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Assessing the contribution of active and passive stresses in C. elegans elongation
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The role of the actomyosin network is investigated in the elongation of C. elegans during embryonic morpho-
genesis. We present a model of active elongating matter that combines pre-stress and passive stress in non-linear
elasticity. Using this model we revisit recently published data from laser ablation experiments to account for
why cells under contraction can lead to an opening fracture. By taking into account the specific embryo ge-
ometry, we obtain quantitative predictions for the contractile forces exerted by the molecular motors myosin 11
for an elongation up to 70% of the initial length. This study demonstrates the importance of active processes
in embryonic morphogenesis and the interplay between geometry and nonlinear mechanics during morpholog-
ical events. In particular, it outlines the role of each connected layer of the epidermis compressed by an apical

extra-cellular matrix that distributes the stresses during elongation.

Mechanical stresses play a crucial role in animal embryo-
genesis. At the macroscopic level, differential growth gener-
ates compressive stresses creating the circumvolutions of in-
testine [1-3], brain cortex [4—6] and fingerprints of skin [7, 8].
The folding of tissues is then directly linked to the coupling
between volumetric growth, tissue properties and geometry.
At the cellular level, the interplay between mechanics and
morphological events such as division, migration and tissue
organization is much more subtle. The high deformability of
cells is counter-balanced by the cellular filament networks,
especially by the actomyosin cortex. It comprises a net-
work of cross-linked actin filaments located below the plasma
membrane, so that the local cell contractility results from the
myosin molecular motors which transform the chemical en-
ergy of ATP hydrolysis into contractile stresses. How these
microscopic processes at the cell level cooperate to induce
shape transition at the tissue level is central in “active mat-
ter”. At early stages in small organisms such as Drosophila
[9] or C. elegans [10], the number of cells is relatively small
and the structure is simple enough, giving perhaps a way to
bridge scales between microscopic activity and observable tis-
sue displacements. Both of these biological species are con-
sidered as model systems where the theoretical framework of
active matter [11-15] can be applied and more importantly
quantified by analyzing experimental data. Here we investi-
gate the early stage of C. elegans elongation up to 70% when
the embryo contains 65 epidermal cells in cortical position
in an ovoid shell. Among available approaches, laser cuts in
different locations on alive embryos allow to evaluate either
the tension or the stiffness [16], quantities necessary to as-
sess the active stresses at the origin of the elongation [17, 18].
Since in this process, there is no cytokinesis or apoptosis and
no position exchange between neighboring cells, we select a

continuum approach of active matter to predict the fracture
opening. However, as highlighted in [19, 20], the difficulty
in active matter consists in evaluating the stresses: active or
passive for samples with complex geometry and elastic prop-
erties. To this end, one must comprehend the nonlinearities of
shape transformations in these small organisms with a limited
information on mechanical quantities.

The aim of this letter is then to investigate this problematics
when only some characteristics are known for C. elegans em-
bryos. Our scope is to estimate the activity of the molecular
motors and to compare it to the elastic resistance. For that, we
establish an analytical model based on nonlinear elasticity for
soft tissues and compare our predictions with measurements
by laser ablation [16]. The proposed treatment can be adapted
to other morphogenetic events in embryogenesis.

Laser ablation.—Fracture opening gives a way to deter-
mine the forces at the cellular level. This technique helps to
experimentally deduce the tensile stress in the perpendicular
direction to the fracture line when the cell stiffness is known.
Conversely, when the stresses are well identified, it gives some
insights on the fiber network organization. Indeed, the crack
opening in linear elasticity is an ellipse [21] and the shape fac-
tor (opening b; along x; divided by the crack length [; along
x) is given by: Fy, = b; /1, ~ 20,/ FE where o, is the tension
and E the Young modulus, see FIG.(1c). For F;j, other stress
components than ¢; do not play a role and for an anisotropic
sample, ¥ must be replaced by FE; the stiffness in the z; di-
rection [16].

In a recent work [16], Vuong-Brender er al. apply this
technique in different parts of C. elegans (in FIG.(1d)) and
demonstrate that the cracks always open both in the dorso-
ventral (DV) and in the anterior-posterior (AP) directions. If
the crack opening is not a surprise in AP, it is more puzzling
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FIG. 1: The ventral enclosure of C. elegans. (a) Schematic represen-
tation before enclosure; (b) Horizontal section at enclosure. Differ-
ent colors are chosen: yellow for the dorsal (D), blue for the seam (S)
and brown for the ventral (V) cells. (c) Schema of a planar fracture
under tensile stresses. (d) Position of laser fractures achieved in the
embryo [16].

in the DV direction for various reasons FIG.(1d). First, cracks
cannot open in compression (except in some very specific con-
ditions [22]). Because of volume conservation, an extension
in AP leads automatically to a contraction in DV. In addition,
Myosin II, the actin molecular motors have been observed
[23-26] in the seam (S) domain (blue in FIG.(1a, b, d)), and
these motors are contractile. Even more intriguing, in S cells,
the opening is larger in the DV than in the AP direction [16].
The theoretical interpretation of these experiments cannot be
captured by the linear elasticity framework. To recover the
shape-factor F;; requires evaluating first the state of stresses
or strains inside the embryo before elongation and then incor-
porating the active stresses due to molecular motors. By cou-
pling them, the modeling must recover the results of the laser
ablation but also the possibility to elongate the embryo up to
70%. Nonetheless, in nonlinear elasticity, and to the best of
our knowledge, there is no general formula for crack opening
but only local analysis of the stresses at both ends [27, 28]. A
simple analogy between linear/nonlinear elasticities suggests
to replace o by the equivalent Cauchy stress o; and F by the
local stiffness F;. The following addresses the evaluation of
these two quantities in the nonlinear elasticity framework be-
ginning first by the geometry analysis.

Geometry and strains.—The morphogenetic events of the
embryo elongation consist of cell intercalation and ventral en-
closure [10]. The displacements of matter are strongly con-
strained by the limited space and induce significant strains
[29]. In particular, the ventral enclosure, schematized by
FIG.(1a), cannot be achieved without local forces to join the
two parts of the epithelial cortex, as demonstrated by myosin

FIG. 2: Angular stretch for S and DV cells. Notice that Gg < 1
for S and Gpv > 1 for D cells. Theoretical curves, explained in
[30] are weakly dependent of the epidermis thickness, represented
by n = 1 — (R:/R.)?. Comparison with experimental data from
[16].

accumulation [23, 24]. Hence, when elongation begins, the
tissues have already stored pre-strains and pre-stresses [20]
and the measurements in [16] result from those cumulated
stresses. Their evaluation requires a complete knowledge of
the history, which is difficult to assess. A possible simpli-
fied scenario will be the enclosure of a cylindrical partial shell
(with a lacking angular sector (3, see FIG.(1a) by ortho-radial
stretching. But this shell is made of a non-homogeneous epi-
dermis with 3 kinds of cells called hereafter dorsal (D), seam
(S) and ventral (V) cells, see FIG.(1b). Once the suture is
achieved, the embryo becomes a composite cylinder made of
a row of epithelial cells and nascent intestine. Besides, it is
covered by the extra-cellular matrix (ECM), a thin layer of
secreted proteins. In the stress-free configuration, before en-
closure, the D cells occupy one sector between [—dpv, dpv],
S cells are located between [¢py, 8 — ¢pv] and V cells fill
the remaining sector up to 8 = 7 — /2 ( FIG.(1a) and in
[30]). From the mechanical viewpoint, we do not make dis-
tinction between the D and V cells and now call them DV
cells. As shown in [30], at full enclosure (FE, FIG.(1b)), the
position of material points are defined by R ,© , Z and then
becomes 7 , 6 , z with elongation. At FE, the epidermis lies
between the inner R; and the outer R, radius. It is possible to
map the stress-free configuration onto the current one and then
to define the elastic strains, but one must keep in mind that
the experimental results refer to the beginning of elongation
which is not a stress-free state. This distinction is essential in
nonlinear elasticity. We call G the angular stretch defined by
0 = GO,, which varies with the axial stretch Az and the do-
main area. We hypothesize that at FE, all parts are stretched
in the ortho-radial direction so Gg > 1. The two unknown



parameters of the initial geometry (e.g. B and ©py) are de-
termined in [30] by arclength measurements [16]. Looking
for the simplest solution where strains and stresses remain di-
agonal, the deformation gradient tensor defined by F' = Diag
(Ar,A,Az) is then F = Diag (0r/0R,Gr/R,dz/dZ). Re-
sulting from both enclosure and elongation, the elastic tensor
F. defined by Diag (Ag, A\, Az) reads Fe = FFy. Fy is
the pre-stretch tensor defined by 2 independent eigenvalues:
Fo =Diag((AoAoz) 1, Mo, Aoz), since the incompressibility
imposes Ar = 1/(A\z). (See also [30]). These tensors are
defined everywhere in the cylinder and are different in S or
DV domains. Only the elongations Az and \yz will remain
identical in all parts for reason of integrity. Since there is no
cell division during the process, the volume conservation in
the epithelium gives:

1
Ty

which allows to calculate G, knowing that at the border of the
interior zone, A = r;/R; = 1/y/Az. In [30], it is shown
how the angular stretch G for S and DV cells, FIG.(2), are ob-
tained from measurements of the circumferential lengths pub-
lished in [16]. Since data are available only at Az = 1.3, 1.5,
extrapolation at Ay = 1 is used. Agreement between model-
ing and experimental data [30] validates the first steps with an
epithelium thickness of order 2um. Mechanical stresses can
now be evaluated.

(R* - R}) (1)

Equilibrium equations and boundary conditions.—The
crack opening reaches its finite value after only few seconds,
which is in the same order of magnitude as the velocities of
actomyosin flows (in the order of 1um/s. [31, 32]). Focussing
on the equilibrium value of the slit opening, we can neglect
viscoelasticity [33, 34]. Then, in cylindrical geometry, the
Cauchy stress o, diagonal as the deformation gradient tensor
F., satisfies:

do, 1 B
or +;(0r_09)_0- 2

where o, and oy are the radial and ortho-radial components in
the current configuration. This equation is identical in linear
elasticity [35]. Eq.(2) requires only one boundary condition,
chosen at the apical border, just below the ECM whose thick-
ness is about 102 the embryo radius [16, 26]. So, it imposes
a weak compressive surface stress, o, ~ 0, during elonga-
tion. Defining Wp as the passive elastic energy density, each
stress component becomes oy, = A\ (OWp/OA) + of — p
[17, 18], where p is a Lagrange parameter ensuring the in-
compressibility and o} the active stress which only exists in
the S cells. o can be decomposed into a volumetric o and
a deviatoric o®? part defined by: 0%? = (, ,Iand 0%¢ = ¢
Diag(0, 1, —1) [14, 19]. (., may be included into the La-
grange parameter p (a detailed demonstration can be found
in [30]). Conversely, the deviatoric part is a traceless tensor
with no specific sign. Finally, the definition of a new energy
functional [36]: Wp = Wp((Az)~1, A\, A7) enforces auto-

matically incompressibility giving:

{09—0§+UT+C; 0. =0y +0,—¢ 3)
OWp . _ oW,
AN OZ_)‘ZQA;

where o and 0%, decouple from the active part (. Once Eq.(2)
is solved, all stresses can be calculated explicitly, [30]. Since
fractures are made superficially on the outer surface where
o, ~ 0, only oy and o, are the components of interest for our
study.

Evaluation of the stresses and fracture opening. —In these
epithelial cells, it was found [25] that both micro-tubules and
actin filaments are oriented mainly in the ortho-radial direc-
tion in both cells. So we choose the simplest constitutive law
as a superposition of a matrix and a fiber network elasticity:

Wp = %(A% FAZ AL —3) + Z()\Q 1?2 @

when orientation along € is imposed. Such superposition is
currently achieved with some variants concerning the last term
[37, 38]. Choosing the S cell coefficient ng as unit of elastic
energy, we estimate that upy > 1 to represent a stiffer ma-
terial and 7s¢ < Tpy, to represent a weaker degree of fiber
alignment in S cells. Since orientation is the same for actin
or micro-tubules [16, 25], a unique coefficient 7 involves both
filaments.

At FE, the state of the cylinder is characterized by 3
independent pre-strain quantities which are the ortho-radial
stretches (A\gg and Agpy) and the axial stretch Aoz, see
[30]. Within the thin epithelium approximation, n = 1 —
R?/R? << 1, one easily finds Go ~ Ao/ Aoz, from Eq.(1).
From the geometry, the lacking angle of the sector reads
B~ 2 — ) ~ 2r(1 — (v AozAos) ™). In addition, \gg
and \opy values must be compatible with the continuity of
the ortho-radial stresses 09 s = 0g¢,pyv at FE which fixes the
ratio of stiffnesses between S and DV cells with A\gpy < Aps.
Post enclosure, the pre-strains modify the elastic strains into:
A = XA = MNGr/R and Az = MzAz (see [30]). This
explains why, a tissue remains in tension even if contractile
motors exert a compressive work on it. For a thin epithelium,
the elastic stretch ) is transformed into A ~ A\gG/+/Az and
we have now o ¢ + ¢ = oy 1, which gives (. G's decreases
as Ay increases leading to a decrease of the passive stress
og . However the active stress ¢, an increasing function of A z,
compensates the opening of cracks in the DV direction. Fi-
nally, because the epithelial elasticity is both orthotropic and
nonlinear, the adapted mathematical formula for the shape-
factor ;i is deduced from Wp, Eq.(4). The equivalent Young
modulus in the i*" direction reads:

K7 do? PG
Ei:Kii—J;Ki‘: d]:NQl ‘

K, iz NGy o E;
This evaluation presents no difficulty once the elastic energy
density is known, albeit this question remains challenging for
small organisms.

®)

Results and discussion.—The incompressibility hypothesis
and the cylindrical shape are tested by comparing the angular



(a) Crack opening in Seam cells

(b) Stress evolution in Seam cells

(c) Active stress during elongation
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FIG. 3: (a) Crack opening in S cells for head, body and tail in DV or AP directions, Eq.(5). Difference between curves comes from pre-strain
values, Table I and [30]. In the insert, the active stress ¢ beginning at enclosure. (b) Comparison of passive versus active stress in S cells
(Egs.(3,4). The scale for stresses is the stiffness of S cells s = 1. (¢) Active stress evaluated as the difference of o} between DV and S cells.
In the insert, ¢, deduced from the model and approximated by ¢ = 2y~ * tan™* aa(Az — 1) with 2 parameters given in Table L.

stretch G with the experimental values of each domain: seam,
dorsal and ventral (see FIG.(2) and Table I). There is a slow
dependence with the thickness of the epidermis which is reas-
suring since this thickness in the order of 2pm is not known
with precision. By extrapolation, we derive a value of each ar-
clength at the “supposed” beginning of elongation and finally
an angle of order 3 ~ 26°, indicating a significant pre-stretch
at enclosure, associated to a pre-stress about 0.45 for oy and
0.35 for oz. As shown in FIG.(3)(b,c), the amplitude of the
active stress ( is an increasing function of A z which saturates
around the value 1.8. Above this value, a new mechanism in-
volving muscle cells [39-41] occurs, not considered here as
we focus on the role of the actomyosin network. Once the
elastic energy Wp is obtained from the body results, this en-
ergy function is fixed everywhere: in the head and in the tail,
only the pre-stretch values due to enclosure are very slightly
modified as shown in Table I. After, the theoretical curves are
derived from F, Eq.(5) and shown in FIG(3a). Notice that the
active stress ( is derived from the difference between passive
parts of S and DV cells with an empirical formula of 2 param-
eters: ( = 2a;m T tan~! ag(Az —1). The agreement is good
for the crack opening in S cells. All the results concerning this
elongation step in the C. elegans embryonic life are gathered
in Table I. The methodology to derive these parameters which
rest on the border conditions and available experimental data
is explained in details in [30].

To conclude, as emphasized in [20], it is especially delicate
to extract quantitative informations from nonlinear mechani-
cal systems involving active and passive stresses and in addi-
tion pre-stretch and pre-stress. The complexity increases with
the geometry for a multi-layered inhomogeneous epidermis
trapped between a central intestine and the apical ECM. In
vivo measurements, difficult at the scale of the cell are made
possible thanks to the technique of laser ablation which, com-

bined with this analysis, gives a satisfactory picture of how
molecular motors can achieve cell and embryo deformations.
Even if the focus is put on C. elegans geometry, the theory de-
veloped here can be adapted to other systems where laser abla-
tion is achieved to assess stresses and illustrates how pre-stress
can be accounted for in vivo. The role of mechanics in em-
bryogenesis needs not be demonstrated anymore. However,
it is crucial to develop experimental and theoretical tools to
fully understand the origin of morphogenetic events in model
systems.

Table I:.Geometric and elastic parameters of the model in
different parts of the embryo:

Cos Copv | Az Aos Hdopv | o a»
pm  pm
Head| 14.5 33.0 |1.025 1.06 1.0326| 2.2 1.27
Body| 10.1 24.8 |1.025 1.09 1.05 |1.15 3.2
Tail | 10.1 24.8 |1.055 1.05 1.0232|1.25 29

Elastic coefficients: upy = 1.44, 7 = 0.15, 7py = 0.67

The circumference lengths Cjy are extrapolated from [16, 30]. Ao,

values at enclosure, differ in S and DV and from head to tail. The

coefficients s refer to active stress evolution, see FIG.(3c). The
elastic parameters of Eq.(4) do not vary along the embryo.
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DETERMINATION OF THE COMPOSITE GEOMETRY AND DEFORMATIONS
Geometry

Our model assumes 2 steps for the elongation process: The first one, that we call BE, before enclosure, is the transformation
of the embryo from a cylinder not fully surrounded by an epithelium (configuration IE) into a closed one (configuration FE), as
shown in FIG. (1a) and FIG. (1b) of the main manuscript or here in the schema (1). The second is the elongation process PE just
after the full enclosure (FE). Even if we maintain the cylindrical geometry from BE to PE, we should take care of the change of
topology. At IE, the embryo geometry is defined by 2 angles ¢ py and ¢g, giving the missing angle 3:

2(¢pv + ¢s) =7 — B/2 6]

Calling O the new angular position of each point inside the epithelium at FE, the angular stretch G and the sector angles which
mark out the DV from the S domain read:

Go=0/¢ and Opy +Os = Gopvopy + Gosps =7/2 2)

From now on, we define the observable position of a material point by capital letters (R, ©, Z) which is transformed into small
letters (7,0, z) as the elongation proceeds (during PE). With this definition, an homogeneous elongation from FE is given by
Az = z/Z. The composite structure of the sample leads to a change of angular position in each domain giving an angular stretch
G = 0/0© with the constraint: Opy + 0g = 7/2.

Definition of the geometric stretches

Applying the incompressibility property to each embryo component (DV or S), we obtain:

1
2 2 2 2
—r° = R*—R; 3
P = ) ®)
R; (resp. ;) is the position of the inner boundary between the epithelium and the inner zone at FE (resp. during PE). In the
inner part, Eq. (3) reduces to r = R/+/Az so the continuity for r = r; at the border imposes : r; = R;/+/Az. In addition,
assuming that everywhere the same axial extension leads to a unique value of the stretch A 7 in all parts of the cylinder.

o _RY 1

2 p2

r

Consequently, at this stage we have defined the observable deformation quantities and the gradient deformation tensor
F =Diag(Agr, A, Az) in function of 3 stretches:

or rG

A/\Rzﬁ7 Az? and AZ (5)



FIG. 1: Schematic representation of the 2 steps involved in the model and the 3 configurations: initial, at enclosure and current. Notice the red
crosses after elongation corresponding to the laser cuts.
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FIG. 2: (a) Experimental circumferential length of the seam cellular domain extracted from [1]. In blue the best fitting curve corresponding
to C' = CoA and the ortho-radial stretch in the inset of top. (b) Same results for the DV cells analytically deduced using Eq.(6) and Eq.(7).
Experimental points from [1] are included for comparison. (c) Theoretical Gg value as a function of Az according to Eq.(7) when the
epithelium thickness is varied. For DV cells, see Figure (2) of the main text.

As Az increases, the circumferential length C' of each cellular domain has been measured [1] and is directly related to A since
C = CyA, with C the value at FE. In addition, we have the following geometric constraints:

Co,s + Co,pv

VAz

Before any elastic evaluation, one needs to know the size of the components of the sample under investigation. Unfortunately
at this scale, not all of them are known with precision. Focussing on circumferential length shown in FIG. (2), we extract both
the best fitting function C's (A z) during PE and also the initial value C s at FE. After we can easily get Ag = Cs/Cp,s. Now
one needs also the G value as a function of Az. With Egs. (3), (4) and (5), the angular extension G g is derived by inversion of
A according to:

Co,pvApy +CosAs = (6)

G , —n+/n? + 401 - n)A2Az
A= —/14+(G71 —1)y leadingto G = @)
VA, VTG leading 21— 1)

where n = 1 — R?/R? is a biologic data, function of the ratio between the inner and the outer radius of the epithelium. On the
surface of the epithelia we take A = A(R = R,) with p = 1 — R?/R?, approximatively 2 times the ratio of the epithelium
thickness versus the radius of the embryo at enclosure. So having A, one can extract Gs from Eq.(7) if the thickness of the
epithelium is known. An estimate of about 2 ym (R, — R; ~ 2 pm and R, =~ 10 pm) has been chosen for an evaluation of G g



compared with experimental data points. We do the same for DV after an evaluation of Cjy py, but here we use the geometrical
constraint Eq.(6) to deduce Apy and Gpy. Once the theoretical G py is determined, we include the experimental data for
comparison. The good agreement validates the cylindrical approach for a thin epithelium.

Finally, as elongation proceeds, an angular contraction is shown for the S cells (i.e. G < 1) and an extension for the DV
domain (i.e. Gpy > 1) responsible for the whole extension of the embryo (see FIG. (2) of the main text). With the above
analysis, the cylindric composite picture of the embryo is coherent. More specifically we can draw the conclusion that, after
enclosure, the geometric ortho-radial stretch is tensile for DV cells but contractile for seam cells (without consideration of the
active stress and pre-stretch). In other words, we expect that cracks in the DV cells always open, in the seam they open in the
AP direction but should close in the DV direction. This is not confirmed by the experiment.

STRAIN VERSUS STRESS AND THE FRACTURE OPENING

Once the geometric strains are acquired, the elastic strains A, Ar, and\z which minimize the elastic energy density are then:
)\Z:AZ)\OZ s /\:A)\O and )\R:()\Az)_l (8)

where Ay means the stretch prior to observation, dependent on Gj.

Elastic energy models

The elastic energy density for living tissues is a function of the stretches but there exists several models especially when fibers
play a role. Here, we choose the simplest one, superposition of a matrix term represented by the usual Neo-Hookean energy
contribution (or Flory energy) and a “fiber term” which affects the elasticity in the direction of the fibers. Since it is difficult
to stretch fibers or filaments, an increase of the elastic energy is expected in the direction of stretching. Such anisotropy has
been treated by an orthotropic linear model in [1]. In S or DV cells, assuming that the orientation of the fibers are mostly in the
ortho-radial direction,we have:

Ws=EAR+A+A7 -3)+ (N —1)°
)
Wpy = EBY(A\L + X2 4+ A% — 3) + 5L (N2 — 1)?

where the stretches \; refer to Eq.(8). In the following, we will choose the coefficient pg as stress unit, so it will be fixed
to 1. In the theory of non-linear elasticity, the first term in Wg and Wp is called the first invariant and the second one the
forth invariant. This representation is standard and can be found in text books [2—4]. In partially disordered fiber networks, the
stiffness coefficient 7; defined in Eq. (9) decreases for the benefit of the first coefficient u;. 75 is expected to be less than 7py
since the fibers in the seam cells are less ordered than in the DV cells. In our macroscopic representation, due to the ortho-radial
direction of the fiber networks, we do not need to distinguish microtubules from actin filaments. At this stage 3 coefficients are
unknown, however the ortho-radial stress must be continuous at the border between S and D domains.

The stresses

The Cauchy stress is the superposition of passive and active stresses o = o + o®. o may be decomposed into an isotropic
and a deviatoric tensors:

o = (,,Diag(1,1,1) + (Diag(0, 1, —1) (10)

where the deviatoric part takes into account the orientation of the actin filaments. The elastic or passive part reads:

oW

— 11
f=igy, P (1

p being the Lagrange parameter which allows to impose the incompressibility condition, thatis: A - A - Az = 1. This condition
can be introduced in Eq. (9) to eliminate A which plays a minor role during elongation, in this system. Restricting on the space



of incompressible deformation states, we can define a new energy density WP(/\, Az) = We((A\z)
Wp with respect to the elastic stretch A and Az give:

oW _ 1 ow  ow
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and

oW 1 oW oW
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Finally one gets for the total Cauchy stress, superposition of active and passive parts:
= )\Ra)\R P+ Caw
00 =AY + Ar 2L — p+ Cap +¢
= )\Za)\z + >\R9>\R P+ Caw — G

where the two last equations take into account Egs. (12) and (13). Finally, it reads:

o9 =0y 40, +( where o} 7>\8W

0, =040, —( where of= AZ@AZ

Notice that, in the main manuscript, o, ~ 0 since the laser cuts are made superficially.

Fracture opening

1 X\, A\z). Derivatives of

12)

13)

(14)

15)

In the work of Theocaris et al. [5], the slit opening is deduced from linear elasticity. In [1], the method is extended to
anisotropic elasticity and to the incremental treatment of nonlinear elastic modeling. Here we modify the Theocaris result
replacing the Hookean stress by the Cauchy stress and the Young modulus by its local evaluation. These quantities are derived

from the energy density Eq. (13).
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BOUNDARY CONDITIONS AND CONSTRAINTS ON PARAMETERS
Continuity of the ortho-radial stress

The ortho-radial stress must be continuous between the S and DV cells: For S cells, we have:
2 1 2712
0gs =Ag | 1— ISV +7sA5(A\g — 1) +((Az)
SNSz

For DV cells:

1
06,0V = LDV ADy (1 - >\4)\2> + TovAby(ADy — 1)
DVADV,Z

(16)

a7)

(18)

19)
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FIG. 3: Table of parameters and available data from [1]. It concerns 3 positions in the embryo: head, body and tail and 2 different kinds of
cells S and DV. Number of unknowns: 18, measurements: 17 and continuity equations: 10.

At the junction between S and DV, the mechanical equilibrium imposes:

09,s = 09, DV (20)

Finally the number of modeling parameters is 18 if we consider that 2 parameters describe the active stress: 3 pre-stretch
values per position, 3 parameters for the density energy and 2 for the active stress in each position. The number of available
measurements concerning crack opening is 17. But we also have constraints coming from the balance of ortho-radial stress
(05,0 = 0pv,e) at the DV-S border : 3 values of Az = 0, 1.3, 1.5 and 4 for the head, which gives 10 constraints on coefficients.
So our treatment is not pure fitting since the number of unknowns is less than available data. We can confirm that we successfully
explain the fracture opening and in addition to that, the determination of tissue characteristics is correct.

METHODOLOGY FOR EVALUATION OF PARAMETERS

With a large number of unknowns, the procedure for nonlinear fitting employed here is iterative. In a first step, we fix all
pre-stretch values to 1 and focus on the elastic coefficients y; and 7; of the body cells. Then the number of unknowns (5) is
determined by the data of fracture (4) and the constraint of continuity of the stress for Az = 1. It gives an initial estimate shared
by head, body and tail. Fortunately, once the stiffness is given, the other parameters decouple in each part respectively. We
solve them separately. Having a good estimate for pre-stretch values imposed to 1, we approach the total 18 parameters from 17
experimental data and 3 stress continuity equations (see Eq. (20). We relax the other continuity equations introducing them into
the sum of the error functions to minimize iteratively.
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