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Abstract: 

The physical laws governing the morphogenesis of biological tissues remain largely 

misunderstood. In particular, the role of the mechanical interactions occurring in this process 

needs to be better understood and studied. Inner follicular cells surrounding the oocytes of 

Ciona intestinalis form an epithelial monolayer resulting from an accretion process (without 

mitosis or apoptosis). This epithelium is elementary and useful for morphogenesis studies: the 

cells exhibit polygon packing with a specific but non-systematically repeatable topology (i.e. 

the distribution of pentagons, hexagons and heptagons changes). To understand the role of 

ogejcpkecn"hqtegu"kp"vkuuwg"hqtocvkqp."yg"rtqrqug"cp"kppqxcvkxg"Ð4F"urjgtkecnÑ"oqfgn"dcugf"
on the physics of divided media. This approach simulates the cellular mechanical behavior 

and epithelium structuration by allowing cells to adopt a large variety of shapes and to self-

organize in response to mechanical interactions. The numerical parameters considered in the 

model are derived from experimental data in order to perform pertinent and realistic 

simulations. The results obtained are compared to biological observations using the same 

counting method to characterize epithelium topology. Numerical and experimental data 

appear close enough to validate the model. It is then used for exploratory studies dealing with 

ÐVkuuwg"Fgxgnqroent SpeedÑ variation, which is not easily attainable by experimentation. We 

show that the formation speed of the tissue influences its topology and hence its packing 

organization. 
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1. Introduction !$

%&'$()'*+,-.$-/$&-0$1,-2-3,452$+,**)'*$56'$/-67'8$,*$5$4&522'.3'$/-6$1,-2-39:$5.8$+&'$45)*'*$;$

-/$4'22$-635.,<5+,-.$,.$+&'$4-)6*'$-/$'=,+&'2,)7$8'>'2-=7'.+$56'$7,*).8'6*+--8$?@56+,.5.8AB$

@56,$ '+$ 52C:$ ;DDEF$ G,1*-.$ '+$ 52C:$ ;DDHF$ I25**'.$ '+$ 52C:$ ;DD#F$@577-+-$ 5.8$ J.31'6:$ ;D!DF$K$

G25<,'6:$ !ELEMC$ %&'$ '33*$ -/$ N*,4,8,5.*:$ 756,.'$ ,.>'6+'165+'$ &'675=&6-8,+,4$ -635.,*7*:$#$

4-.*+,+)+'$ 5$ 425**,452$ 7-8'2$ ,.$ 1,-2-39$ 8'>'2-=7'.+$ *+)8,'*:$ +&'$ 7-*+$ 4-77-.29$ *+)8,'8$H$

1',.3$!"#$%&"$'()'"$%*")$?IJMC$O$

N*$ *&-0.$ 19$@56+,.5.8A@56,$ 5.8$ 4-2251-65+-6*:$ +&'$ --49+'$ *)6/54'$ -/$ IJ$ ,*$ =6-36'**,>'29$L$

4->'6'8$ 19$ +'*+5$ 4'22*$ ?P,3C$ !F$ *''$ 52*-$@56+,.5.8A@56,$ '+$ 52C:$ ;DDEMC$ %&'*'$ 4'22*$ *'46'+'$ 5$E$

*='4,/,4$'Q+654'22)256$75+6,Q$?4522'8$ÐejqtkqpÑ+"qp"vqr"qh"0&,4&$+0-$259'6*$-/$/-22,4)256$4'22*$!D$

?PI*M$56'$8'=-*,+'8R$,.+'6.52$PI*$?JPI*M$5.8$-)+'6$PI*$?SPI*MC$N*$+&'$--49+'$8'>'2-=*$)=$+-$!!$

,+*$/,.52$*,<':$+&'$/-22,4)256$4'22*$36-0$=6-=-6+,-.5229C$%&,*$5446'+,-.$7'4&5.,*7:$0&,4&$86,>'*$!;$

/-22,4)2-3'.'*,*:$ ,*$ +&'6'/-6'$4-7=2'7'.+'8$19$5$4'22)256$='6,-8$-/$36-0+&$4-.+6-22'8$19$+&'$!B$

36-0+&$ -/$ +&'$ --49+'$ ,+*'2/$ ?P,3C$ ;A5MC$ %&'$ =6-4'**$ 4-.+,.)'*$ )=$ +-$ +&'$ 4-7=2'+,-.$ -/$ +&'$!K$

/-22,4)256$*+6)4+)6':$4&5654+'6,<'8$19$51-)+$HD$SPI*$/-67,.3$5$+,3&+:$4-7=54+$4->'653'$758'$!#$

)=$-/$HD$=-293-.*$?P,3$;A1MC$J.$/54+:$JPI$+-=-2-39$5=='56*$+-$1'$).,>-45229$2,.T'8$+-$+&5+$-/$!H$

SPI*C$U5*'8$-.$+&'*'$8'>'2-=7'.+52$5.8$+-=-2-3,452$4-.*,8'65+,-.*:$-.29$+&'$JPI*$56'$+5T'.$!O$

,.+-$544-).+$,.$=6'*'.+$*+)89$5*$,.$=6'>,-)*$0-6T$?@56+,.5.8A@56,$'+$52C:$;DDEMC$J.+'6'*+,.329:$!L$

+&'$ 8'>'2-=7'.+$ -/$ +&,*$ *='4,/,4$ /-22,4)256$ '=,+&'2,)7$ -44)6*$ 0,+&-)+$ 5.9$ 4'22$ 8,>,*,-.$ -6$!E$

5=-=+-*,*$?@5.4)*-:$!EH#MC$$;D$

$;!$

%,**)'$=5++'6.*$-/$ +&,*$ +9='$ 56'$ 3'.'65229$ 4&5654+'6,<'8$19$ 4-).+,.3$ +&'$ .)71'6$-/$=-293-.$;;$

*,8'*$-/$'54&$4'22:$52*-$4-66'*=-.8,.3$+-$+&'$.)71'6$-/$.',3&1-6,.3$4'22*$?G,1*-.$'+$52C:$;DDHF$;B$

I25**'.$ '+$ 52C:$ ;DD#MC$ J+$ &5*$ 1''.$ 2563'29$ -1*'6>'8$ +&5+$ +&,*$ +-=-2-39$ ,*$ .-+$ *9*+'75+,45229$;K$

6'='5+512'R$+&'$.)71'6*$-/$&'Q53-.*:$='.+53-.*$-6$&'=+53-.*$>569$*2,3&+29$1'+0''.$8,//'6'.+$;#$
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IJ$'33*$0&,2'$&'Q53-.*$56'$52059*$+&'$75V-6$4-7=-.'.+*C$;H$

$;O$
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='.+53-.52$*,8'*:$*-5=$/-57:$'+4C$%&'$7-6=&-3'.'*,*$-/$.5+)652$=5++'6.*$4-7'*$/6-7$=&9*,4-AB!$

4&'7,452$ 7'4&5.,*7*:$ 7-*+29$ 15*'8$ -.$ 7,.,7,<,.3$ +&'$ *9*+'7Óu$ =-+'.+,52$ '.'639C$ P-6$B;$

'Q57=2':$ +&'$&-.'94-71$,*$15*'8$-.$5$Ð4-.*+65,.'8$*+6wevwtcvkqpÑ$=6-4'**$4-66'*=-.8,.3$ +-$BB$
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@-6'->'6:$ +&'$ 8,*+6,1)+,-.$ -/$ =-293-.*$ -.$ 5$ *=&'6,452$ *)6/54'$ 4-66'*=-.8*$ +-$ 5$ &,*+-6,452$K;$

()'*+,-.C$ J.8''8:$ ,.$!O#;:$X)2'6$8'7-.*+65+'8$ +&'$ ,7=-**,1,2,+9$-/$ +-+5229$4->'6,.3$5$*=&'6'$KB$
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7'4&5.,*7*:$ ,.42)8,.3$ 7'4&5.-+65.*8)4+,-.$ =6-4'**'*$ 5.8$ +&'$ *+6)4+)6'A/).4+,-.$KL$

6'25+,-.*&,=*:$&5>'$1''.$ 2563'29$*+)8,'8$/6-7$+&'$4'22)256$ 2'>'2$ ?S*+'6$'+$52C:$!ELBF$ J.31'6$'+$KE$
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IJ$/-22,4)256$+,**)'*C$#B$

$#K$

J.8''8:$ +-$ -)6$ T.-02'83':$ -.29$ -.'$ =&9*,452$ *+)89$ &5*$ 1''.$ =)12,*&'8$ ,.$ +&,*$ /,'28$##$
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-/$ ,8'.+,452$ '2'4+6,45229$ 4&563'8$ Ð4)6>'8$ fkumuÑ:$ /6''29$7->,.3$ -.$ 5$ *=&'6,452$ *)6/54'C$ %&'$#O$

6'*)2+,.3$1525.4'8$4-./,3)65+,-.$4-66'*=-.8*$+-$5$*='4,/,4$8,*+6,1)+,-.$-/$KL$&'Q53-.*$5.8$!;$#L$

='.+53-.*$?4-.*,*+'.+$0,+&$X)2'6Ó*$+&'-6'7M:$0&-*'$'83'*$4-..'4+$+&'$8,*T$4'.+'6*C$J+$,*$52*-$#E$

*9*+'75+,45229$ 6'='5+512'$ 5.8$ 15*'8$ -.$ +'+65&'8652$ *977'+69C$ X>'.$ ,/$ 4-7=56,*-.*$ 0,+&$HD$

-1*'6>'8$IJ$ '=,+&'2,)7*$ *&-0$ +&5+$ +&',6$ 4'22*$ +'.8$ +-$ -635.,<'$ +&'7*'2>'*$ ,.$ +&,*$059:$ +&'$H!$

=5++'6.$ ).,()'.'**$ -/$ +&,*$ 5.52-39$ ,*$ .-+$ 585=+'8$ +-$ +&'$ .-.A6'=6-8)4,1,2,+9$ -/$ 1,-2-3,452$H;$

'=,+&'2,)7*C$HB$

$HK$
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'=,+&'2,)7:$512'$+-$16,.3$-)+$+&'$6-2'$-/$+&'$7'4&5.,452$*+6'**'*$,.$+&'$5446'+,-.$=6-4'**$5.8$+-$HH$

3'.'65+'$=5++'6.*$2,T'$+&-*'$'Q='6,7'.+5229$-1*'6>'8C$P)6+&'67-6':$ +&,*$7-8'2$ ,*$ ,.+'.8'8$+-$HO$

'.512'$=6'8,4+,>'$*+)8,'*$+-$+'*+$+&'$,.4,8'.4'$-/$/54+-6*$3->'6.,.3$'=,+&'2,)7$7-6=&-3'.'*,*C$HL$

$HE$

%-$8-$*-:$0'$)*'$7-8'2,.3$0,+&$+&'$2'5*+$=-**,12'$4-.*+65,.+*$+-$=6-8)4'$5$&,3&$2'>'2$-/$*'2/AOD$

-635.,<5+,-.$,.$+&'$'>-2)+,-.$-/$+&'$*9*+'7C$J.8''8:$,+$,*$,7=-6+5.+$+-$-1+5,.$.)7'6,452$6'*)2+*$O!$

0,+&$2-0$8'='.8'.49$-.$8'+'67,.,*+,4$6)2'*$-6$,.,+,52$&9=-+&'*,*$,7=-*'8$19$+&'$7-8'2C$J+$,*$O;$

.-+'0-6+&9$ +&5+:$.)7'6,452$ *,7)25+,-.*$15*'8$-.$ +&'$=&9*,4*$-/$8,>,8'8$7'8,5$&5>'$526'589$OB$

*&-0.$+&',6$51,2,+9$+-$6'=6'*'.+$5$2563'$>56,'+9$-/$89.57,452$6'-635.,<5+,-.*$-/$+&'$49+-=25*7$OK$

-/$58&'6'.+$4'22*$?@,25.$'+$52C:$;DDOF$@5)6,.$'+$52C:$;DDLF$^5.Y,'8'T'6T'$'+$52C:$;D!DMC$O#$
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['$+&)*$8'>'2-='8$5$.'0$Ð365.)256Ñ"7-8'2$5==2,'8$+-$IJ$'=,+&'2,52$7-6=&-3'.'*,*:$,.$0&,4&$OO$

,.8,>,8)52$4'22*$4-66'*=-.8$+-$+&'$JPI*C$J.$+&'$*,7)25+,-.*:$4'22*$'>-2>'$-.$5$*=&'6,452$*)6/54'$OL$

,.$544-685.4'$0,+&$+&',6$=&9*,452$=6-='6+,'*$5.8$7'4&5.,452$,.+'654+,-.*C$%&'9$4-.*'()'.+29$OE$

*'2/A-635.,<':$ 2'58,.3$+-$*='4,/,4$/,.52$ +,**)'$=5++'6.*C$%&'$7-8'2$0'$8'>'2-='8$,*$86,>'.$19$LD$

1,-2-3,452$85+5$+-$-1+5,.$.)7'6,452$7-6=&-3'.'*,*$4-.*,*+'.+$0,+&$'Q='6,7'.+52$-1*'6>5+,-.*$L!$

?/,.52$.)71'6$-/$4'22*$5.8$*,<'*$-/$4'22*$5.8$--49+'*MC$L;$

2. Methods LB$

J.$+&'$7-8'2:$'54&$4'22$,*$4-7=-*'8$-/$+0-$+9='*$qh"Ð365,.Ñ$7->,.3$-.$5$*=&'6'$*)6/54'$?Ð;\$LK$

*=&'6,452Ñ" 6'=6'*'.+5+,-.MC$%&'$/,6*+$ +9='$6'=6'*'.+*$ +&'$ ,..'6$49+-=25*7$0,+&-)+$5.$544)65+'$L#$

8'*46,=+,-.$-/$+&'$49+-*T'2'+-.$*+6)4+)6'C$X>'.$,/$,+*$/,257'.+*$=259$5$75V-6$*+6'**A1'56,.3$6-2':$LH$

-)6$ 1,-2-3,452$ -1*'6>5+,-.*$ -.$ IJ$ --49+'*$ *&-0$ +&5+$ 54+,.$ /,257'.+*$ ?75,.$ 49+-*T'2'+-.$LO$

+'.*,-.A1'56,.3$/,257'.+*M$56'$'**'.+,5229$-635.,<'8$5*$='6,=&'652$*+6)4+)6'*$5.8$+&5+$.-$*+6'**$LL$

/,1'6$,*$6'>'52'8$0,+&,.$+&'$49+-=25*7$?P,3C$;MC$%&'$6'*)2+,.3$5**)7=+,-.$758'$&'6'$4-.*,8'6*$LE$

+&5+$ 5$ 32-152$ 1525.4'$ ,*$ -1+5,.'8$ 1'+0''.$ +'.*,2'$ ='6,=&'652$ /-64'*$ 5.8$ 4-7=6'**,>'$ /-64'*$ED$

,.*,8'$+&'$4'22C$N44-68,.329:$5*$5$/,6*+$5==6-Q,75+,-.:$-)6$7-8'2$5**)7'*$+&5+$=6'**)6'$,.$+&'$E!$

4'22$=6-8)4'8$19$6'=)2*,>'$,.+'6.52$ ,.+'654+,-.*$,*$'(),2,165+'8$19$='6,=&'652$ +'.*,-.$1-6.$19$E;$

7'7165.'$ '2'7'.+*C$ %&)*:$ +&'$ *'4-.8$ +9='$ -/$ 365,.:$ 2,.T'8$ 19$ +&'*'$ 4512'$ '2'7'.+*:$EB$

6'=6'*'.+*$+&'$7'7165.'$5**-4,5+'8$0,+&$+&'$54+,.$4-6+'QC$%&'$/-64'*$'Q'6+'8$19$+&'*'$4512'*$EK$

56'$ 4-71,.'8$ 0,+&$ 6'=)2*,>'$ 54+,-.$ 1'+0''.$ 365,.*$ 5.8$ 1-+&$ 3->'6.$ +&'$ 7'4&5.,4*$ -/$ +&'$E#$

7'8,5C$@-6'->'6:$ ,.+'654+,-.*$ 1'+0''.$ +&'$ 7'7165.'$ 4512'*$ 5.8$ +&'$ ,.+'6.52$ 365,.*$ 45)*'$EH$

+&'7$ +-$ 6'75,.$ ,.*,8'$ +&'$ 4'22C$N22$ +&'$ ,.+'654+,-.*$ 56'$75.53'8$19$ +&'$7-2'4)256$ 89.57,4$EO$

7'+&-8$ ?N22'.$ 5.8$%,28'*2'9:$ !ELOM$ 'Q+'.8'8$ +-$ +&'$ 365,."4512'$ 4-.+54+*:$ ,.42)8,.3$ .-6752$EL$

>,*4-)*$ ,.+'654+,-.*$ 1)+$ .-+$ 58&'*,-.$ -6$ /6,4+,-.C$ J.8''8:$ we decided to consider only EE$

unidirectional contact interactions, i.e. normal forces without any tangential (or friction) !DD$
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forces, as can be done in granular mechanics (F. Radjaï and F. Dubois, 2011). Thus, viscosity !D!$

is only linked to normal velocity here, as in rheology when considering the Kelvin-Voigt !D;$

modelC$ %&'$ .)7'6,452$ =6-4'**,.3$ 4&-*'.$ &'6'$ +-$ 8'*46,1'$ +&'$ 4-.+54+*$ 522-0*$ 365,.$!DB$

,.+'6='.'+65+,-.:$5*$,*$>,*,12'$,.$P,3C$B$0&'6'$*-7'$365,.*$2--T$2,T'$=-293-.*C$U9$4-.*,8'6,.3$!DK$

+,-$5*$+&'$89.57,452$*+5+'$-/$+&'$*9*+'7$5+$+,7'$'$?=-*,+,-.$5.8$>'2-4,+9$-/$522$+&'$365,.*M:$0'$!D#$

)*'$ 5$ _).3'A`)++5$ _`K$ 'Q=2,4,+$ +,7'$ ,.+'365+,-.$ *4&'7'$ /-6$ +&'$ /).4+,-.$ .+,/'-/$ 0&,4&$!DH$

6'=6'*'.+*$ +&'$ +'7=-652$ '>-2)+,-.$ -/$ +&'$ *9*+'7$ 3->'6.'8$ 19$ +&'$ 7'4&5.,452$ '()5+,-.*$ -/$!DO$

*-2,8$89.57,4*R$!DL$

$ $ $ $!DE$

$

$

?!M$$

$

$!!D$

0&'6'$

"

!
"
?#M :$

"

a$!$
"
?#M $ 5.8$

"

a$a$!$
"
?#M $ 56'$ 6'*='4+,>'29$ +&'$ =-*,+,-.:$ >'2-4,+9$ 5.8$ 544'2'65+,-.$ -/$ 5.$!!!$

,.8,>,8)52$365,.$0/$0,+&$13&'()52$+-$+&'$*)7$-/$+&'$/-64'*$5==2,'8$+-$,+$5.8$23$,+*$75**C$!!;$

$!!B$
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Figure Legends
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