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Theoretical model

S1 Intrinsic torsion of tendril filaments

As shown in Fig. 5, the shape change of a cellulose fibril during deswelling can
produce an internal torque M that acts on the cell. Following the Cosserat rod model
of a spring "%, the torque M can be expressed as
M =By, (cosa —cosa,)cosa +C'y (sina —sine,)siner (S1)

where B’'=_Enr) is the bending stiffness of the tendril cell, C'=Gar,’ the
torsion rigidity, and ¥, = dw/0s =sin¢, /R;, wherey is the Euler angle, Sis the arc
length of cellulose fibril, R; is the initial helical radius of the cellulose fibril helix,
I, is the radius of the cross section of the cellulose fibril, and ¢, and « are the
helical angle of the fully swelled and partially deswelled cellulose fibril helices,
respectively. Considering the cell bundle structures of the tendril filament (Fig. 4), the
distributed torque m, acting on the tendril filament per unit length is determined as

follows:

Mr;

m =—7 Sz
* 27R!r’ tan (52)

where r, and r, are the radii of the cell and the tendril filament, respectively, R,

is the helical radius of the cellulose fibril helix. During growth or swelling/deswelling
of a tendril, the torque m; will produce an intrinsic torsion deformation of the
tendrilfilament. Thus, the reorientation of cellulose fibrils provide a driving force for
the formation and evolution of the tendril helix.

S2 Constitutive relationship
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Fig. S1. Coordinate systems: (A) Frenet coordinate system (FCS) with base vectors

ey, €5 and e;. (B) Cylinder coordinate system (CCS) with basis vectors €, €,
and e, ; (C) Helical coordinate system (HCS) with basis vectors e,, e, and e,.

In the wall of a tendril cell, cellulose fibril helices are closed packed, as shown in Fig.
3. Thus, the cell wall can be considered to be an orthotropic layer. Referring to the
helical coordinate system (HCS) (0 — XYr )shown in Fig. S1C, in which the X axis
is oriented in the winding direction of the cellulose fibril, the r axis is oriented in
the direction of the cell wall thickness, and Y is perpendicular to the X and r
axes. The orthotropic layer forms a cylindrical tube that is oriented parallel to a
certain direction, for which we establish the cylindrical coordinate system (CCS)
(0'—repz). The r axis is oriented in the radial direction of the cell cylinder and the
same as that in HCS, and the zand ¢ axes are oriented in the axial and angular
directions of the cylinder, respectively. Furthermore, the tendril filament is curved into
a spatial morphology and is treated here as a Kirchhoff rod having a helical
microstructure. For such a spatially curved rod, we introduce a Frenet coordinate
system (FCS) (0 —TBN ) shown in Fig. S1A, in which the origin 0 is located at the

centerline of the tendril filament, both the z and T axes are oriented in the tangent
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direction of the centerline, and the N and B axes are oriented in the normal and
binormal directions of the centerline, respectively.

The constitutive relation of the helical orthotropic layer in HCS is *

{0} ues =[QHE} s (S3)

where {0'} is the stress matrix and{s}, . is the strain matrix. The subscript HCS

HCS CS

indicates the parameters defined in the helical coordinate system. [Q] is the

orthotropic elastic stiffness matrix, which is expressed as

Qll le Q13 O O
Q12 Q22 Q23 O O
Q13 Q23 Q33 O 0
o 0 0 Q, O
0 0 0 0 Q 0
0 0 0 0 0 Q]

(S4)

S O O O

Through coordinate transformation, we can obtain the constitutive relationship in the
cylindrical coordinate system (CCS) from equation S3 as

{o-}ccs - [Gj{g}ccs > (SS)

where the subscript CCS stands for the parameters in the cylinder coordinate system.

The stiffness matrix, [G ] , 1S written as

[Q=[T"JI[TT]. (S6)

where the subscript T denotes the transformation matrix, and



LS}

m n 0 0 0 -2mn |
n m 0 0 0 2mn
210 0o 1.0 0 0
= 0 om0 | (57)
0 0O 0 -nm 0
mn -mn 0 0 0 m’-n*

Here, m=cos@, n=sind, and & is the angle measured from the L axis to the z
axis, and « the helical angle of a cellulose fibril. Moreover, & and « satisfy the

relationship 6+ a =90".

The matrix [Q] can obtained from equations S6 and S7 as follows:

_Gll 612 613 0 O Q_16_
512 (322 623 O O 626
N Q_13 623 633 0 0 Q_36
[Q] 1o 0 0 644 0 0| (58)
0o 0 0 0 Q, 0
_Q_lé 626 Q_36 0 0 Q_66_

A tendril filament can be regarded as an elastic rod with spatial configuration. Using
coordinate transformation, we obtain the constitutive relation of tendril filaments in

the Frenet coordinate system:
{O-}FNT - I:Q:I{g}FNT > (89)
where the subscript FNT indicates the Frenet coordinate system. The elastic

stiffness matrix [Q] 1s related to [Q} via the relation

[Q]=[M][Q][M] (S10)

Here, [M] is the coordinate transfer matrix:



1 0 0 0. 00
0 rrf nf 2mn 0 0
0 n m -=2mn 0 0
[M ] - A S
0 0 0 0 m -n
0 0 0 0 n m |

where m=cosf, n=sind, and € is the angle measured from the N axis to the r
axis.

Since the tendril filament is very thin and slender, the strain moments on its
cross-section can be approximated as constants. By averaging over the cylindrical
volume (V,=2nR)tana 7R/’ ) containing one coil of cellulose fibril helix, the

constitutive relation in equation (9) becomes

{o}=[QNe} (S12)
where
1 n Ry p2nR)tana
a;:\TO joz j: j: B N drd Gz, (S13)
, 1 p2n pR) p27R)tana ~ 1 2 _,
Qij=v—jO M) Qijrdrcwdz:Ej0 Q;de.
0 (S14)

Based on equation S14, we obtains
Ql'l = 611’ Qllz = Q2’1 = Q1'3 = Q3,1 = %(612 + 613)’
Qéz = Q3,3 = %(3622 + 2623 + 3Q_33)a Qéz. = Qéz = %(622 + 6623 + 633)9
' ~ ~ ~ ~ ’ ' ~ ~ S 1 5
Qu = %(3Q22 +Qs53 = 2Q,; +Quy), Q55 =Q46 = %(st +Qge)- ( )

Equation S12 provides the constitutive relation of a tendril filament with the effect of

cellulose fibril helices.



S3 Elastic rod model of the tendril filament
In the present study, a tendril filament with a circular cross section is treated as a
Kirchhoff rod with helical microstructure. According to the Kirchhoff rod model, the

strain components in the helical tendril can be expressed as *°

& :‘92:09 E=0Y—W,X, ¥, =7 =0,

Vi3 =—OL+ @Y, V)3 =5 = OX+ @Y. (S16)

Based on equations S12 and S15, the stress components are obtained as

0,=0,=0, 0,=Q/(®y-wX), 7,=1,=0,

7y = T3 = Qss@Y, 73 =73 = Qis(@X + @y Y). (S17)
Then, the potential energy function /7 of a tendril filament of length L, is

17 = [ [Hy(x(5).7(8)) ~Wy(5)] ds.
(S18)

where «x(s) and 7(s) are the curvature and torsion of the tendril filament,
respectively. H, is the strain energy of the tendril filament, and W, the potential

energy of external force, which can be written as
1 2 2
Hy =2 {B@)[x(9)~x, ()] +C(@)[r(8) =, ()] |
W, =my(a)[7(s) = 7,(5)]. (S19)
where B(«) is the bending stiffness and C(«) the torsion rigidity, which are both
functions of the helical angle of the cellulose fibril helix, o, and x,(s) and z,(S)
are the initial curvature and the initial torsion of the tendril filament, respectively.

equations S18 and S19 can be rewritten as

"= ILO [Q, Qi () ~Qu7(5) + Qu(8)* +Q,z()” | s,
| (S20)



where
Q, =5 B(@)x; +5C(a)7; +my(a)zr,, Q, =B(a)xk,,
Q, =C(a)r,+my(a), Qy=3B(a), Q,=1C(a). (S21)
S4 Shape equations of the tendril helix

For the deformation and shape formation of a tendril filament, the equilibrium and

stability of a tendril with spatial configuration require that

I71<0, 8IT=0, 511 >0,
(S22)

where oX denotes the variation of X, and

Hy 5745+ [Hyods.

SIT = j
or (S23)

My seds + j
oK

Based on equation S23 and using the calculus of variation’”, we obtain the following

shape equations for a deformed tendril filament:
-Qx +Q,7° —Qux7 +Qux” +(3Q, —2Q)x7” +2Q K,

2 (S24
+4Q, (%)r +Q, 2 )

T _ 0,
K
_Q][S + Q2Ks + 2(2Q3 - Q4)KsT + 2(Q3 - Q4 )KTs

2 S25
12Q, —2Q4(1;>ss =0 (523)

T
K

dx dr d’x d’r
where K'S:d—, TS:d—, KSS=F,and TSS=E.
S S

For a tendril helix with a constant curvature and a constant twist, equation S25 is

automatically satisfied. Thus equation S24 is rewritten as

Q,R’ —Q,Rsin’ ¢ + Q,Rsingpcosp —Q, cos* ¢

. 5 (S26)
+(2Q, -3Q,)sin" ¢pcos” ¢ =0



where R and ¢ are the helical radius and the helical angle, respectively.

For a helix, we have

cos’ @ singcos @
= T = _—,

; S27
: R (827)

K

In addition, the curvature and the twist can also be expressed by the helical radius and

the helical pitch as
R h,
TR TTRGRE (528)
0 0
Then the shape equation in equation S26 can be rewritten as
QR(R* +hg)* ~Qhg (R* +hy) + Q,Rhy(R* + 1) —Q;R’ (529)

+(2Q; - 3Q4)Rh§ =0
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