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Everyday experience shows that cellular sheets are stiffened by the
presence of a pressurized gas: from bicycle inner tubes to bubble wrap,
the presence of an internal pressure increases the stiffness of otherwise
floppy structures. The same is true of plants, with turgor pressure (due
to the presence of water) taking the place of gas pressure; indeed, in the
absence of water, many plants wilt. However, the mechanical basis of this
stiffening is somewhat opaque: simple attempts to rationalize it suggest
that the stiffness should be independent of the pressure, at odds with
everyday experience. Here, we study the mechanics of sheets that are a
single-cell thick and show how a pressure-dependent bending stiffness
may arise. Our model rationalizes observations of turgor-driven shrinkage
in plant cells and also suggests that turgor is unlikely to provide significant
structural support in many monolayer leaves, such as those found in
mosses. However, for such systems, turgor does provide a way to control
leaf shape, in accordance with observations of curling upon drying of moss
leaves. Guided by our results, we also present a biomimetic actuator that
uncurls upon pressurization.

1. Introduction

As well as being vital for the biological function of plants generally, water
plays a key role in the mechanics of herbaceous plants in particular. As
examples, consider Mimosa pudica leaves, which are known to curl due to a
change in thickness across the leaf hinge (pulvinus) caused by the motion of
water between neighbouring cells [1,2]. Additionally, the movement of water
inside bulliform cells can open and close the leaf halves of grasses in the
absence of a leaf hinge [3]. Water can also be used to propagate information
about deformation over long distances within the plant [4]. Indeed, water is a
primary driver of the motion of plants [5].

Perhaps the most obvious manifestation of water (or the lack of it) on
plants is wilting under water stress. The everyday experience of plants
drooping under their weight when deprived of sufficient water shows that,
for many herbaceous plants, turgor must play a significant role in providing
the rigidity that allows them to support their own weight. As well as being
a consequence of the loss of turgor, wilting may feed back on turgor by
reducing the rate of evapotranspiration and water loss [6].

However, not all plants respond to the loss of water in this same way: for
example, mosses, resurrection plants and reeds curl up rather than wilting [7-9],
while palm leaves may exhibit corrugated folding [10]. The lack of observations
of wilting in mosses and other bryophytes might be due to the small size (and,
hence, negligible effect of gravity) of the leaves, but nevertheless raises the
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question of what is the mostimportant mechanical effect of turgor in such systems?

The leaves of mosses have a number of unusual features compared with the leaves of larger species. Firstly, mosses are
bryophytes and thus lack true vasculature; as well as having significance for the transport of water throughout the leaf, this lack
of vasculature means that, except for the midrib of the leaf, there are no specific structures that stiffen it. An important second
difference is that the leaves of mosses are often a single cell thick [11]. It is thus not clear a priori how such leaves resist bending
under their own weight, for example.

It is natural to seek an understanding of the source of the rigidity of a monolayer leaf by seeking an analogy with highly
pressurized membrane shells (such as a cylindrical balloon) [12,13]. As for an elastic beam, the resistance to bending of such
a structure comes from the asymmetry between the in-plane stress across the cross-section of the shell. Counter-intuitively,
however, this resistance to bending is independent of the internal pressure, at least for small bending deflections [12,13]—
pressure dependence enters only once the shell wrinkles or is subject to the Brazier instability [13]. (We give a brief explanation
of this surprising result in appendix A). This expectation that pneumatic pressure does not ordinarily supply significant
additional mechanical stiffness to an object was confirmed by experiments [14]. Nevertheless, there has been considerable
interest in the use of pneumatic pressure (analogous to turgor) to control the shape of artificial structures: by designing the
channel structure carefully, pneumatically controlled structures (or “‘baromorphs’) can be made to have an (almost) arbitrary
shape in three dimensions when actuated by pneumatic pressure [15,16], while inflatable structures offer a readily transportable
alternative to traditional structures [17]. Taking more direct inspiration from biology, other solutions have used osmotically
driven flow as an actuator [18,19], or indeed plant leaves themselves [9]. These structures often consist of inflated ‘tubes’
connected by a thin flexible strip. These strips provide a small resistance against bending that is also independent of the tube
inflation pressure [15]. Connecting the tubes directly, however, would yield a greater bending resistance dependent on the
inflation pressure; this is demonstrated in figure 1a,b using a chain of inflated “air pillows’. These connected structures are also a
better reflection of the cellular structure of moss leaves, see figure 1c. They are, thus, the main subject of interest in this paper.

This study is motivated by the twin questions of whether turgor pressure provides significant stiffening against the effects
of gravity for mosses and, further, whether the loss of turgor plays a role in the curling of desiccated leaves that is observed
[6,7,20-22]. To address these questions, we develop generic two-dimensional models of a single layer of pressurized cells and
study their mechanical properties as well as the change of shape that occurs with changes in pressure. Since three-dimensional
deformation changes the Gaussian curvature of a thin object, they are energetically expensive in comparison with two-dimen-
sional deformations [23]; as such, we anticipate that considering a two-dimensional structure will provide a useful starting point
to address these questions. Moreover, our model goes beyond the geometrical models of [16] to incorporate the mechanics of the
cell wall in a simple way.

2. Effects of pressure in symmetric cells

We begin by considering the simplest model with a periodically repeated two-dimensional cell that is up-down symmetric. We
shall consider the cell deformation that is induced by pressurization alone, and also study the response of a pressurized element
to an imposed bending deformation. (Throughout this paper, we shall assume left-right symmetry). We consider the effect of
pressure, which results from water transport in plants, but do not consider other mechanical effects of the water; in particular
the bulk modulus of water is neglected.

2.1. Model set-up

We model the two-dimensional cell as being made up of four distinct beams; these represent two surface walls (of thickness h,
Young’s modulus E and relaxed length L), which are clamped at an exterior angle ® to the ends of two lateral walls, see figure
1d. (Initially, we assume the two surface walls have the same properties, but shall revisit this assumption in due course). The
two lateral walls have the same thickness and Young’s modulus, but have a relaxed length AL, so that the cell “aspect ratio’ is A;
the deformed length is t. (Note that, because of the two-dimensional nature of the problem, the presence of natural curvature is
not important in what follows).

The cell interior is pressurized to a constant pressure p and subject to a moment y, which stretches and rotates the lateral
walls and deforms the surface walls. For zero applied moment, u =0, we expect the lateral walls to be vertical thanks to the
up—down symmetry of the system. With non-zero u, the lateral walls are held flat by the adjacent cells, but rotate to an angle ¢
to the vertical at an average horizontal distance w away from each other, see figure 1d. Here, the horizontal cell width w, lateral
wall length t and angle ¢ are set by requiring that each cell be in equilibrium.

For the cell to be in equilibrium with the internal pressure, p, and bending moment, y, the lateral and surface walls must
exert a force on each other, which we denote (T4, N.) for the top (‘+') and bottom (‘") walls. A force and torque balance yields
expressions for T. and N.—see electronic supplementary material, equation (S1) of [24 ]. With these expressions, we turn to
consider the deformation of each wall individually.

2.1.1. Deformation of the lateral walls

By construction, the lateral walls remain flat for all interior pressures and only deform longitudinally due to a constant tension
(thickness-integrated stress), T := * N.cos F T:sin¢. Assuming the lateral walls deform according to linear elasticity, the
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Figure 1. (a,b) Gravity-driven deflections of a chain of inflated plastic ‘air pillows’ clamped vertically at one end. In (a), the air pillows are connected by a thin flexible
strip; while in (b), they have been glued directly together (as indicated by the white arrows). (c) Photographs of the canopy, leaf and mid-leaf cross-section of the
ground-dwelling moss Distichophyllum freycinettii. (Figure 1c was originally published in Waite & Sack [20] (2010; © The Authors) and is reproduced under license with
permission of John Wiley and Sons, all rights reserved). (d) Sketch of the symmetric pressurized cell model considered in §2. The monolayer cell sheet is bent by the
application of a bending moment, . The structure's resistance to bending is described by the effective bending modulus of the cell, B, which we determine in terms
of the cell geometry, the Young's modulus of the cell walls, E, and the internal pressure, p.

SY_L AN

deformed length, ¢, satisfies Hooke’s law, T= Y[t/(AL) - 1] where Y := Eh is the two-dimensional Young’s modulus of the cell
walls. Combining this with the expressions for N, and T. referred to above, we find [25] that ¢ satisfies the quadratic equation
t 1( pw utan ¢

ﬂ=1+72cosqb t )

2.1)

To determine the lateral wall angle ¢ and cell width w requires us to consider the deformation of the surface walls.

2.1.2. Deformation of the surface walls

We are particularly interested in turgid cells, which correspond to large interior pressures (in a sense to be defined later). This
means we cannot, in general, assume the surface walls deform with small slopes. Instead, we model wall deflections using the
Kirchhoff beam equations [26,27], which account for large (non-linear) slopes, while still assuming infinitesimal midline strains.

For a Kirchhoff beam, one must distinguish between the reference (stress-free) configuration, with arc-length parameter
0< S <L, and the deformed configuration, with arc-length parameter s. To simplify the following formulation, we work only in
the reference coordinate, S, and present the formulation for the top and bottom walls simultaneously. This formulation follows
that by Pandey et al. [28].

The deformation of the top (‘+') and bottom (‘") walls are measured by the axial stretches a.(S) := ds./dS and the wall
positions (x, z.), which are given by the geometric conditions

% =a.cos6, and % = a,sin 6,, (2.2a,b)

where 0.(S) are the angles of the wall midlines with respect to the horizontal.

Assuming the resultant moment of each wall is linearly related to the change in curvature, the intrinsic equation of the
surface walls, 6.(S), satisfies the Kirchhoff rod equation [27] modified to incorporate an internal pressure [29], which reads
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B d%0.

a; ds?

= T.sin 6, — N.cos 6. + p(x.cos 6. + z.sin 6.), (2.3)

for 0 < S < L, where B := Eh’/12 is the bending modulus of the surface walls. Similarly, assuming the resultant tension is given
by Hooke’s law (linear elasticity) then the axial stretch, a.(S), is given by

Y(a.—1) = T.cos 6. + N.sin 6, + p(z6. — x.sin 6.) . (2.4)

Note that the limit Y — < corresponds to an inextensible beam, for which a.(S) = 1. In this limit, (2.3) recovers the equation for
an elastica subject to a pressure p [26,29]. (Detailed derivations of (2.3) and (2.4) can be found in §I.A.2 of [25]).

2.1.3. Boundary conditions

It is not clear what mechanics should be imposed at the junction between the lateral and surface walls to model the complex
structure found in e.g. plant cells. For simplicity and versatility, we concentrate on clamped boundary conditions with an
imposed exterior angle 0 < © < 1/2, which reflects the values seen in nature (see figure 1c, for example) [20,30]. We, therefore,
have the boundary conditions

x:(0)=0, z:0)=0, x(L/2)= % + %sin o, (2.5a—)

6.,(0) = + (g - @) +¢, 6.(L/2)=0, (2.5d,e)

where the + refers to the top and bottom surface walls, respectively. Here, (2.5a) are conditions based on the geometry of the cell,
(2.5d) is a clamping condition, and (2.5e) comes from the symmetry of the cell.

The two extra boundary conditions for x., i.e. (2.5c), determine the unknown cell width, w, and lateral wall angle, ¢. Thus,
solving (2.2a,b) and (2.3) subject to (2.5) for both surface walls determines w, ¢» and, hence, t by (2.1).

2.1.4. Non-dimensionalization

To develop an understanding of the general behaviour of our model beyond specific parameter values, we non-dimensionalize
the governing system (2.1)—=(2.5). In this non-dimensionalization, we use the relaxed length of the surface walls, L, as the
reference length. This yields a system of ODEs for the surface wall angles of inclination 6,, axial stretches a., and dimensionless
position of a point on the walls (X., Z.)—electronic supplementary material, equations (S9)—(512) of [25].

The non-dimensionalization just described introduces two dimensionless parameters

P:=2= and B::i
YL

YL . (2.6a,b)
which measure the internal pressure compared with the stretching of the surface walls and the relative importance of the walls’
bending and stretching moduli (i.e. B= Eh*/12 and Y = Eh), respectively. (B may also be thought of as an inverse von Kérman
number [31]). The resulting system is governed by the aspect ratio of the cell, A; the inverse Foppl-von Karman number, B; the
dimensionless pressure, P; and the dimensionless applied bending moment, i := u/(YAL). Using typical values for the cell wall
size L = 50 pm and h = 1 um [20], internal pressure p ~ 1 MPa [32] and Young’s modulus E = 500 MPa [32], we find that B ~ 107
and P ~ 107" Similarly, we find that B~ 1.2 x 10~ and P ~ 0.06 for the inflated pneumatic devices considered by [16]. We shall
thus restrict our study to relatively small pressures, P < 1, which ensures small axial strains, as required for our assumption
of Hooke’s law. Crucially, however, we note that the cell becomes turgid when P > B (pressure dominates bending), which can
still be achieved with P <« 1 provided B <« 1. (To help the reader interpret the validity of results as P — 1 appropriately, we
shade plots of our numerical results to indicate the maximum strain within the beams, €yax = maxg |a. — 1]).

The resulting system is solved numerically for given dimensionless parameters i, P, A and B using the BVP solver bvp4c in
MATLAB. This numerical solution determines the unknown lateral wall angle ¢, the dimensionless lateral wall length ¢ := t/(AL),
and the dimensionless cell width @ := w/L. The beams considered here may, in principle, have two stable states (natural and
inverted [33]). However, the inverted state was not observed in our numerics: the beams were assumed to initially be in
the (energetically favoured) natural state and no snap-through buckling was observed as the internal pressure and bending
moments varied. (Had the initial state been the inverted state, snap-through to the natural state may well have occurred). To
understand the behaviour of this system, we begin by considering the pressurized structure without any additional forcing, i.e.

u=0.

2.2. The pressurized configuration

With no applied moment, /i = 0, the cell walls are in equilibrium with the internal pressure. The cell is up—down symmetric and
we expect the lateral walls to be vertical, ¢ = 0, by symmetry. We denote the (a priori unknown) dimensionless cell thickness and
width with no applied moment using subscript ‘0’, i.e. £ and Wo.
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2.2.1. Pressure increases cellular area

For a flaccid cell with no internal pressure (P = 0), the two surface walls are circular segments attached to a rectangular centre
(bounded by the lateral walls). Our numerical solutions (see figure 2a, for example) show that increasing the pressure, P,
increases the enclosed area, Ay, by bending the surface walls until the cell resembles a circle with two removed segments—
corresponding to the two lateral walls—provided that B < P (i.e. the cell is turgid). (Further details are given in ection LB of
[25], where we also show that the resistance to expansion initially increases with pressure, but ultimately decreases at large
pressures. This increase in resistance could explain observations of a non-linear volume-pressure response in plants without
material non-linear elasticity, e.g. [34]).

2.2.2. Pressurized cells can shrink laterally

Our numerical results show that, although turgor pressure drives an increase in cell area, it can cause cells to shrink laterally
with increasing pressure, see figure 2b. To understand this, apparently counter-intuitive, result, note that for large © the flaccid
cell resembles an ellipse with horizontal major axis, and the initial increase in area caused by pressure is achieved by pulling
the two lateral walls inwards (Wy decreases); for smaller ©, the flaccid cell resembles an ellipse with vertical major axis, and
the area is initially increased by pushing out the two lateral walls (@, increases), more in accordance with intuition. These two
behaviours are separated by a critical inclination angle, ® = ®p,,y, for which the flaccid cell is circular and the area can only
be increased through stretching (Wy is initially constant). Example profiles of the cells in these three cases are plotted in figure
2M-®@. The critical angle separating these two behaviours, ®pay, is found by elementary geometry to satisfy

Sin Omax = A(TT/2 = Omax). (2.7)

We also note that the internal pressure affects the response of the monolayer to stretching and compression. Quantitative
measures for the resistance to increasing pressure (i.e. the effective bulk modulus, K»p) and to axial stretching at fixed pressure
(i.e. the effective stretching modulus, Yes) can be found in section ILA-B of [25]. We now turn to consider the effect of a
non-zero applied torque, i # 0.

2.3. Response to bending: an effective bending modulus

When a bending moment, , is applied about the midline, the pressurized configuration is expected to bend, so that its midline
adopts some curvature, x—see figure 1d. This induced curvature deforms the surface walls, breaking the up—down symmetry,
and so ¢ is non-zero with x =2sin ¢/w (by elementary geometry). The symmetry under i — - suggests that the induced
rotation ¢ « [, at least for sufficiently small moments (Z < 1). The analogy with the linear relationship between moment and
curvature of a naturally flat beam leads us to introduce an effective bending modulus, Beg := limy, _, o p4/x = limg _ o uw/(2¢).

For ¢ <1, our system shows that indeed ¢ « & and the effective bending stiffness, Beg, is well-defined. To non-dimen-
sionalize By, we use the stiffness of a flaccid cell (P =0) with ©=m/2'. Bending this configuration induces a strain
g =+ALx/2 in the top (‘+') and bottom (‘~’) walls, hence the effective bending modulus is Bl = Y(.AL)2 /2, and we introduce
Begt = Bege/Blss ~ Wot/(A).

In general, B¢ must be determined numerically; however, analytical progress can be made in the asymptotic limits of small
and large pressures (i.e. turgid and flaccid cells). Below, we present the final asymptotic forms of Beg; derivations can be found
in section II.C of [25].

2.3.1. Flaccid cells

For a vanishing internal pressure, P =0, we find that J§eff is determined by the geometry of the cell, i.e. §eff ~ ngf((a, A, B) for
P <1 where §2ff is (S31) of [25]. Here, the dependence on B <« 1 determines whether the surface walls respond by bending
or stretching and A controls the aspect ratio of the cell. For ® = 1/2, ﬁgfﬁ 1 (by choice of reference value), while for ® =0,
]§2ff = 4r(m + 4/ A)B/(1*B + % - 8) < 1; this agrees with the observation that ]§eff increases with the exterior clamping angle, ©;
see figure 3.

2.3.2. Turgid cells

For a large internal pressure, P >> B, we find that

ZRSf oWo

e bt 2.8
2Rgwy — Lty b 28)

Begt ~
where R := (w%+ t%)l/z/Z, wq, and t are the pressurized cell’s radius, width and thickness, respectively, which also depend on
the pressure. For B <« P <« 1, (2.8) increases linearly with the pressure. For moderate pressures, P ~ 1, we see a superlinear
effect, although at such values the straining of the beams is important, and so the assumption of small strains may no longer

'A more natural choice of reference state might be the flaccid cell (P = 0) with the relevant clamping angle, ®. Our choice leads to a solution independent of © at
large pressures (P >> B), but comes with the caveat that the effects of ® dominate at small pressures.
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Figure 2. Plots of (a) the enclosed area of the cell, ﬁo, and (b) the width of the cell, Wy, as a function of pressure, . These plots were numerically determined by
solving the Kirchhoff equations with parameters A = 1/2, B = 10" and © = /2, 3n/8, /4, /8 and 0 (yellow to blue dots). The greyscale background corresponds
to the maximumA strain in the top and bottom beams, €, = maxg | — 1|, as delineated by the colourbar below these plots. In the inset of (a), the area of the
flaccid cell (i.e. A at P = 0) is plotted as a function of the clamping angle, 0; this is maximized at @ = 0y, = 0.54, for A = 1/2. In the main figures, the solution
for @ = Opay is plotted as a black dashed curve. In this critical case, the cell is circular in shape, which qualitatively separates the different behaviours: for © > 04,
the cell resembles a horizontal ellipse and an increase in pressure initially decreases the cell width, toy; while for @ < 8, the cell resembles a vertical ellipse and
an increase in pressure initially increases the cell width, ;. These regimes are delineated by 1D—@). Note that all the curves (areas and widths) converge when the
dimensionless pressure becomes close to one.

i el Al i kbl il R T Y : 0
1074 1073 1072 107! 10°

P = pL/Y €max

Figure 3. Plot of the effective bending modulus, §eﬁ, as a function of the internal pressure, PP, for the configuration parameters A = 1/2, B = 10*and 0 = n/2,
3n/8, n/4, /8 and 0 (yellow to blue). The effective moduli found by numerically solving the Kirchhoff equations are plotted as coloured dots, while asymptotic results
are plotted as solid curves: §eﬁ ~ §2ﬁ, valid for small pressures, is shown with the corresponding colour, and (2.8), valid for large pressures, is shown in black. The
black dashed curve is the numerical solution with maximum encapsulated area, © = 0,,,, = 0.54. The greyscale background corresponds to the maximum strain
in the top and bottom beams, €z, = maxs |c. — 11, as delineated by the colourbar; the contour lines of €, = 107,107,107 and 10" are shown as vertical
dashed lines. M- correspond to the three regimes sketched in figure 2. Although By may initially decrease with 7P (i.e. for large values of 0), it ultimately
increases with 7P. Note that all the curves (bending stiffnesses) converge when the dimensionless pressure becomes close to one.

be valid (hence the shading in figure 3). An angular stiffness that is linear in the pressure has previously been found for turgid
pressurized cells [16]. However, the effects of wall stretching, which gives rise to the observed superlinear response, has not, to
our knowledge, been appreciated previously.
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2.3.3. Moderate internal pressures

In figure 3, the numerically determined Beg is plotted as a function of P for A =1/2, B=10"* and various ©. Also plotted are
the asymptotic results at small pressures, i.e. Beff ~ Beff, and large pressures, ie. (2.8). As well as showing that the expected
asymptotic behaviour is recovered by these numerics, figure 3 shows that Beff may initially decrease with pressure, P, if the
exterior clamping angle, ©, is sufficiently large, but ultimately it increases with P according to (2.8). Altering the configuration
parameters, A and B, changes the results presented here quantitatively, but not qualitatively.

3. Pressure-dependent morphing in asymmetric cells

Many leaves are observed to curve when they dry [7,8,10]. One benefit of curving a water-stressed leaf is to decrease the rate
of evaporation, while the benefit of being flat when not water-stressed is to increase the area available to intercept sunlight
[10]. However, an up—down symmetric structure will not change its moment-free curvature, regardless of the turgor pressure.
To understand the turgor-driven curvature of leaves, therefore, requires an asymmetry, either mechanical or geometrical, to
be introduced at the cellular level. In this section, we consider the effect of different asymmetries on the variation of tissue
curvature with pressure.

3.1. Equilibrium equations of the asymmetric cell

To introduce an asymmetry in our cell model, we allow the surface walls to differ in one or more of the following properties:
relaxed length L, thickness h, Young’s modulus E and/or clamping angle ©. We, therefore, replace {E, h, L, ®} with {E,, hy, L., ©,}
for the top ('+') and bottom (‘~’) surface walls. Other than this notational change, the mathematical formulation for such an
asymmetric cell is identical to the symmetric case considered in §2, but with ¢ =0 since we neglect any applied bending
moment. For clarity, here, we also relabel the Young’s modulus, thickness and relaxed length of the lateral walls as Ep, hy and Ly,
respectively. This set-up is sketched in figure 4.

Using the relaxed lengths of the surface walls as the reference lengths, the surface walls” slopes 6., axial stretches a. and
dimensionless position of a point on the surface walls (X., Z.) satisfy a system of ODEs, electronic supplementary material,
equations (S9)—(513) of [25]. These equations are governed by the same dimensionless parameters that were introduced for the
symmetric case (§2.1), albeit with subscript distinguishing between the top (‘+’) and bottom (*~’) surface walls, i.e. P., A., By, ©.
and w,. Additionally, we introduce a new parameter,

ELhy,

Vs 1= m/

(3.1)
which is the ratio of the stretching moduli for the top and bottom walls compared with the lateral walls. (Note that Y. = 1 for the
homogeneous symmetric cell considered in §2.1).

By introducing the parameter ratios,

Rg:=E_/E,, Rp:=h_/h, Ry :=LJL, Re:=0_0,, (3.2a-d)

the parameters for the bottom wall can be written in terms of those for the top wall. The difference of the ratios in (3.2) from
unity measures the asymmetry of the cell. Overall, given values for the top surface wall parameters (P., A., B:, Y, and ©,) and
the asymmetric ratios (Rg, Ry, Ry, and Re), the system for the top and bottom walls can be solved to determine the cell width
w, = R w_, cell thickness t and lateral wall angle ¢. We now turn to consider a macroscopic measure of the asymmetric cells,
namely the effective curvature.

3.2. Effective curvature

At the scale of a whole leaf, individual cells cannot be identified, instead the asymmetry in e.g. plant tissue is observed as an
intrinsic curvature. In the case of the asymmetric cell model introduced in §3.1, this effective curvature is the curvature of the cell
midline which, from simple geometrical arguments, can be written as

Keff *= 2 5in Q/w, (3.3)

where we associate a positive curvature with a positive angle ¢ for the left lateral wall (i.e. the cell curves downwards, figure
4). As we show below, the scale of k. and how it varies with P is dependent on the type and magnitude of asymmetry chosen;
thus, there is no obvious choice of a dimensionless scale for x.s. Instead, we choose L. (the relaxed length of the lateral walls) as
a reference length to aid the comparison between the different asymmetries, i.e. we define Xef := Ly Keft = 2.4.8IN /W,

In figure 5, we plot the curvature of the cell, X obtained numerically, as a function of the internal pressure with one
asymmetry introduced at a time. Also plotted are asymptotic predictions, which hold for small and large pressures—details of
these can be found in section ILD of [25]. It is apparent that the different types of asymmetry induce variations of curvature with
pressure that are qualitatively different. Below, we explain the results for each type of asymmetry.
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Figure 4. Sketch of the asymmetric pressurized cell model considered in this section. The top and bottom surface walls have differing values of Young's moduli E..,
thicknesses /.., relaxed lengths L.. and/or clamping angles 0... These asymmetries induce an effective curvature, ., which varies with the internal pressure, p.
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Figure 5. Plots of the numerically determined effective cell curvature, %, as a function of the internal pressure for an asymmetry in either the Young's modulus
(o in panel (a)), thickness (« in panel (a)), relaxed length (+ in panel (b)), or clamping angle (x in panel (b)) of the surface walls, where the corresponding values
of Rg, Ry, Ry or Rq (asymmetries in the Young's modulus, thickness, length and clamping angle, respectively) are given in the keys. (Note that the ratio values,
and hence the sign of curvature, are chosen for presentation purposes only). The parameters are chosen such that their averages recover those used in figure 3, that is
VY, +1Y)2=101A.+1A)2=1/2,(B,+ B2 = 107" and (04 + 0_)/2 = 044, where in (a), 0,4 = 31/8 (blues) and 1/8 (yellow and green),
andin (), 0,4 = n/4. Also plotted are the asymptotic results for small pressures (as dashed lines) and large pressures (as solid curves), as derived in ection I1.D of [25],
and the cell profiles for the asymmetry with the corresponding colourat P = 0, 102and 107" (left to right).

3.2.1. Asymmetry in the Young’s modulus (R # 1)

At small internal pressures, the surface walls are unstrained since their ends are free to move horizontally; thus, an asymmetry
in the Young’s modulus of the surface walls does not induce a curvature at small pressures. As the pressure increases, however,
the walls deform in response to the additional loading. Initially, the cell curves towards or away from the more compliant
wall, depending on whether decreasing or increasing the width of the cell increases its area—i.e. © <®pax Or O > Opay,
respectively, with Op,y given by (2.7). (In the case of figure 5a, Rg=2>1, so the top surface wall is more compliant; thus, for
O = 31/8 > Opmax = 0.54, the cell initially bends upwards and %, is negative, while for © = 71/8 < Opax = 0.54, it bends downwards
and k.t is positive). As the pressure increases further, i.e. for P, > B,, the cell approaches a circular arc, thus the walls do not
bend any more and, instead, stretch under an increase in pressure. Again, the more compliant wall deforms at lower pressures;
this increases its length and bends the cell away from it, regardless of the clamping angle, ®. (In figure 5a, the cell curves
downwards at large pressures for both ® = 37/8 and 7/8). Finally, for P. ~ 1, the pressure is sufficiently large that both walls are
able to stretch freely, resulting in the cell flattening.
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3.2.2. Asymmetry in the surface wall thicknesses (R, # 1)

An asymmetry in the surface wall thickness is analogous to the asymmetry in the Young’s modulus, with the induced curvature
depending on the pressure in a qualitatively identical way. In fact, since the walls only bend at small pressures and the bending
modulus B « ER°, taking Ry =R and R, =1 is the same as taking Rg=1 and R) = RS at small pressures. Conversely, for large
pressures, it is the stretching modulus Y « Eh that matters, so taking Rg =R and R, = 1 is the same as taking Rp=1and R, =R
at large pressures. This correspondence is shown in figure 5a for R = 2.

3.2.3. Asymmetry in the surface wall lengths (R, # 1)

If one of the surface walls is naturally longer than the other, then the cell must be curved in its natural state. (In the case of
figure 5b, Ry > 1, so the bottom surface wall is longer than the top and the cell is curved upwards—k. is negative). As the
pressure increases, the curvature smoothly transitions from the results for a flaccid cell (governed by geometry) to those of a
turgid cell, see sectionII.C of [25]. At very large pressures, P. 2 1, the walls are free to stretch and so the cell grows, resulting in
a smaller effective curvature.

3.2.4. Asymmetry in the clamping angles (Rg # 1)

For small internal pressures, an asymmetry in the clamping angles causes the cell to be curved away from the shallower-angled
surface wall—i.e. the larger value between ®, and ©_. (In figure 5b, Rg <1 so that ®_<®, and, hence, the cell is curved
downwards with a positive Ze). This behaviour is determined purely by elementary geometry. As the pressure increases,
however, the importance of the clamped boundary decreases; in particular, for P, > B, the clamping angles are irrelevant
except in boundary layers of width O(B./P.) close to the ends of the surface walls. Outside these boundary layers, the cell is
effectively symmetric with zero curvature. Unlike the other asymmetries, this trend towards zero-curvature can occur at small
axial strains (P. < 1), where the assumption of linear elasticity still holds, see figure 5b.

Overall, a geometrical asymmetry (e.g. Ry #1 or Rg # 1) tends to lead to a curvature when flaccid, which vanishes as the
internal pressure increases; while a mechanical asymmetry (e.g. Rp # 1 or R, # 1) tends to lead to no curvature when flaccid and
a high curvature when turgid. In reality, multiple asymmetric properties might be combined in such a way as to have conflicting
effects, and so the curvature, kg might vary with the pressure differently to that discussed. However, the asymptotic results
for small and large pressures [25], still hold true and can be used as a first step towards understanding how %.¢ varies with
pressure.

4. Biological implications

In §§2 and 3, we presented the results of detailed model calculations for a monolayer cell sheet subject to an internal pressuri-
zation. To understand the effective rigidity of such sheets, we focused on cell sheets that are up—down symmetric (§2); this
also allowed us to understand changes in length of the sheet caused by pressurization. Cell sheets with embedded up-down
asymmetry added the possibility of out-of-plane shape changes (§3). We now turn to several biological systems that share the
essential ingredients we have discussed to learn what our modelling tells us about these scenarios.

4.1. Length changes during pressurization

Our model predicted that whether a symmetric cell sheet shrinks or expands upon increasing pressurization depends on the
angle at which the beams are clamped. If ® < ®p,,y, pressure acts to ‘iron out’ the excess length stored in the arched beams and
each cell extends laterally. This behaviour is almost intuitive, and has been reported as part of the explanation for the growth in
size of the wings of Drosophila melanogaster as they emerge from the pupal stage [35].

However, if © > Op,y, the opposite behaviour is observed: because the beams are less inclined in this case, their primary
response to pressurization is to become more highly curved, which, without stretching, requires the cell to shrink laterally.
Though less intuitive, this pressure-induced shrinkage has been observed in plant tissue and is highly dependent on the cell
geometry and wall anisotropy [30]. Using cellular force microscopy data, Hofhuis et al. [30] fitted experimental data for the
wall elastic moduli, obtaining E|; = 9000 MPa and E, = 150 MPa parallel and perpendicular to the shrinking axes, respectively.
With these Young’s moduli, their finite element method (FEM) simulations suggest a relative cell length Rje, = 0.91 and volume
Ryo1 ® 1.53 at a turgor pressure p =~ 0.65 MPa. These are comparable to the values Rjen = 0.88 and Ry = 1.53 observed in their
experiments. Their results can be directly compared with our two-dimensional model since they assume the cell wall in the
third dimension (i.e. perpendicular to the shrinking axis) is soft in comparison with the other dimensions (i.e. parallel to the
shrinking axis). Using our model with the same cell parameters (i.e. h=0.2 um, L =50 um, A =0.4, p = 0.65 MPa, E = 9000 MPa
and O = 71/2), we obtain Ry, = Wy = 0.83 and Ry = Xo ~ 1.53, which are remarkably similar to the values obtained by their more
sophisticated FEM simulations.”

Pressure-induced shrinkage has also been used to develop bio-inspired programmable shells [15,16,36] and, in tandem
with an element of fixed length, to induce curvature [2]. In particular, the linear increase of curvature with pressure observed
experimentally there is consistent with our theoretical work, which suggests a linear increase in size with increasing pressure.
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4.2. Size limits for monolayer leaves

The model developed thus far was motivated by the leaves of mosses, which are often a single cell thick, and have no
vasculature to stiffen them. Having developed the model of §2, it is natural to use it to understand whether the size of a moss
leaf is limited by the ability of turgor pressure to support it against gravity.

4.2.1. Bending under gravity

A horizontally clamped beam (of bending modulus B and linear density ¢) bends under the influence of its weight when its
length, ¢, is comparable to the elastogravitational length £}, := (B/gg)l/ 3 with g the gravitational acceleration [37,38]: if € > €y,
the beam will sag significantly. Such sagging could have two detrimental consequences for a plant leaf: (i) it decreases the
incident sunlight that may be captured and (ii) it may lead to large internal strains, which may cause structural failure and
damage. Previously, similar constraints for a heavy elastica have been used to compute the branch shape with maximum reach
[39] and the leaf design that maximizes the light intercepted for photosynthesis [40]. By taking B = B¢ and ¢ = p€inick, Where p
is the bulk density of the tissue and €ck is the macroscopic thickness, we can compute the typical length scale over which our
cellular structure would bend under gravity, i.e. £pg; we then compare &g with the lateral dimensions of naturally occurring
moss leaves, specifically the leaf length and width, €yiqm and €iengmm, as defined in figure 1c®

For small deflections, the change in the horizontal projected area (and, hence, area intercepting sunlight) is
L-x(L)= ff(1-cos ) dS « fe6* dS and, thus, is expected to be quadratic in the relative deflection. The typical relative
deflection of the heavy elastica is

D= WO _ ‘i, (4.1)
¢ B8bp,

where w(x), for 0 < x < ¢, is the profile of the deformed beam (see appendix B and [26]). In conclusion, sufficiently small leaves
(¢ < 26pg) should not sag significantly under gravity. With the measure of deflection (4.1), we can now test whether turgor
pressure is required for rigidifying the width and length of moss leaves against gravity. We shall begin by considering the leaf
widths since, unlike the leaf lengths, these do not have the additional support provided by a leaf costa/midrib.

4. 2. Effect of the width of moss leaves

In figure 6, the leaf widths, €\iqm, of nine different species of single-cell thick moss are plotted against the corresponding
elastogravitational lengths, £pg = [Beff/(pgéthick)]l/ 3 predicted from our model. Here, we use geometrical parameters for the moss
leaves and their cells from [20]. and take the Young’s modulus of the cell walls as E = 100 MPa (a lower bound on the typically
accepted values for plant cells [41]). In figure 6a, the prediction of ¢y is calculated assuming that the cells are flaccid (P = 0),
while in figure 6b, £y is calculated assuming a turgor pressure in the range 0.8 MPa < p < 2.1 MPa (to reflect the typical values
found in moss [32]).

By comparing figure 6a,b, it is apparent that turgor pressure increases the elastogravitational length, ¢pg. In fact, using
the small deflection solution, (4.1) with € =#yqm/2, the expected deflection of turgid leaves are all less than 1%, i.e.
[(€Width/2)/€bg]3 = 8D < 8 x 1072 Nevertheless, even for flaccid cells (P =0), the expected deflection remains below a few percent.

4.2.3. Effect of the length of moss leaves

The leaf length, €jengn, of the moss species studied by [20] is typically 3-17 times larger than their width, £y;qm. Multiplying the
abscissa of the data plotted in figure 6 by such a large factor would move all data points into the ‘dangerous’ region where the
leaf would be expected to sag under its own weight. Of course, the leaf costa/midrib provides additional longitudinal support
along the length of the leaf, and so the simple picture used to understand the likely deformation under gravity of the width
of the leaf is not strictly relevant. Nevertheless, the fact that this midrib is significantly thicker than neighbouring tissue (and,
hence, does rigidify the leaf) is consistent with the result of our theory that moss leaves are relatively close to the threshold at
which gravitational deformation does become significant.

Our results suggest that the widths of leaves are small enough that they do not need rigidifying, but that the lengths are
long enough that: (i) turgor does not provide significant additional support beyond that intrinsic to the cell walls and so (ii) the
midrib is required to provide structural support against gravitational effects.

*Note that a slightly pressurized cell was used as a reference state by Hofhuis et al. [30] to reflect the observations of actual plant cells. This is in comparison with the
truly unpressurized state (P = 0), that we have used here. Using a pressurized cell has the effect of slightly increasing Rie, and slightly decreasing Ry, but without
more details of the slight pressurization used by Hofhuis et al. [30] we cannot quantify this effect in our results.

*Note that both the length scale over which the beam strains due to bending, fpeng := [Beff/(pgetzhick)]l/ 2 and stretches due to gravity, Csyetch = Yeft/ (08€mick), where Yt
is the effective stretching modulus, are typically orders of magnitude larger than the elastogravitational length, ¢,s, and so are not considered here; nevertheless,

further details can be found in appendix B.

590707 27 oo 20547 ysy/eumol/Brobusyandieposiedor [



Downloaded from https://royal societypublishing.org/ on 06 March 2025

(a) Flaccid cell
1 T 7 T — T
'/' “““““
I R o P.P.
o 0 g i
~ é\j'/ ....... o AF
g 720 | o C.H
Eosf [?/'Q ..... o D.F.
g 4 g er”" o FP.
204 ! e o HA.
s UEr A o IS i
3 s T o
< s - M.M.
] S o Mp. |
Ve
At
"/‘ “““
(s 1 1 1 i !
0 1 2 3 a4 5 :
: log = [Best/(pginic)]*® (mm)
(b) Turgid cell
1 T T—7 T — T
'/' ‘‘‘‘‘‘
08 Q! // ‘‘‘‘‘‘ ]
N =
E) P
w2 | LGk
E o6} W< e i
Q // Q.ﬂ? ‘‘‘‘‘‘ —-o—]
S04 ¥ P 7 8 |
& S jo
= &l .... H n
02F A |
B
R
(s 1 1 1 i }
0 1 2 5 5

3 4
tog = [Bett/(pglinia)]"/* (mm)

Figure 6. Plot of the extended lamina widths, £,4n/2, against estimated elastogravitational length, £,5 = [Beff/(pgv”thi(k)]” 3 for nine species of single-cell thick
moss; here, colour denotes the species (see key), while point shape denotes the type as follows: trunk-dwelling mosses, O, (Pyrrhobryum pungens, Acroporium
fuscoflavum, Campylopus hawaiicus); ground-dwelling mosses, O (Distichophyllum freycinetii, Fissidens pacificus, Hookeria acutifolia); branch-dwelling mosses, /\,
(Holomitrium seticalycinum, Macromitrium microstomum, Macromitrium piliferum). Here, we have used the cell width, cell height, cell wall thicknesses, lamina thickness
and maximum leaf width reported by [20] for each species to estimate L, AL, h, €y and €,yigun, respectively. We further assume a density o = 1000 kg m~>;
clamping angle @ = n/4 (based on the cross-sections shown in [20]); Young's moduli E = 100 MPa, which is chosen as a lower bound to the typically accepted range
in plant cells [41]; and turgor pressures (a) p = 0 MPa (i.e. a flaccid cell) and (b) 0.8 MPa < p < 2.1 MPa (the typical range found in moss [32], with variation shown
by error bars in £yq). The lines €yign/2 = D" 3€bg for D = 107 (dash-dotted) and D = 10> (dotted) correspond to the deflection, D, of an Euler—Bernoulli
beam, (4.1); thus, the shaded region corresponds to where appreciable deformation under gravity would be expected.

4.3. Curvature in plant leaves

We have shown that turgor pressure does not provide a significant advantage in terms of rigidifying the leaf against the effect
of gravity. We, therefore, turn now to consider how pressure might produce the significant changes in curvature that are seen
upon the desiccation of leaves. A hydrated (large turgor pressure) moss leaf is flat to maximize light interception, while a
dehydrated (small turgor pressure) moss leaf is tightly curved, which limits further water loss [10,21,22].

To illustrate more concretely this change in curvature, figure 7a,b shows optical coherence tomography images of Physcomi-
trium patens moss leaves when hydrated (turgid) and dehydrated (flaccid). By taking cross-sections of the leaves at fixed points
along their length, the effective curvature of the two lamina halves protruding from the midrib were measured by fitting a
circle, as demonstrated in figure 7a,b. (Further details of these experiments can be found in appendix C). Figure 7c shows a plot
of the hydrated curvature against the dehydrated curvature for a number of leaves and cross-sections. The majority of these
points lie below the line y = x, suggesting the leaves do indeed curl when they dry. A linear least-squares fit yields a gradient of
0.2169 with a coefficient of determination of R* = 0.2075 after omitting the three outliers above the y = x line.

We studied the pressure dependence of the curvatures induced by the various asymmetries in figure 5. From this, it appears
that an asymmetry in the clamping angles (Re # 1) is closest to qualitatively reproducing the observation that a dehydrated
leaf is curved, whilst a hydrated leaf is flat. The green and yellow curves of figure 5b show a curved state at low pressure
(dehydrated) that is gradually ironed out by bending as the pressure increases (hydration). Figure 5b shows that an asymmetry
in the length of the surface walls also qualitatively recovers this behaviour. However, this is only achieved with P =1 when
Ry # 1 (see blue curves in figure 5b) because in this case the walls need to stretch (rather than bend) to flatten the leaf.

The results above raise the question of why the curvature control mechanism proposed above is not used by vascular plants.
Indeed, resurrection plants seem to curl up by relying on gradients in density of lignin, a hydrophobic component of the
cell wall [8]. Most vascular plants wilt when they lose turgor. This difference can be rationalized as follows. In contrast to a
curvature induced by dehydration, turgid plant tissue has also been observed to curl; for example, longitudinal strips removed
from Tulipa stems spontaneously recurve [42]; detached exocarp cells after explosive seed dispersal in Cardamine hirsuta curl
away from the fruit [30]; and animal epithelial monolayers curl downwards when devoid of a supporting substrate [43]. In
all three of these examples it was proposed that the spontaneous curvature was due to an anisotropy between the outer and
inner layers of the cellular structure: Niklas & Paolillo Jr [42] suggested that the spontaneous curvature was due to differing
mechanical properties across the cell walls (as first suggested by Hofmeister [44]); Hofhuis et al. [30] modelled the curling of
the detached exocarp as the release of tension inside a structure made of three different materials: an active soft outer layer,
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Figure 7. Optical coherence tomography images of a cross-section of a (a) dehydrated and (b) hydrated Physcomitrium patens moss leaf. The two laminar halves
protruding from the midrib are approximated by a circle (shown as dashed curves), the radius of which yields the dry and wet signed curvatures, %4, and e,
respectively. (c) Plot of %, against %y, for 11 Physcomitrium patens |eaves at various cross-sections along the leaves' lengths (points with the same colour correspond
to measurements at different points along the same leaf). The majority of the points lie below y = x (black dashed line), showing the leaves tend to curl when
dehydrated.

a passive middle and a stiff inner layer; and Fouchard et al. [43] proposed that the asymmetry of the animal cell sheet was
due to an enrichment of Myosin II in the substrate-supported side. Parallels can, thus, be drawn between these observations
and the asymmetric Young’s modulus (or equivalently thickness) induced curvature, R # 1 (or Ry, # 1). Accordingly, our model
provides a tool for the qualitative understanding of the curvature of simple cellular structures.

5. Biomimetic control of curvature

In addition to the biological examples considered in §4, the pressure-sensitive curvature of the monolayer cellular sheets
considered here may open new possibilities for the design of inflatable structures [16,36,45]. Typically, such structures are flat
in the unpressurized state and curve with increasing pressure [36,46,47]; this is usually caused by asymmetries in the thickness
or modulus of different sides of the object (see, for example, [46]) and hence gives curvature-pressure evolution of the type
shown in figure 5a. However, figure 5b shows that asymmetry in the angles or lengths of the cells may lead to a very different
behaviour with the system is initially curved but becoming flat as the pressure increases. As a concrete example, one can
imagine that this curvature—pressure evolution might find application as a passive soft robotic gripper, with the unusual feature
that the unpressurized device is clenched (i.e. curved), whilst the pressurized device is open (i.e. flat) [48,49].

To demonstrate this novel route for the control of curvature, we consider experiments with a four cell structure based on
our design with an asymmetry in the clamping angles between the top and bottom surface walls; this structure is 3D-printed
in Agilus-30 and inflated using a syringe while lying horizontally on a surface (see figure 8). The pressure is measured using
a digital manometer (RS PRO RS-8890, Radio Spares, UK). The modulus of Agilus-30 is known to be highly sensitive to
temperature so experiments were performed in environments with different ambient temperatures in the range 19°C-24°C; this
temperature was measured using an infrared thermometer and the corresponding Young’s modulus was inferred from separate
experiments in a tensile tester (Yunlan Zhang 2022, private communication). The effective curvature of the device at different
pressures was inferred by measurements from images of the inflation.

Experimental measurements of the effective curvature at different air pressures are compared with the predictions of the
two-dimensional model in figure 8f. These results confirm that the effective curvature of the device decreases with increased
pressure, as expected, though the magnitude of the decrease is larger than expected at the measured pressures. This agreement
is rather satisfactory given the variability in modulus according to print runs and the three-dimensional nature of the experi-
mental set-up that differs from our simplified, two-dimensional model. Our analytical framework may thus provide a starting
point and/or an alternative to more intricate numerical techniques, such as finite element simulations, which are often used to
model such systems.

6. Discussion and conclusions

In this paper, we have presented a simple model through which the turgor-induced mechanics of monolayer cellular sheets can
be understood. We began by seeking to understand whether the familiar influence of turgor on the ability of plant leaves to
resist the effects of gravity applies also to structures that are a single cell thick and do not have vasculature. We developed a
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Figure 8. A 3D-printed realization of the asymmetric pressurized structure of figure 4 uncurves upon pressurization. Panel (a) shows a three-dimensional render of the
full computer aided design (CAD), while panel (b) shows a half section. To enable inflation, the device has been designed with a ‘lid" and a ‘base’ in the third-dimension
(separated by 30 mm). The other geometrical parameters are L, = 10 mm, L, = 20mm, iy = 1mm, h. = 1mm, 0, = 0and 0_ = n/2. Equal pressurization of
each cell is ensured by elliptical holes (of width 6 mm and length 12 mm) that connect neighbouring cells—as seen in (b). The structure was 3D printed using the
PolyJet elastomer Agilus-30 [50]. Panels (c)—(e) show increasing pressurizations (Ap = 0, 5.87 kPa and 8.13 kPa, respectively) of the 3D-printed structure with the
effective curvature, x.¢, decreasing correspondingly. Quantitative measures of the macroscopic curvature as a function of measured air pressure are presented in the
main figure of (f); different colours indicate different experimental runs and different shapes indicate different Young's modulus, E, as given in the key. The predicted
effective curvature from the two-dimensional model developed here is plotted as the black dashed curve.

simple model of a two-dimensional monolayer to determine the resistance to bending that might be expected to emerge from
the turgor-induced elastic deflection of the cell walls. (This two-dimensional model is expected to provide a lower bound on the
resistance to bending of such structures since curvature in the neglected third dimension is expected to give a geometry-induced
rigidity [51]). This allowed us to consider scenarios in which the cells have sharp corners, as is suggested by cross-sections
of moss leaves (see figure 1a), but which are difficult to describe using shell theory, for example. Our model was able to
quantitatively reproduce previous observations of turgor-induced shrinkage in cell monolayers Hofhuis et al. [30], and shows
that most moss leaves are small enough that the enhancement of their rigidity by turgor is relatively small.

Given the relative unimportance of turgor pressure for providing mechanical support against gravity in moss leaves, we
also considered the curling/uncurling that is observed as water content decreases/increases. In particular, we investigated the
effect of different asymmetries in the cellular structure on the curling that results from a decrease in pressure (corresponding
to desiccation), focusing on two types of asymmetries: mechanical (e.g. asymmetries in the elastic moduli) and geometrical (e.g.
asymmetries in wall lengths/angles). We found that mechanical asymmetries only lead to curvature in turgid conditions, with
the structure remaining symmetric when flaccid. Conversely, we found that geometrical asymmetries lead to a natural curvature
in flaccid conditions, but that this curvature is ironed out in turgid conditions. Since this is in keeping with observations of moss
leaves (which we demonstrated in the context of Physcomitrium patens moss leaves in figure 7), we conclude that the underlying
cause of the leaf-curling observed biologically is likely to be a geometrical, rather than mechanical, asymmetry. However, we
emphasize that our model did not account for variations of the underlying physical properties, and their anisotropy, with water
content—an effect that is well known in paper, for example [52,53].

Finally, we illustrated the importance, and potential utility, of introducing a cell-level asymmetry in inflatable structures by
presenting a pneumatically inflated structure whose curvature mimics that of moss leaves as the internal pressure changes: at
low pressure (flaccid) the structure is curved, while at high pressure (turgid) the structure flattens out. Such a structure may
have applications in soft robotics where it might represent a gripper in which internal pressurization is only required to release
an object, rather than to keep hold of it. This would reduce the risk of damage induced by over-pressurization [54], and would
provide yet another example for plant-inspired soft robotics [10,55]. We note that extending this model system to multi-cell
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structures may provide additional insights into more complicated, non-vascular, plant structures or alternative mechanisms for m

the strain-dependent properties of certain plant tissues [56]. However, such extensions of our model may require the inclusion
of three-dimensional effects.
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Appendix A. Independence of infinitesimal bending modulus on pressure

Given the everyday observation that pressure is integral to the rigidity of structures from plant leaves to cylindrical balloons,
the claim that the resistance to bending at small curvatures is independent of pressure is surprising and generally involves
a detailed calculation [12,13]. For a more intuitive feeling, consider bending a pressurized two-dimensional section through
a pressurized shell, as sketched in figure 9. Here, the two-dimensional section consists of two surface walls (of thickness h
and Young’s modulus E) held parallel to each other with a vertical separation t. Pressurizing the interior induces a tension
(thickness-integrated stress), T, in the two walls; for instance, for a cylindrical balloon of radius R, we would expect Tj, = pR/2.
Bending the section downwards to form a midline curvature, x, induces a differential strain across the section, which stretches
the top surface wall and compresses the bottom surface wall by a strain € = tx/2. Assuming Hooke’s law, the tension in the
top and bottom surface walls then becomes T =T, + Ehix/2, respectively. Notably, the moment (about the midline) required
to impose such a deformation, u = Eht*«/2, corresponds to B = Eht*/2. This Beg is independent of T, and, hence, the internal
pressure, p.

Appendix B. Further size limits for monolayer leaves

In §4.2, we introduced the elastogravitational length, £y, of the cellular structure. We showed that ¢, increases with the turgor
pressure, p, in monolayer moss leaves and, for certain species, turgor is required for the leaf deflection, D = €3/(2€bg)3, to be
sufficiently small that the leaf supports itself under gravity. An alternative constraint on leaf growth might be the requirement
that the differential strain caused by bending (€ = €;«k/2, where x is the curvature of the leaf and ¢y, is its macroscopic
thickness) is small.

To estimate the curvature, x, and, hence, the strain, £, we use the small deflection profile of a Euler-Bernoulli beam, i.e.

w(x) = 1 —x(66% - 40x + x%), (B1)
Chg
where 0 < x < ¢ [26]. This solution was used to estimate the deflection in (4.1), i.e. D := w(¢)/¢, and also provides an estimate of

the strain,

Cinickl”
463,

£ 1o Ginick w'(e) =

o (B2)

Thus, for the strain induced by bending to be sufficiently small, we require ¢/2 to be small in comparison with
Chend = (Cog/Cumic)"” = [Beiil (08Cihia)] .

In figure 10, the leaf widths, ,,iqm, of nine different species of single-cell thick moss leaves are plotted against the corresponding
bending lengths, €pend = [Beff/(pgéfhick)]l/z, predicted from our model. Here, we use the same data as that used in figure 6. By
comparing figure 10a, for a flaccid cell, and figure 10b, for a turgid cell, it is apparent that the turgor pressure increases the
bending length, €peng. In fact, using the small deflection solution, (B 2) with € = €y,;qm/2, the expected bending-induced strains
of the turgid leaves are less than 0.1%, i.e. [(€width/2)/€bend]2 =4 xE<4x107°. However, this is not true when p =0 for certain
species (as was the case for the elastogravitational length in figure 6).

Overall, figures 6 and 10 provide safety factors for the surface extension of moss leaves. An additional size limit of monolayer
structures is that £ must be much smaller than the length scale over which the effective beam stretches due to gravity, i.e.
Cstretch = Yeit/ (08€mick), Where Y is the effective stretching modulus introduced in section ILB of [25]. However, for the moss
species considered here, €syeicn is orders of magnitude larger than £,; and €hend, thus it does not provide a principal constraint
on the surface extension of moss leaves.
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Bending

Top wall /\ _
( T=T, T=T,+p/t

Bottom wall

Figure 9. Sketch of the bending of a pressurized two-dimensional channel. In the left sketch, an interior pressure, p, induces a tension, Ty, in the two bounding
surface walls. In the right sketch, the pressurized channel is bent under a moment, £¢, which induces a differential strain across the channel.
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Figure 10. Plot of the extended lamina widths, €,4/2, against estimated strain length, €yenq = [Beff/(‘og€fhick)]1/ 2 for nine species of single-cell thick moss,
defined by colour, and point shape denoting the type: trunk-dwelling mosses, O, (Pyrrhobryum pungens, Acroporium fuscoflavum, Campylopus hawaiicus); ground-
dwelling mosses, O, (Distichophyllum freycinetii, Fissidens pacificus, Hookeria acutifolia); branch-dwelling mosses, /\, (Holomitrium seticalycinum, Macromitrium
microstomum, Macromitrium piliferum). Here, we have used the cell width, cell height, interior and surface cell wall thicknesses, lamina thickness and maximum leaf
width from [21] to estimate L, Ly, hy, hs, €xigc and €.igan, respectively. We further assume a density o = 1000 kg m~; clamping angle © = n/4 (an approximation
based on cell photographs [21]); Young's moduli E, = E5 = 100 MPa, which are chosen as a lower bound to the typically accepted range in plant cells [45]; and
turgor pressures (a) p = 0 MPa (i.e. a flaccid cell) and (b) 0.8 MPa < p < 2.1 MPa (the typical range found in moss [33], which gives the range in €y,eng). The lines
Lridn/2 = 251/2€bend for =107 (dash-dotted) and £ = 107 (dotted), correspond to the maximal differential strain, £, caused by bending a Euler—Bernoulli
beam, and the shaded region corresponding to significant deformations under gravity.

Appendix C. Experiments with Physcomitrium patens

Physcomitrium patens (Gransden strain) was grown on medium (0.2%, Gamborg’s B5 media with vitamins, Duchefa) mixed with
agar (1.2% plant agar, Duchefa), a phytotron (Aralab) with 24 h lighting (= 5300 Ix) at 22°C. Physcomitrium leaves were observed
fresh and kept on a wet glass slide (enough water to moisturize the sample without drowning it) and then dried upon a 37°C
heating plate for about 14 min. Wet and dry leaves were imaged with an optical coherence tomography system (Ganymede-SP5,
Thorlabs) using an objective (LMS02-BB) with a 5 x 5 mm field of view and a pixel size of 10 x 10 x 1.95 pm (the smallest size is
vertical). The Thorlmage software (Thorlabs) was used for TIFF file extraction. TIFF stacks were processed with Image] for the
extraction of curvature. Example cross-sections of a dehydrated and hydrated Physcomitrium patens leaf are shown in figure 7 in
the main text.
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