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Structure and mechanics of the iris leaf
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The structure of the iris leaf resembles that of a sandwich beam with fibre composite faces
separated by a low-density foam core. Such structures have a high specific stiffness because
the separation of the faces by the lightweight core increases the moment of inertia of the
section with little increase in weight. In this paper we examine the structure of the leaf of the
bearded iris and show that its flexural stiffness can be explained in terms of the mechanics of

sandwich beams.

1. Introduction
For photosynthesis to take place, the surface of a leaf
must be exposed to light. Because of this, the leaf must
be stiff enough to support its own weight without
drooping excessively. Leaves of dicotyledon plants,
such as ivy and oak, achieve this stiffness by means of
a dendritic network of thick-walled veins. Those of
monocotyledons, like the iris and most grasses, derive
it largely from a set of parallel ribs running longitudin-
ally along the outer surfaces of the leaf. Fig. 1 shows
macrophotos of examples of both arrangements; Fig. 2
shows magnified views of transverse sections of both.
More detailed observation of the microstructure of
iris leaves reveals that the stiff ribs, made up of dense
sclerenchyma* cells, exist only on the outer skin of the
leaf ; the bulk of the leaf, inside the outer skin, is made
up of thin-walled parenchyma* cells with a lower
volume fraction of solids, or relative density (Fig. 2b).
The structure is like that of a structural sandwich
beam with fibre-reinforced skins separated by a low-
density foam core. Such structures have a high specific
stiffness as the separation of the stiff faces by the
lightweight core increases the moment of inertia of
the section with little increase in weight. In this paper
we examine the structure of the leaf of the bearded iris
and show that its flexural stiffness can be described in
terms of the mechanics of sandwich beams. The results
should be useful in understanding the mechanical
behaviour of other leaves with a similar structure,
such as grasses.

2. Structure

A macrophotograph of an iris leaf is shown in Fig. 1d.
The width of the leaf is roughly constant for about
two-thirds of the length of the leaf; along the final

third the width tapers to a point at the tip. The thick-
ness of the leaf varies both along its length and across
its width, from a maximum of 6 mm at the centre of
the base to about 0.5mm at the tip and edges. The
length of bearded iris leaves is typically between 0.3
and 0.5m.

Scanning electron micrographs of an iris leaf are
shown in Figs 2b and 3. As the sections appear to be
undistorted, no special precautions were taken to
avoid shrinkage of the specimens during preparation
for microscopy. Fig. 2b shows a transverse section;
Fig. 3 shows longitudinal sections of the outer ribs and
the core of the leaf. These micrographs show that the
outer skin of the leaf is made up of dense ribs con-
nected by a single layer of cells of roughly square trans-
verse section; both types of cell run longitudinally
along the leaf. Jointly they act like a fibre-reinforced
sheet. The cells in the interior of the leaf are different.
They are roughly equiaxed in the transverse section
(Fig. 2b) and somewhat elongated in the longitudinal
section (Fig. 3¢). They have extremely thin cell walls
and form the low relative density, foam-like “core” of
the leaf. A schematic drawing of a transverse section
of the leaf, with the central region enlarged to show
the leaf dimensions, is shown in Fig. 4. Values for
each of the dimensions shown in the figure, measured
from several micrographs of specimens taken from
two locations along the length of the leaf, are listed in
Table I. The results show that with the exception of
the depth of the “core” layer, the leaf dimensions
remain roughly constant along the length of the leaf.
Additional measurements on many iris leaf specimens,
made using calipers, show that the depth of the core
layer varies from about 6 mm at the base of the leaf to
0.5mm at the tip.

* Biological terms marked with an asterisk are defined in the Appendix.
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Figure 1 Macro-photographs of (a) ivy, (b) maple, (¢) grass and
(d) iris leaves. The first two have a network of thick veins to support
the leaf; the second two, outer layers of parallel longitudinal ribs,
separated by a low-density core.

3. The stiffness of a sandwich beam

A typical sandwich beam is shown in Fig. 5: it has two
thin, stiff faces separated by a lightweight core. The
face has a thickness, ¢, and a Young’s modulus, E;,
while the core has a thickness, ¢, and a Young’s mod-
ulus, E,., and a shear modulus, G.. The width of the
beam is b, its length is /. Standard sandwich beam
theory (see, for example, Allen [1]) gives the normal
stresses in the faces and the core, g; and o.. If the
moment at the section is M, these stresses at a distance
z above or below the neutral axis of the beam are

Mz

O'f = ~D_Ef (1)

TABLE 1 Dimensions of the iris leaf

Mean SD

(mm) (mm)
At thin end of leaf
Depth of layer of “face” cells, f 0.03 0.0043
Thickness of square “face” cell wall, 7 0.0014 -
Length of square “face” cells, / 0.04 0.0058
Depth of “core” layer, ¢ 0.5 -
Thickness of “core” cell wall, ¢, 0.0014 -
Length of “core” cells, /, 0.05 0.023
Diameter of rib, d 0.13 0.04
Spacing of rib, s 1.2 0.46
Volume of fraction of solid in rib, ¥, 0.8 -
At mid-length of leaf
Depth of layer of “face™ cells, f 0.03 0.0054
Thickness of square “face” cell wall, 0.0014 -
Length of square “face” cells, /; 0.03 0.0058
Depth of “‘core” layer, ¢ 3.0 -
Thickness of “core” cell wall, ¢, 0.0014 -
Length of *“‘core” cells, /, 0.07 0.025
Diameter of rib, d 0.19 0.058
Spacing of rib, s 0.92 0.32
Volume of fraction of solid in rib, V, 0.8 -
and

Mz
o = 5 & (2

where D, the equivalent flexural rigidity of the sand-
wich, 1s
Ebe  Ebclc + 8 EbS

D = 6 + 3 + B 3)

Figure 2 Scanning electron micrographs of transverse sections through (a) an ivy leaf and (b) an iris leaf. In the ivy leaf, the veins run through
the centre of the leaf while in the iris, the ribs run along the top and bottom surfaces of the leaf.
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or, for sandwich beams with thin faces and a com-
pliant core,

2
D~ ——E"l;tc (4)

The shear stress varies parabolically across the faces
and core; but, if the faces are thin and the core is
compliant relative to the faces, the shear stress distri-
bution becomes almost linear through the faces and
constant across the core. At a section where the shear
force is V, the shear stress across the core, 7., is then
given by

V

. = E (5)

The deflection, 6, of a cantilevered sandwich beam
under an end load, P, is the sum of the bending
deflection, d,, and the shear deflection of the core, J,

5 — 5b+5s

PP Pl
= 3D T heG ©

(8

Figure 4 A schematic drawing of a transverse section of an iris leaf
showing the variables characterizing its structure.

000un |

Figure 3 Scanning electron micrographs of longitudinal sections of
(a) the outer face, (b) and (c) the inner core of an iris leaf.

This gives the stiffness of the sandwich beam in bend-

ing, P/6
P 1 i + ! (7
e 3D ' beG,

We will make use of this equation in modelling the
bending stiffness of the iris leaf. To do so, we require,
in addition to the leaf dimensions given in Table I, a
value for the Young’s modulus of the “face” and for
the shear modulus of the “core” of the leaf. These are
estimated next.

4. Properties of the ““face’ and “core’’
of the iris leaf

To calculate the bending stiffness of the iris leaf in
terms of Equation 7, the longitudinal elastic proper-
ties of the “face” and “core” must be known. The two
Young’s moduli, E; and E,, can be estimated using a
simple rule-of-mixtures if the Young’s modulus of the
cell wall material, E5, and the volume fractions of
solid in the face and core are known (because the cell
walls are aligned in the longitudinal direction). The
cell wall modulus, E,, is estimated below; the volume
fractions of solid in the face and core can be found
using the cell dimensions listed in Table I. Assuming
that the core cells are roughly hexagonal in cross-
section and axisymmetric, the longitudinal shear modu-
lus of the core, G, is related to the longitudinal
Young’s modulus, £, by [2]

Gc = 5 (8)

4.1. Young’'s modulus of the cell wall of the
iris leaf
The stress—strain curve for plant cell wall material is

Figure 5 A cantilevered sandwich beam.
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Figure 6 A typical stress-strain curve for the cell wall of a plant
(after Preston [4]).

linear at small strains up to at least 2% [3-5]. Beyond
this point it becomes markedly non-linear. A typical
curve, taken from Preston [4] is shown in Fig. 6. The
Young’s modulus of the cell wall material, E;, is the
slope of the initial linear portion of this stress-strain
curve.

No data exist for the Young’s modulus of the cell
wall of the iris leaf. But there are extensive measure-
ments of Young’s modulus for the cell walls of other
plants and although they are not directly related to the

TABLE II Young’s modulus of plant cell walls

Plant Condition E, Reference
Material (loading time, (GNm™?)
temperature)
Cell wall
Penicellus (0.1 sec, 25°C) wet 0.22 5]
dumetosus* (1000 sec, 25°C) wet 0.16 [5]
Acetabularia (0.1sec, 20°C) wet 0.14 [3]
crenulata® (1000 sec, 20°C) wet 0.12 [3]
Nitella (0.1 sec, 20°C) wet 2.15 [5]
translucens* (1000 sec, 20° C) wet 1.8 [5]
Nitella longitudinal, wet 0.5-1.0 [6]
opaca* tangential, wet 2-4 [6]
Nitella flexilis ~ wet 0.4-0.7 [7]
Potato tuber wet 0.5 [8}
Leaf components
Leaf fibre dry, 8 = 12° 23 [4]
dry, 8 = 22° 12 [4]
Leaf fibre wet 23 9]
Leaf bundle wet 0.84 [9]
Cell wall components
Cellulose theory 130 [10]
theory 27 [10]
Lignin theory 2 [10]
Fibres with high content of cellulose
Flax 110 [11]
Ramie 60 [11]
Hemp wet 35 [12]
dry 70 [12]
Sisal fibre dry, 8 = 10° 21 [4]
room humidity
0 = 10° 9.8 4]
0 = 50° 3 4
Cotton hair dry, 8 = 30° 8.5 [4]
wet, § = 30° 2.9 4
Wood cell 0 = 10° 35 [10]
wall
g = 35° 10 [10]

*Measurements made on whole cells with cytoplasm removed.

Note that all values of E, are for loading in the longitudinal
direction except where noted by angle, 0.
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Figure 7 The longitudinal stress plotted against longitudinal strain
for a single cell of Nitella at various turgor pressures. The stress—
strain behaviour is roughly constant at turgor pressures above
0.44MNm™? (after, [7]). P, = (®) 0, (W) 0.181, (¥) 0.440, (a)
0.700 MNm~2.

iris, they give an indication of the order of magnitude
of the cell wall modulus; they are summarized in
Table 1I. The measured values for the modulus of
plant cell walls vary from about 0.12GNm=2 for
Acetabularia crenulata to 22GNm™* for Nitella
translucens. Several factors influence the modulus: the
most significant are the direction of loading (because
the cell wall is made up of cellulose microfibrils heli-
cally wound in an amorphous matrix of lignin and
hemicelluloses; for a description of modelling the
composite nature of cell walls, see Mark [13]) and the
moisture content of the cell wall. The rate or the
duration of loading has a small effect on the modulus;
Sellen [5], for example, measures a decrease in the
relaxation modulus of about 20% when the duration
of loading is increased by four orders of magnitude.

4.2. Measurement of the cell wall Young's
modulus
Measurement of the cell wall modulus directly is dif-
ficult because of the small size of the cells. But
the modulus can be estimated in an indirect way, by
measuring the Young’s modulus of the bulk leaf in
uniaxial tension and backcalculating the cell wall
modulus from the volume fraction of solids in the leaf.
Measurements on the bulk leaf may be affected by
the turgor pressure* within the cell: there is some
disagreement in the literature on this point. Falk ef al.
[14] measured the longitudinal Young’s modulus of
specimens of potato tuber at turgor pressures between
0 and 0.66 MNm 2. They found that the modulus
increased with turgor pressure throughout this range
of pressures. In addition, they found that the measured
modulus depended on the cross-sectional area of
their specimens; an unexpected result which cast
some doubt on the validity of their tests. Kamiya et al.
[7] have measured the longitudinal stress—strain behav-
iour of a single cell of Nicella flexilis at turgor press-
ures between 0 and 0.7Mnm 2. Their results are
shown in Fig. 7. They show that the longitudinal
stiffness of the cell increases with increasing turgor
pressure up to pressures of about 0.4 MN m™2. Above
0.4MNm %, the increase in stiffness with turgor
pressure is small. We assume that for freshly picked
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Figure 8 A typical load—deflection curve for the bulk iris leaf loaded
in uniaxial tension.

leaves, the turgor pressure is roughly constant at a
relatively high level (around 0.6 MNm™?) so that,
following Kamiya et al. [7] the longitudinal stiffness of
the leaf is unaffected by small changes in pressure.

The water content of the leaf may also affect the
measured longitudinal stiffness. Vincent [15] reports
that the longitudinal stiffness of two grasses, Lolium
perenne and Phleum pratense, was constant at water
contents of between 100 and 400% of the dry weight
but rose sharply as the water content was reduced
from 100% to 10%. The effect of water content on the
stiffness of the bulk iris leaves was measured in the
experiments described below.

Rectangular specimens of the bulk iris leaf, roughly
16 mm wide and 48 mm long, were taken from the
central portion of the leaf. The width and thickness of
each specimen were measured at several points on the
leaf to obtain an average value for each. The speci-
mens were then mounted in an Instron testing machine,
gripped using standard Instron screw grips and the
gauge length was measured. The machine loaded the
specimens longitudinally in tension and recorded the
load and cross-head deflection on a strip chart recorder.
A typical load-deflection curve is shown in Fig. 8. It
is linear-elastic up to a deflection of about 0.3 mm,
corresponding to a strain of about 0.6%. The load-
deflection curve then deviates briefly from linearity
before resuming linear behaviour to failure. Tests
were done both on fresh leaves and on specimens that
had been dried out in an oven to determine the effect
of moisture content on the tensile stiffness of the leaf.
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Figure 9 The tensile Young’s modulus of the iris leaf as a function
of water content.

The water content of each specimen was found by
weighing it immediately prior to testing, drying it in an
oven for a week after testing it and then reweighing it.

The results are plotted in Fig. 9. They show that
above a water content of 500% of the dry weight of
the leaf, the tensile stiffness is roughly independent of
water content and varies between 0.1 and 0.4 GN m 2.
This large variation in modulus is partly due to the
different thickness of leaf specimens tested (and,
hence, different volume fraction of stiff ribs in the
specimen). The tensile stiffness increases up to
2.2 GN'm 2 as the water content is reduced to 75% of
the dry weight.

The modulus of the fresh plant cell wall material
can be calculated as follows. A longitudinal tensile
stress on the bulk leaf produces longitudinal tension in
each component: the ribs, the face cells and the core.
The upper bound rule-of-mixtures then gives the
measured stiffness of the bulk leaf in terms of the
modulus of the solid cell wall material and the volume
fraction of solid in each component:

A A
Emeas = Es = Vn + (J) Vace
[(Ao)hb ® AO face fCell
cell

A
_t 9
* < AO )core VCOI'C:I ( )

where (A4,/4,); is the area fraction of solid in the ith
component and V] is the volume fraction of the ith
component in the bulk leaf. The area and volume
fractions of each component are calculated using
the following relationships and the data for the cell
dimensions given in Table I; ¢ is the thickness of the
bulk leaf specimen.

(A/Ao)iy = 0.8
2nd’/4)

Fa = (10a)
W(f + L
A = o
he = % (100)
Aoy =
Vew = 1= Vi — Vo (100

cell

The thickness and measured tensile stiffnesses of the
fresh, bulk leaf specimens are listed in Table III. The
area and volume fractions of solid were calculated
using Equations 10a to c to give the values of the solid
plant cell wall modulus, E;, in the table: the average
value is 44GNm~2 and the standard deviation is
1.6 GNm~2, Data in the literature suggest that a typi-
cal value for E; might be about 1 GNm™2 (Table II);
the value calculated here is somewhat higher, but of
the same order.

4.3. Calculation of £ and G, for the iris leaf
This value can now be used to estimate the longitudi-
nal Young’s modulus of the “face” of the iris leaf, E,
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TABLE I1I Data for the plant cell wall Young’s modulus

Specimen E .o t E,
(GNm™?) (mm) (GNm™?)
1 0.25 0.61 2.96
2 0.31 0.54 3.55
3 0.31 0.56 3.56
4 0.22 0.68 2.71
5 0.26 0.60 3.16
6 0.11 3.00 3.15
7 0.17 2.50 4.28
8 0.1t 3.55 343
9 0.41 1.28 7.14
10 0.39 0.76 4.69
11 0.32 1.93 7.11
12 0.26 240 6.45

and the shear modulus of the “core” of the leaf, G,.
The face modulus is found from the rule-of-mixtures
for the ribs and face cells; it is

. A
fﬂ+am@— “)(m

face

E = Ej

where E;, = 0.8E, = 3.52GNm?

Ay nd’/4
Aface B fS+ nd2/4 - 039

t l

Erect = wE = 0.33GNm?
f
Aq,
el Ay
=1-—" = 061

Aface face

Substituting the appropriate values from Table II in
Equation 11 gives E; = 1.61 GNm™2.

The shear modulus of the core can be calculated
from Equation 8 with E_ given by

g Ll D)

c lcz

E,

s

= 021GNm2 (12)

so that the shear modulus, G,, is 0.105GNm™. As
one would expect in a sandwich panel, the stiffness of
the face is much greater than that of the core.

TABLE IV Beam bending results

IRIS LEAF
BENDING

06 P
¥

0.4 a

LOAD, A (N)

0.5 10 1.5
DEFLECTION, A (mm)

Figure 10 Load-deflection plots for four iris leaf beams. Specimens:
(@) 1,(a)2,(v) 3, (m) 4.

5. Measurement of the bending
stiffness of the iris leaf

Rectangular specimens of freshly picked iris leaf,
40mm long and 18 mm wide, were cut for bending
stiffness measurements. The thickness of each speci-
men was measured at both ends and the cross-section
of the thickest specimen was sketched. Specimens were
clamped between two plates at one end and loaded at
the free end 35mm from the clamped end. Care was
taken to ensure that the clamps did not rupture the
leaf. Each beam was loaded by hanging a series of five
10 g calibration weights from a chain which was pierced
through the leaf. Deflection of the free end of the leaf
was measured using a dial gauge with the plunger
spring removed to reduce the force required to move
it. The load and deflection of each specimen were
recorded for loading, unloading and reloading; they
are shown for the second loading in Fig. 10. The
behaviour is approximately linear elastic; a straight
line passing through the origin was drawn through
each set of data. The slope of each plot gives the
bending stiffness of the beam; the results are listed in
Table IV.

6. Discussion: the iris leaf as a
sandwich structure
If the iris leaf behaves mechanically like a sandwich

Specimen

[ 2 3 4
Measured beam stiffness, P/6 (Nmm ") 0.66 0.54 0.41 0.25
Thickness, ¢, (mm) 4.85 3.53 2.71 1.73
Face thickness, f (mm) 0.03 0.03 0.03 0.03
Core thickness, ¢; (mm) 4.63 3.31 2.49 1.51
Core thickness, ¢, (mm) 2.58 2.18 1.78 1.51
Width, b, (mm) 6.0 6.0 6.0 6.0
Width, b, (mm) 12.0 12.0 12.0 12.0
Flexural rigidity, D (Nm?) 0.0191 0.008 96 0.004 62 0.0021
Bending compliance, (§/P), (mN~") 0.00075 0.001 60 0.00310 0.00681
Shear compliance, (5/P), (mN~") 57 x 10°° 7.3 x 107° 92 x 10°° 1.2 x 1073
Total compliance, (§/P) (mN™") 0.000 756 0.001 61 0.003 11 0.006 82
Calculated beam stiffness, P/é 1.32 0.62 0.32 0.15

(Nmm™')

Calculated P/ 2.00 1.14 0.78 0.60

Measured P/
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Figure 11 Cross-sections of leaf specimens testing in bending. (a)
Sketch of specimen 1, (b) idealization of specimen I, (c) sketch of
specimen 2, (d) idealization of specimen 2, (e) sketch of specimen 3,
() idealization of specimen 3, (g) sketch of specimen 4.

structure, its bending stiffness can be described by
Equation 7. We now calculate this stiffness based on
the dimensions of the leaf specimens and on the face
and core properties found previously.

The cross-section of the thickest leaf beam bending
specimen was sketched before it was tested: it is
shown in Fig. 1la. It is irregularly shaped, making
computation of its sectional properties difficult. For
simplicity, we model it as shown in Fig. 11b. The
cross-sections of the other, thinner, specimens can be
estimated in a similar way, as is shown in Fig. 11. The
dimensions of the model cross-sections are given in the
figure and in Table IV.

The water content and turgor pressure of the leaf
beam bending specimens were not measured. The speci-
mens were tested on the day they were picked and were
kept in water before testing. We assume that their
water content is above S00% (as it was for the fresh
uniaxial tension test specimens) so that the value of the
Young’s modulus for the solid cell wall can be taken
to be 44GNm 2. Similarly, we assume that the
turgor pressure in a freshly picked leaf specimen is
relatively high (above 0.44 MN m™?) so that, follow-
ing Kamiya et al. [7] small changes in it have no effect
on the longitudinal stress—strain behaviour of the leaf
(Fig. 7). We also assume that small changes in turgor
pressure do not affect shearing in the leaf cells as
shearing produces no change in the cell volume. As
bending produces a combination of longitudinal and
shearing stresses in the leaf, we conclude that small
changes in turgor pressure do not affect it either.

Using the dimensions of the idealized cross-sections,
the equivalent flexural rigidity of the section can be
found using Equation 3 by summing the value for
each rectangular section. The bending stiffness of each
specimen can then be calculated, using Equation 7.
The results are indicated in Table 4.

The agreement between the measured bending stiff-
ness of the leaf and that calculated on the basis of
sandwich beam theory is as good as could be expected
of the approximations made in estimating the moduli
of the face and core and in modelling the irregular
cross-section of the specimens. The ratio of the cal-
culated to measured bending stiffness is listed in the
bottom row of the table; it decreases with decreasing
specimen thickness, suggesting an error in the relative
thickness of the “face” and ‘“‘core”, or in their moduli.
The results support the view that the iris leaf behaves
mechanically like a sandwich structure.

7. Conclusions

Micrographs of the iris leaf show that it has a struc-
ture not unlike that of a modern ski. The almost fully
dense ribs running along the outer faces of the leaf act
as stiff fibres much like those in a fibre-reinforced
composite. Low-density cells in the core of the leaf
separate the faces, increasing the moment of inertia of
the leaf with little increase in weight. The leaf, like
the ski, thins towards the tip because less stiffness
is needed there. Mechanically, too, the iris behaves
like a structural sandwich beam. Measurement of the
dimensions of the cells and of the Young’s modulus of
the cell wall material allows the moduli of the “face”
and “core” of the leaf to be estimated. From this, the
bending stiffness of the leaf can be modelled in terms
of the mechanics of structural sandwich beams. Agree-
ment between the measured and calculated bending
stiffness of the iris leaf is sufficiently good to conclude
that the iris leaf behaves mechanically like a sandwich
beam. Many grasses have a structure similar to that of
the iris; the sandwich model suggested here may also
be of relevance to understanding their mechanical
behaviour.
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Appendix. Definitions of some of the
biological terms used
Parenchyma [16]: cells of about equal length and
breadth, placed side by side, usually soft and suc-
culent, found especially in the softer parts of leaves
Turgor pressure [17]: the excess hydrostatic pressure
inside the cell, resulting from the difference between
the osmotic pressure of the cell contents and that of
the surrounding solution
Sclerenchyma [16]: tissue of higher plants composed
of cells with thickened and lignified cell walls.
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