Eva&nation and exogastrulation. As certain of 
the elastic parameters are varied a bifurcation occurs 
such that propagating apical contraction wave buckles 
the cell layer outward producing an evagination. Figure 
10 shows an example. 

(B) Epithelial thickening. Instead of propagating a 
buckling wave the cell layer can simply thicken up 
(placode formation) as in the neural plate simulation, 
each cell passing from a cuboidal to a columnar con- 
figuration. Because mechanical forces are “effectively” 
long range, this thickening up may appear almost si- 
multaneously over the sheet giving the appearance that 
each cell is independently programmed. 

Interestingly, it is possible to generate a stationary 
almost-periodic pattern of thick and thin regions anal- 
agous to that observed at the initiation of hair follicle 
formation (Ode11 et al., 1981b). 

(C) Contraction waves in a continuous medium. Time 
lapse films of the surface of amphibian blastulas ap- 
proaching gastrulation show that the blastula surface 
is frequently swept by undulating deformation waves 
which appear to spread outward from an initial focus. 
These dimples have the appearance of the initial stages 
of gastrulation; however, their amplitude is consider- 
ably smaller. Similarly, some fertilized eggs which have 
been treated so as to suppress cleavage, nevertheless, 

Frog neural tube formation

Conserved repertoire of structural motifs
Conserved cell mechanics
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apical surface 

basal surface 

FIG. 1. Schematic of an epithelial cell layer in cross section showing 
apical junctions. 

insist that the cells adhere to one another laterally; one 
can also allow lateral slippage between cells. The me- 
chanical properties of the cells are the crucial feature 
of the model, which we now state in the form of hy- 
potheses. 

(a) Beneath the apical surface, each cell contains a 
network of contractile fibers (microfilaments) which are 
anchored to the plasma membrane at the lateral pe- 
riphery of the cell (e.g., the zonula adherens, cf. Spooner, 
(1975)). This is shown schematically in Fig. 2a. For the 
purposes of the model, we need not specify the precise 
configuration of these elements; we specify only that 
their contraction shortens the apical circumference of 
the cell and reduces the apical surface area (cf. Fig. 2b). 
Thus, a cell can deform to a trapezoidal cross section 
as a result of the “purse-string” contraction occurring 
in the apical cortex. Whether or not apical constriction 
actually occurs depends on whether the contractile fil- 
aments generate forces large enough to overcome in- 
ternal viscous forces and tractions applied externally 
by neighboring cells. 

(b) We shall assume that, during the contraction 
process, the volume of each cell remains essentially con- 
stant. Thus, the constant volume constraint will induce 
the cell to elongate basally in response to an apical 
contraction. We postpone specifying how the contractile 
fibers and structural reinforcing microtubules are dis- 
tributed elsewhere in the cell. We suppose only that 
their distribution leads to cell boundaries that act like 
passive viscoelastic structures, and bulk interior cyto- 
plasm that acts like a passive viscoelastic solid (cf. 
Marsland, 1956; Taylor and Condelis, 1979). 

(c) The apical contractile filaments constitute an ac- 
tive (i.e., excitable) system as follows. (i) If an apical 
fiber is stretched a small amount, by the drawing apart 
of the apical surface, it acts as an elastic material and 
when released; contracts back to its original length. 
(ii) If, however, the apical bundle is stretched beyond 
a certain point, the contractile system “fires” and an 
active contraction is triggered. This “rapid” contrac- 
tions works to shrink the apical bundle as shown in Fig. 
2b. The system does not return to its original config- 
uration; instead, it remains “frozen” in a new, con- 

tracted state with an apical surface area smaller than 
before. 

The viscoelastic properties of the apical filament bun- 
dle implied by hypothesis (c) are summarized in Fig. 
3. The mathematical model underlying Fig. 3 is given 
in Appendix 1. 

2.2. Description of Mechanical Properties 

The description of the mechanical properties of the 
microfilament bundle described in Fig. 3 can be sche- 
matized as the mechanical model shown in Fig. 4. The 
internal viscoelastic properties of the apical bundle are 
represented by a dashpot with viscosity cc, and a spring 
of elasticity k. The elastic restoring force of the spring 
is a function of the difference between the actual and 
rest lengths, 

F elas = -ML - LJ, (1) 

while the viscous drag force is proportional to the ve- 
locity of contraction, 

F. =- dL wse ’ dt . (2) 

The motion of this mechanical system must obey 
Newton’s laws: 

mass X acceleration = sum of forces. 

That is, 

md2L=F 
dt2 elas + Fvisc + Floadr (3) 

where Fload is the force exerted on the bundle, parallel 
to the bundle by neighboring systems, and m represents 
the net mass moved by a length change of the band. 

A simple argument, sketched in Appendix 2, dem- 
onstrates the following crucial fact. For virtually all 
embryological processes we can completely neglect the 
effects of inertial forces. That is, if we compare the 
magnitude of the acceleration term with the viscous 
term by using the dimensionless ratio 

apical filiment bundle 

(a) lb) 
FIG. 2. (a) Network of contractile filaments in the apical region of 

an epithelial cell. (b) “Purse-string” contraction of the apical circum- 
ference by the apical bundle. 

“purse-string” contraction in the apical cortex
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FIG. 6. The sequence of shapes assumed by a cell following a su- 
percritical dilation of the apical filament bundle. 

ferential equations like (5) and (6), describing each vis- 
coelastic element. In the next section we shall examine 
the dynamical behavior of assemblies of such cells. By 
varying the geometrical and mechanical parameters of 
the viscoelastic elements we will be able to mimic the 
time course of a number of interesting epithelial mo- 
tions. 

3. APPLICATIONS OF THE MODEL 

In this section we shall demonstrate how large-scale 
epithelial motions can be coordinated by mechanical 
action alone. Initially, we shall restrict ourselves to sim- 
ple geometric configurations (i.e., spheres and cylin- 
ders) and to situations where cells do not change neigh- 
bors. These restrictions will be lifted in subsequent 
publications. 

3.1. Gastrulation 

The simplest epithelial arrangement is a spherical 
monolayer of uniform-sized cells whose apical periph- 
eries are firmly attached. This closely approximates the 
configuration of blastomeres in amphioxus (Conklin, 
1932) and sea urchins (Gustafson and Wolpert, 1967). 
Since the blastula is approximately rotationally sum- 
metric we can reduce the calculation considerably by 
examining a longitudinal cross section. Therefore, con- 
sider the cross-sectional ring of cells shown in Fig. ‘7a. 
If one of the cells “fires” and undergoes a rapid apical 
contraction, the following sequence of events occurs 
(refer to Fig. 7). The trigger cell in contracting its apical 
surface dilates the apical surface of its neighbors. If 
this dilation is sufficiently large, the neighboring cells 
wiil “fire” and undergo a rapid apical contraction as 
well. Thus the contraction of the trigger cell can initiate 
a spreading wave of contraction as each cell stretches 
its neighbors’ surfaces causing them to commence their 
contraction cycle. We therefore predict that the apical 
surface of the blastula constitutes an “excitable,” or 

“active,” medium which can propagate contraction 
waves in a manner analogous to the propagation of 
depolarization waves along nerve axons (cf. Hodgkin 
and Huxley, 1952) and the propagation of electrical 
waves over the brain’s cortical surface (cf. Cowan, 1970). 

The significance of contraction waves lies in the fact 
that a spreading wave can generate an invagination in 
the cell layer. This is shown in the sequence shown in 
Fig. 7 which is taken from a computer-generated movie 
obtained by solving the model equations sequentially 
in time. The mathematical details of the model used to 
generate Fig. 7 are described in Appendix 4. The in- 
vagination occurs roughly as follows. The contraction 
of the trigger cell and its neighbors initiates a “dimple” 
in the cell layer. As the wave spreads radially from the 
nucleation center the cell layer buckles inward at the 
wavefront, so that the outgoing contraction wave is con- 
verted into a buckling wave. The buckling in effect 
“pumps” cells into the interior of the sphere converting 
a convex surface into a concave one. 

The velocity of the buckling wave and the extent of 
the invagination depends on several features of the 
cells’ mechanical constitution: (a) the viscoelastic prop- 
erties of the fiber bundle, i.e., the velocity and strength 
of the contraction cycle, the firing threshold, and the 
elastic response to subthreshold excitation; (b) the vis- 
cous resistance of the cell to dilations and contractions; 
(c) the mechanical properties of the cell-to-cell junc- 
tions; e.g., viscous sliding of lateral surfaces may change 
the invagination pattern; (d) in addition to the above 
hypotheses concerning the mechanical constitution of 
each cell, a model of gastrulation requires specifying 
how the (incompressible) fluid filling the blastocoel is 
forced out during gastrulation. This is described in 
Appendix 4. Roughly, we assume that the blastocoel 
fluid is passively extruded out when the interior hy- 
drostatic pressure is elevated above ambient (external) 
pressure by circumferential tension in the cell sheet. 

FIG. ‘7. Computer simulation of gastrulation in sea urchin. The 
frames (ordered, a, b, c , ..-. f), were extracted from a computer- 
generated film obtained by solving the model’s equations derived in 
Appendix 4. 
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Example: flat space —> identity
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[On board] Active Koiter elasticity


The KS equations describe the equilibrium of a thin shell when the thickness h of the shell is small compared to its curvature in 
undeformed and deformed configurations.

Surface parameterization

Surface element

volume constraint imposed 
by the enclosed yolk

boundary wall constraint imposed by the 
vitelline membrane on the embryo

Gradients of            give force.  
Evolve with viscous damping.

Linear change in areashear + bulk

Note 



Noah Mitchell — in collaboration with Fridtjof Brauns   

[On board]

- incompressibility of the cytoplasm, we 
assume a constant cell volume.  
- cell is significantly stiffer against vertical 
compression than against horizontal, and 
treat the cell height as a fixed quantity h

Energy for a cell  

distance between cell centers on the middle-surface

Contractility coefficient 

Active Koiter elasticity




Noah Mitchell — in collaboration with Fridtjof Brauns   

Ventral furrow formation in Drosophila: 
pulsatile ratcheting contraction

Future directions: coupling 
pulsatile/mechanical oscillators

Martin et al Nature 2009
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Future directions: coupling 
pulsatile/mechanical oscillators

snail mutants twist mutants

Ventral furrow formation in Drosophila: 
pulsatile ratcheting contraction

Martin et al Nature 2009
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Spatial Patterns of Proliferation Do Not Appear Until Branches Have Already Formed.

Lung branching stereotypy is in part due 
to biochemically patterned FGF

(a la reaction-diffusion)

Mechanical cues in epithelial lung branching morphogenesis

B = elastic modulus of tissue


Bf = elastic modulus of matrigel

Varner et al, PNAS 2015
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Self-organization vs genetic programming in branching morphogenesis

Metzger, Klein, Martin. Krasnow. The branching programme of mouse lung development. Nature 453, 745–750 (2008)

“…each mode of branching is 
controlled by a genetically encoded 
subroutine, a series of local 
patterning and morphogenesis 
operations, which are themselves 
controlled by a more global master 
routine.” 

- genetically tractable 
- suited to evolution



Noah Mitchell — in collaboration with Fridtjof Brauns   

2D buckling as a mechanism for villi formation

Shyer et al, Science 2013



Noah Mitchell — in collaboration with Fridtjof Brauns   Shyer et al, Science 2013

2D buckling as a mechanism for villi formation

neo-Hookean energy density 
Highly non-linear — forget analytics
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mouse intestine cross sections

Shyer et al, Cell 2015

Feedback from shape to fate

chick intestine cross sections

Intestinal stem cell markers are refined during development

Lgr5

Feedback from shape to transcription: 
2D buckling as a mechanism for stem cell specification
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Feedback from shape to transcription: 
2D buckling as a mechanism for stem cell specification

Shyer et al, Cell 2015

Mechanical constraints from the muscle dictate stem cell identities in the endoderm 
through elastic effects on tissue geometry

maxima of Shh 
from epithelium 
at tips 

BMP inhibits 
Wnt in 
epithelium
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DAY 3
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Morphing tissues as active solids/fluids 
• Cell mechanics in convergent extension 
• Tissue-scale fluid flow 
• Self-organization of convergent extension 

Mechanics driving tissue curvature 
• Bilayer bending & ventral furrow 
• Wrinkling & buckling 
• Programmed shape changes 

Mechanics of visceral organ morphogenesis 
• Midgut tissue folding in flies 
• Heart morphogenesis  
• branching morphogenesis 

Mechanics of morphogenesis
G

as
tru

la
tio

n
O

rg
an

og
en

es
is

Mechanics of morphogenesis

Martin et al (2009)

Fridtjof Brauns [KITP, UCSB]




Noah Mitchell — in collaboration with Fridtjof Brauns   

Tallinen et al. 2016
See also: Richman et al. 1975; Kaster et al. 2011; Tallinen et al. 2014

“gray matter simply grows more than the 
white matter”

similar stiffnesses

sulci

gyri


2D non-linear incompatible elasticity in brains

D
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 in

 g
ro

w
th



Noah Mitchell — in collaboration with Fridtjof Brauns   Eyal Karzbrun et al. Nat. Phys. 2018

convolutions emerge at a critical cell 
density and maximal nuclear strain

indicative of a mechanical instability

2D non-linear incompatible elasticity in brains

Lancaster et al Cell Stem Cell 2018
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differential swelling:
+cell-cycle-dependent nuclear swelling/motion 
+cytoskeleton contraction at inner surface

Eyal Karzbrun et al. Nat. Phys. 2018

2D non-linear incompatible elasticity in brains
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cusp formation “still resisting 
theoretical explanation”

Dervaux et al PRL 2011

2D non-linear incompatible elasticity in brains
artificial^



Noah Mitchell — in collaboration with Fridtjof Brauns   Klein, Efrati, Sharon Science 2007

nonuniform in-plane growth leads to 3D form



Noah Mitchell — in collaboration with Fridtjof Brauns   Klein, Efrati, Sharon Science 2007

nonuniform in-plane growth leads to 3D form

Efrati, Sharon Soft Matter 2010
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[On board]

Gauss-Bonnett Theorem relating growth to curvature


nonuniform in-plane growth leads to 3D form

Conformal maps from a reference congifuration: embeddable shapes


Non-embeddable shapes lead to ‘incompatible elasticity’


<latexit sha1_base64="XmHkur2uR3KZgnFA/vAASo3GqfU=">AAACKXicbVDLSgMxFM34rPVVdekmWAQ3lhkRdSMUdSG4sIJ9QKeUTHpnGsw8SO4IZejvuPFX3Cgo6tYfMX0I2nog5HDOuST3eIkUGm37w5qZnZtfWMwt5ZdXVtfWCxubNR2nikOVxzJWDY9pkCKCKgqU0EgUsNCTUPfuzgd+/R6UFnF0i70EWiELIuELztBI7UL5ip5S11eMZ24HkHq0PyJB3xj7P9YFSGTUlXFA3esQAmZSo7tdKNolewg6TZwxKZIxKu3Ci9uJeRpChFwyrZuOnWArYwoFl9DPu6mGhPE7FkDT0IiFoFvZcNM+3TVKh/qxMidCOlR/T2Qs1LoXeiYZMuzqSW8g/uc1U/RPWpmIkhQh4qOH/FRSjOmgNtoRCjjKniGMK2H+SnmXmW7QlJs3JTiTK0+T2kHJOSod3RwWy2fjOnJkm+yQPeKQY1Iml6RCqoSTB/JEXsmb9Wg9W+/W5yg6Y41ntsgfWF/fdhiloQ==</latexit>

K =
det b

det g
= �� log⌦

⌦
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in-plane anisotropy leads to 3D form:

Contract along nematic lines

Duffy &  Biggins, Soft Matter 2020

https://pubs.rsc.org/en/results?searchtext=Author%3ADaniel%20Duffy
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Incompatibility across the third dimension  

Adding anisotropic growth to this picture. Turns out biology does not always use conformal maps

Outlook: Incompatibility across the thickness dimension

van Rees, Vouga, & Mahadevan PNAS (2017)
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ex. human heart

Visceral organs: complex multilayer forms

tube-like sheets Loops of compartments

- Develop deep inside living embryos


- Complex shapes make analysis challenging


- Multiple interacting layers 

Drosophila gut 

chick gut 
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Gut looping & incompatible elasticity

Savin et al Nature 2011

Cartoons from Houtekamer et al. (2022)
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incompatible elasticity via residual stresses in dorsal mesentery 

- analogy to incompatible 
elasticity with negative 
curvature

Gut looping & incompatible elasticity

(mesenteric artery removed here)

Savin et al Nature 2011
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Gut looping in chick/rubber

Savin et al Nature 2011

experiment

simulation

rubber (latex) model




Noah Mitchell — in collaboration with Fridtjof Brauns   

Gut looping across vertebrate species

The physiological stresses in the mesentery across 
these species is similar…. mechanical feedback? Savin et al Nature 2011

BMP in the mesentery modulates 
looping biomechanics

More loops,

Smaller wavelength

Smaller radii

Fewer loops,

Larger wavelength

Larger radii

Control

Nerurkar, Mahadevan & Tabin, PNAS 2017

https://www.pnas.org/doi/full/10.1073/pnas.1700307114#con1


Noah Mitchell   

muscle

endoderm

Noah Mitchell   

Tissue folding in Drosophila gut morphogenesis

Mitchell et al, eLife 2022
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Krzic et al, 2012

de Medeiros et al, 2015

multi-view confocal lightsheet microscopy

Imaging techniques for morphogenesisExperiments:
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Krzic et al, 2012

de Medeiros et al, 2015

multi-view confocal lightsheet microscopy

Imaging techniques for morphogenesisExperiments:



Noah Mitchell   Mitchell et al, eLife 2022

Krzic et al, 2012

de Medeiros et al, 2015

multi-view confocal lightsheet microscopy

fluorescently-labeled nuclei 

Tissue-specific markers (GAL4/UAS)

Brand & Perrimon 1993 

Martin-Bermudo et al 1997 


Riese et al 1997

Imaging techniques for morphogenesisExperiments:
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Krzic et al, 2012

de Medeiros et al, 2015 fluorescently-labeled nuclei 
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multi-view confocal lightsheet microscopy

Imaging techniques for morphogenesisExperiments:
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Antp

Ubx-

mutant

Antp-

mutant

A

C

Ubx

hox in muscle

yolk   

endoderm

Ubx mutantAntp mutant

Hox genes:

How is genetic information translated to shape?

shape

mechanics & 
tissue 

deformation

Hox 
genes 

?Scr
Antp Ubx

ABD-A

endoderm

(circular)

muscle

longitudinal

muscle



Noah Mitchell Mitchell & Cislo, Nature Methods (2023)

Ron Fedkiw

F (c1, c2,S) = �
Z

S
ds � p

Z

⌦
d3x+

Z

u>0
|I(x)� c1|d3x+

Z

u<0
|I(x)� c2|d3x

c1(S) = hI(x)iu>0
c2(S) = hI(x)iu<0

<latexit sha1_base64="VzWpHZytPDeZwU90KV8yvTtIuqE="></latexit>

Quantifying whole-organ dynamics

TubULAR: Tube-like sUrface Lagrangian Analysis Resource

Experiments:



Noah Mitchell Mitchell & Cislo, Nature Methods (2023)

TubULAR: Tube-like sUrface Lagrangian Analysis Resource

in-plane


     ?

out-of-plane

⟺
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How are in-plane and out-
of-plane deformations 

coupled?

Quantifying whole-organ dynamicsExperiments:



Mitchell & Cislo, Nature Methods (2023)Noah Mitchell   

Quantifying whole-organ dynamics: 
Tissue cartography

TubULAR: Tube-like sUrface Lagrangian Analysis Resource



Mitchell & Cislo, Nature Methods (2023)Noah Mitchell   

in-plane


     ?

out-of-plane
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in-plane velocity

out-of-plane velocity

TubULAR: Tube-like sUrface Lagrangian Analysis Resource

In-plane and out-of-plane kinematics



Noah Mitchell — in collaboration with Fridtjof Brauns   

[On board] In-plane and out-of-plane deformations



Mitchell et al., eLife (2022)Noah Mitchell   

in-plane


     ?

out-of-plane

⟺
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folding ⇔ tissue shear
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Antp GAL4 
Perturb muscle contractility with optogenetics
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Muscle contraction generates organ constrictions

 
endoderm strains

organ 
shape 

muscle 
contraction 



Mitchell et al., eLife (2022)Noah Mitchell   

endoderm 
strains

organ 
shape 

muscle 
contraction 

calcium 
signaling 

hox 
genes 

stochastic 
calcium pulses

narrow Ca

pulses

High-frequency calcium pulses are localized near constrictions

-10 0 10 20 30
time [min]

flu
ct

ua
tin

g 
G

Ca
M

P 
int

en
sit

y, 
   

 [a
.u

.]
flu

ct
ua

tin
g 

ca
lci

um
 

ac
tiv

ity
 [a

.u
.]



Mitchell et al., eLife (2022)Noah Mitchell   

endoderm 
strains

organ 
shape 

muscle 
contraction 

calcium 
signaling 

hox 
genes 

narrow Ca

pulses

High-frequency calcium pulses are localized near constrictions

-40 -20 0 20 40-40 -20 0 20 40

0

0.5

1

-40 -20 0 20 40

anterior constriction middle constriction posterior constriction

position from constriction [μm]

G
Ca

M
P 

ac
tiv

ity
 [a

.u
.]



Noah Mitchell — in collaboration with Fridtjof Brauns   

 (1) a symmetry-breaking event (molecular chirality⇒ left-right bias) 

 (2) organ-specific mechanical program (“generator” + “interpreter”)

Brown and Wolpert (1990) 

Chiral organ morphogenesis

Excitable 
mechanical  

program
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Tube demo
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Early Left-Right asymmetry in morphogenesis

Lee & Anderson Dev. Dyn. 2008

Lee & Anderson Dev. Dyn. 2008
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A system ripe for modeling? 

see Cartwright et al PNAS 2004

Early Left-Right asymmetry in morphogenesis

Supatto et al BiophysJ 2008
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Cell-intrinsic chirality plays a central role in heart morphogenesis

- mutant for the Nodal-related southpaw: dextral heart, but gut and brain 
are random.  
- Genetic and pharmacological inhibition of Nodal does not abolish heart 
asymmetry 
- tissue intrinsic:  ex vivo hearts have chiral looping 
- Nodal may amplify tissue-intrinsic looping mechanism
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“We provide evidence of a heart-specific 
random generator of asymmetry that is 
independent of Nodal.” 

Nodal functions as a bias of this 
mechanism: amplify and coordinate 
opposed left-right asymmetries at the 
heart tube poles

Desgrange et al, Dev Cell 2020

Left-Right asymmetry in heart morphogenesis
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Is  cell intrinsic asymmetry in the cytoskeleton generating asymmetric biomechanical forces?  
Or is the laterality pathway providing asymmetric cues to the cells?

 Tee et al., Nat Cell Bio 2015

Left-Right asymmetry in heart morphogenesis

Ray et al., PNAS 2018

Matsuno group
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tnnt2a morpholino blocks heart beat  
(Sehnert et al., 2002)

Tessadori et al, eLife 2021

Left-Right asymmetry in heart morphogenesis

Strains? Strain rates? 
Stresses?
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Andrews & Priya, Cold Spring Harb Perspect Biol. 2024

The two chambers rotate 
in opposite directions 

linear tube twists around 
a fixed hinge 

Left-Right asymmetry in heart morphogenesis

L 
R

human

buckling deformations 

perversion

Bayraktar & Männer Frontiers 2014
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Open Challenges

- Feedback: post-translational loops, mechanics > gene 
expression 


- Cell intrinsic vs extrinsic forces

- Linking scales: molecules > cells > tissues > organ shape 

- Complex 3D forms with tissue layer interactions

- Repurposed mechanisms: development > physiology 

- Coupled pulsatile oscillators (actomyosin pulses, calcium 

pulses…)

- Learning and adaptive material behavior: cells & tissues as 

computing agents

- Computational tools for quantitative analysis of experimental 

data

- How tissue rheology influences morphogenetic processes

- Synthetic morphogenesis: creating controllable models to 

sweep morphospace and dissect development

- Evolutionary Perspectives: how mechanisms have evolved 

and diversified across different organisms

-

Magdalena Zernicka-Goetz , Jacob Hannah


Savin et al 2011


Bailes et al 2020 [Lecuit]


https://www.nature.com/articles/s41586-022-05246-3#auth-Magdalena-Zernicka_Goetz-Aff1-Aff2-Aff3-Aff7
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Mechanics of morphogenesis

Tomer et al (2012)

Mitchell et al (2022)

Martin et al (2009)

Saadhoui et al, 2018



Noah Mitchell — in collaboration with Fridtjof Brauns   

Concrete problem

The tissue of a tube-shaped organ constricts to pinch off into two chambers. The tissue is incompressible.  

a) Consider a step function for the constriction. How does each segment deform to maintain area? (Ie what is 
the motion of cells on the surface that results?) 

b) Consider an advancing Gaussian profile for the constriction. What is the flow field on the surface that results?  

c) Is the tissue flow aligned with (or perpendicular to) the local axis of elongation? 

d) What makes this solution counter-intuitive?
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Consider an elongated organ with a lumen inside, such as the embryonic gut tube containing yolk. The tube 
contorts into a chiral geometry akin to a helical tube. 

a) What are in-plane deformations of a tube that generate intrinsic chirality — ie, coiling — of the tube’s 
centerline?  

b) What cellular (mechanical) mechanisms could drive such kinematics?

Open-ended question

Bend + twist Dilation along 
a helix

Convergent 
extension 
along a helix
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Concrete problem:


Solution

Setup:
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Solution


