Supplementary material for: A Mechano-Sensing Mechanism for Waving in Plant
Roots



Growth of a one dimensional rod

As stated in the main text, we treat the freely moving zone as a growing rod clamped on one side by the root
hairs and pinned on the other side by friction. Following Goriely [1], when describing a growing rod, there are three
different configurations:

e The initial configuration By - the configuration before growth has started. Positions inside this configuration
are described using the arc-length, denoted by Sy, which varies between 0 and Ly.

e The “virtual” configuration V(t), where ¢ is the time. This is an unstressed deformation of By due to growth
(V(0) = By). The arclength of this configuration is denoted S and its length is L (when there is growth L(t) > Lo
for t > 0). It is called a “virtual” configuration since the boundary conditions force the rod to deform to a
different configuration.

e The current configuration B(t) is the actual (stressed) configuration at time ¢. It is an elastically deformed,
virtual configuration V), that is subject to the actual boundary conditions. The arclength of this configuration
is denoted S and its length is 4.
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FIG. 1. The different coordinate systems used to describe growth in an elastic rod.

If the rod is not subject to any external forces or confinement, its differential deformation will be:
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where S(t) changes with time. If the ends of the rod are constrained to stay at fixed positions, or it is subject to body
forces, its shape may change elastically and the amount of deformation will be:
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When both growth and elasticity play a role, the total stretch with respect to the initial configuration will be:
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If we assume linear elasticity (this should be the case for a relatively unstretchable material such as a plant root), the
stress will be:

Ope = F(a—1) = Ee (4)

where € is the strain. Here and in the following, we assume that the growth is much slower than any elastic or
dissipative response (the growth rate is orders of magnitude slower than the speed of sound) and therefore, we can



assume that the material is in mechanical equilibrium at every given moment. The deformation rate due to growth

will be governed by some growth rule:

0
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and can depend on the microscopic mechanism which allow for growth in a specific organ.

Stress accumulation due to growth

()

If the rod is held at a constant length but is allowed to grow, v will increase but A will be constant (A = 1). Here

we assume uniform growth at the FMZ:
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For a uniform growth:
y=1+kt

(assuming v(0) = 1) and:
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the stress will become nonzero and will become more negative over time due to confinement (the rod becomes

compressed ):

Stick-slip without buckling

e Stick phase () constant, v increasing):
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the stress is a result of the static friction applied on the root tip on one side of the FMZ and the clamping by
the root hair on the other side of the FMZ, both resisting the expansion. The force that the boundaries apply

on the rod is:

F, =0, A=—-AF L
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this is equal in magnitude but opposite in direction to the friction force:
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when F, = ugsFyn the tip slides until it becomes arrested again due to the kinetic friction fr = prFn. The

waiting time before the onset of a slip event can be found from the equation:
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this also defines the stretch at slipping vsip:

AE <1 - ) = u.Fy (15)

Vslip
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after the onset of a slip event, the tip moves until kinetic friction causes the tip to become arrested in a less
stressed position.

Slip phase (A increasing, v constant): We assume that the growth is too slow to increase significantly during
a slip event and therefore we assume that «y is constant and / is increasing as:
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where v(t) is the tip velocity. The elongation is thus:
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z(t) = Lo(A — 1) (19)

where z(t) is the position of the root tip with respect to its position at ¢ = 0. From this we also get that:
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and:
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#(t) = Loy (21)
The elastic force is:

Foy=-F,=—-0,,A=AE(a—1)=AFE (1 — A ) (22)
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since g4, > A this force is initially positive F¢;(0) > 0. The equation of motion is:

mfé—Felfk—AE< A 1>fk (23)
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where m is an effective mass representing the inertia of the root tip which we approximate as a point particle.
The root tip will become arrested after F,; becomes smaller than f;. Substituting:
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the equation of motion is then:
EDY
R 2= 20) (26)



where:
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define € = A(t) — Ao:
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e = Acos(wt + ¢)

A(t) = Acos(wt + @) + Ao
the initial conditions are:

AMtsiip) = Acos(wtsip + @) + Ao =1

}\(tslip) = —Awsin(wtgp + ¢) =0
from which we get ¢ = —wtgp and A =1 — Ao:
At) = (1 — Ag) (cos(w(t — tsiip)) — 1
the root tip stops moving when AN=i=0:
A= —whosin(w(t — taip)) =0
which occurs when:
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the deformation after the tip has stopped will be:

Mtstop) = Acos(w(tstop — tsiip)) + Ao = Acos(m) + Ao = —A+ Ao =2Xg — 1

the displacement after the tip has stopped will be:

F
Tstop = LO(A - 1) = LO(2)\O - 2) = 2L0(’Yslip (1 - MZEN> — 1)

Estimation of length- and time-scales for stick-slip

A=mr?=12x10"3m?

(32)
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We obtain a rough estimate of the length- and time-scales involved in the stick-slip dynamics from equations 27,39.
For Arabidopsis:

(40)



We do not have values of Young’s modulus for Aabidopsis. We therefore use the measurements of the Young’s modulus
of Medicago obtained in [2]:

E~55x10"Pa (41)

and assume that it is of the same order of magnitude as Young’s modulus in Arabidopsis. For the force we use a
typical value obtained from experiments on different plants [3]:

Fy=6x10"N (42)

the length of the FMZ is approximately:
Lo=10"3m (43)
For small normal forces, the friction coefficients of gels are found to be similar to those of solid friction [4]. We choose:

s = 0.3 (44)

wi = 0.2 (45)
Substituting in the expression for the slip length, we obtain:
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and:

F
Tatop = Lo(A — 1) = Lo(2X0 — 2) = 2Lo(siip (1 — “ZEN> —1) ~2um. (47)

For the slip time we need to calculate the frequency:

w—  |AELo (48)
MYslip

We therefore need to estimate the mass of the FMZ. We estimate it to be 1 mg = 107% kg. The slip time is thus:

At=2"~02s. (49)
w

The time and length scales are small, as expected, but the motion should be possible to detect in a microscope with
a fast camera.

Rods in two dimensions and buckling

When the rod is allowed to grow on a plane (this is known as Euler’s elastica), we must balance both forces F(s)
and torques M. This leads to the following classical equations of the elasticity of thin rods [5]:

dF
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where

t= (Zi, ;l?;) = (cosB(s),sinb(s)) (52)
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is a unit vector tangential to the rod and 6(s) is the angle that ¢ forms with the z-axis. The coordinates (z(s),y(s)
are the coordinates of the “neutral line” - the line on which an inextensible rod does, the material is not stretched or
compressed (see Fig 3 in main text). Writing the formulas in a more explicit form and using the constitutive relation
for thin elastic rods, connecting the moment to the curvature:

do
M = Bk =B—.
K 7 (53)

We get that when in mechanical equilibrium, the elastic rod (our FMZ) must satisfy the equations [6]:

aE ) dE,

= 4
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Bd29 F,sinf — F, 0=
@—i— zsing — F, cosf =0. (55)
For a pinned FMZ, the boundary conditions are:
de
y(0)=0,M(0)=B_-(0)=0;  y(L)=0,6(L)=0 (56)

since it is pinned by the friction on the other end (the root tip), and clamped on the other end by the root hairs (it
cannot change the angle at all there). To obtain a dimensionless form, we rescale the equations by s = L3 and use
the fact that initially F}, = 0 (assume that the rod is oriented in the z direction):

d*0 n F,L?
ds? B

sinf =0 (57)

For small angles we can linearise the equation by assuming that:

dy
~ s, 0=—"— 58
T RS . (58)
Substituting, and assuming that sinf ~ 6, we obtain the equation:
d’y dy
B—+F,—=0 59
dz3 + dx (59)
we take the derivative with respect to x to take into account the equilibrium condition dd% =0 [7):
d*y d%y
B—+F,— =0 60
dzt + * da? (60)
the boundary conditions are now:
d?y dy
0)=0,—(L)=0 L)=0,-—=(L)=0 61
w0 =0, S5y =0, ym)=0, L) (61)

this equation has a straight solution y(xz) = 0 which stable for small forces. However, for F, larger than a critical
value:

_ /B

Fp = Tz (62)

The buckled solution:
a (e (BT Bz
y(z) = A (Sm (L T cos(p) (63)
becomes stable and the y(x) = 0 solution becomes unstable to perturbations (for more details see [7]). Note that:

32 ~ 20.19073 (64)



is found from the boundary condition y(L) = 0, which leads to the equation:

tan (8) = (65)

The time, force and length at which buckling occurs can be found by finding the first time at which the buckling
condition is satisfied:

L*F, = 3B (66)
substituting:
kt
L2(1 2AE =/3’B
51+ kt) (1+kt) B (67)

and solving, we find:

fy = (VI 442 — 1) (68)

2k

where:

B
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Post-buckling in experiments

In the main text we showed that the shape of waving in the movie published by Thompson and Holbrook [8] can
be fitted to the buckling equation 63. In our waving and coiling movies it is difficult to observe buckling since the
time scale of the “sticking” phase in the stick-grow-bend-slip dynamics is short compared to the time between taking
images and because the images were not sharp enough to allow the observation of the root hairs. However, in one
case, where the gel was relatively dry, the root tip became stuck in one point on the gel and showed clear buckling.
This is shown in Supplementary movie 3. In Fig 2 we show fits to the first two snapshots taken from this movie.
We can see that the fit to the first snapshot is rather good with R? = 0.972 while the fit to the second snapshot is
not good with R? = 0.617. We believe that the reason is that because the root tip could not move, the root reached
curvatures that cannot be described by the linearized solution 63.
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FIG. 2. Analysis of the buckling observed in supplementary movie 3 (a,c) are images showing the shape of the FMZ
at an early time (a) and a later time (c). (b,d) are fits of the theory to representative points taken from the center line of (a)
and (c) respectively.



Force in the post-buckling regime

We start by rescaling the equations by s = Ls:

d20 L2 L?
prel + EFI sinf — §Fy cosf) =0 (70)

which allows us to write equation 55 in a dimensionless form:

dze -~ -
@+Fxsm€—chosﬁzO (71)
where:
B - B -

Following the perturbation theory by Wang (for more details see [6]), we expand 6(s) for a small parameter e:
0(s) = efo(s) + €201 (s) + O(€®) (73)

the dimensionless force changes nonlinearly with e:

F, = ap+ a2 + O(e*) (74)
F, = boe + b1e® + O(e°) (75)

where ag and a; are dimensionless constants. Similarly, the displacement at the tip (i.e its position with respect to
its undeformed position) is:

u = upe® + O(e?) (76)

where ug is a dimensionless constant. We invert the asymptotic series to obtain (for justification see [9]):
2 _ U 2
€ =—+0 (u?) (77)
m

The constants ag, a; and ug are obtained from the perturbative solution. Substituting:

F? = a2 4 2a0a:€% + O(€*) (78)
F2 =bje* + O(e") (79)
F= \/13’9? + Fy2 ~ \/ag + (2apa; + b3)e? (80)
expanding:
- 1 o 2 1 o [ U
Fr~ag+ %(2%&1 +b5)e” ~ ag + 2fio(anal +b5) w (81)

We assume that the tip was pinned at buckling and therefore L(t,) = Lp, where ¢, is the time at which buckling
occurs. The displacement at the tip is therefore:
L-2(Ly) L-1Lg

u= 7 =—7 (82)

for a static configuration, the relation between the force and the rod length L is (substituting the expression for the
dimensionless displacement):

F%ao—ki@aoal—kbg) (1 (H@O)» :ao+c(L_LB> (83)

Uuo L L
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where:

2apa1 + bg
2apug

C (84)

In the post-buckling period, the main contribution to the energy comes from bending and, in principle, we can ignore
stretching or compression. We can therefore assume approximately that:

A=7, L=Y (85)
and thus:
oA
— =k
5 (86)
A=1+kt (87)

and since we are starting from the buckling length L and buckling time t;:
L=Lp(1+k(t—t)) (88)

substituting, the dimensionless force as a function of time will then be:

- k(t — ty)

the dimensional force F' will be (note that ag = 32, see [6]):

L C kE—t)
=R [” a0 (1+k(t—tb))] (91)

which is a decreasing function of time (see Fig 4 in the main text). This means that growth becomes easier for the
plant after bending. An intuitive explanation is that for a longer rod the force required to buckle it is smaller and
therefore, to reach a certain post-buckled state will also require less force. Note that the obtained expression for the
post-buckling force is of the form:

F=F.(1+ad+0b5*+..) (92)

that is used to describe post-buckling behavior in different mechanical systems[10], Here § is the deflection, F' is the
force and F is the critical (buckling) force.

FORCE LEADING TO SYMMETRY BREAKING

We describe the substrate plane (the plane on which the root grows - blue plane in Fig 7(a) in the main text) using
the equation:

Apr1 - (F— 7o) =fpn -7=0, (93)

where we choose the position of the root tip to be the origin 5 = 0. The unit vector np;; describes the direction of
the normal to the plane. We assume that 7,1 lies in the y-z plane, points in the positive z direction when ¢ = 0°, in
the positive y direction when ¢ = 90°, and tilts around the x axis at intermediate angles. This vector is:

Ay = (0, —sin, cos ), (94)
and the plane is then all the points (z,y, z) satisfying the equation:

—ysinp+ zcosp =0. (95)
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The force 7, that the root tip is applying on the agar plate due to gravitropism, is a result of a gravitropically induced
bending of the FMZ, as discussed in the main text. The bending occurs in a plane that is perpendicular to the surface
of the earth and that also includes the vector, 74, that represents the projection of the direction at which the root
tip is pointing to the agar surface. When the growth is in the downhill direction, 7, (the green arrow in Fig 7 in the
main text) is:

iy = fan = (0, — cos i, — sin ). (96)

When the growth direction forms an angle 6 with respect to the downhill direction, this vector is rotated by an angle
# around a rotation axis in the direction of the normal to the growth plane pl1. The direction of the tilted growth
vector can be found from Rodrigues’ rotation formula:

ﬁtz‘p = gy cos O + (npll X ﬁdh) sin @ + ﬁpll(ﬁpll . ﬁdh)<1 — COS 9) (97)
from which we get:
fgip = (siné, — cos @ cos p, — cos fsin @) . (98)

The plane in which the root curves includes 74;;, and the vertical direction 2 and its normal vector is thus found using
the vector product:

Tiplz = 2 X Tugzp = (0,0,1) x (sinf, — cos 0 cos ¢, — cos Osin ) = (cos b cos p,sin 6, 0) . (99)
We can also write an equation for this plane:
Tipiz - 7= —x cosfcosp +ysinf = 0. (100)

The direction at which the force 7 is applied by the root on the surface, is inside the plane pl2 and is perpendicular
to the growth direction 7i4;;,. Its direction is the same as the direction of:

Tor = Tipi2 X Ngip = (cosBcos,sinf,0) x (sind, — cos f cos p, — cos O sin p) = (101)

(— cos @ sin fsin p, cos® f cos sin ¢, — cos? f cos®  — sin® f) . (102)

We take into account the projection of this force into three components: a component pointing in the opposite
direction to the normal to the growth plane 7y (into the growth surface) that gives rise to the normal force, a
perpendicular component 74, Which lies in the growth plane and points towards the downhill direction, a component
in the & direction that is positive when 6 > 0 and negative when 6 < 0 (Fig 7 in the main text). The magnitude of
the component in the direction ngy:

iy - Nign = sin® Osin g . (103)

The magnitude of the component that is pointing in the growth plane in a direction orthogonal to ng, (this is actually
the x-direction) is:

iy - & = —cosfsinfsinp. (104)

Both components are responsible for the symmetry breaking that leads to waving rather than coiling. Both are zero
when the surface is horizontal (¢ = 0) and when the root is growing in a downhill direction (# = 0), and for a finite
©, the first component causes the slip to have a downhill component when the static friction is overcome and the
second acts as a retrieving force that counter-balances the change of direction of 7, due to buckling. Together, these
components keep an average downhill direction of the root tip when ¢ > 0.
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