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Material Composition Gradient Controls the Autonomous
Opening of Banksia Seed Pods in Fire-Prone Habitats

Friedrich Reppe, Lorenzo Guiducci, Rivka Elbaum, Peter Werner, John W. C. Dunlop,

David |. Merritt, Peter Fratzl, and Michaela Eder*

Plants possess intriguing mechanisms to cope with environmental stresses
and disturbances, and respond to stimuli due to their sessile nature. Banksia
attenuata, a tree or shrub species native to southwestern Australia, integrates
numerous traits to persist and regenerate through reoccurring bushfires. A key
trait of Banksia is that of serotiny: Plants can retain seeds for many years within
the canopy protected inside durable seed pods (follicles), with seed release
commonly triggered by the heat of bushfire, and subsequent rainfall. Here, we
show that the tissue of the two follicle valves is arranged in layers, which not
only counteract as a hygroscopic bi-layer, but prevent delamination as their
opposed physical properties converge toward the interface. Moreover, a shape-
memory effect of the active layer stores energy after the first opening step

for the second opening step, ensuring delayed seed release only after the fire
is extinguished. Detailed experiments reveal how structure, composition and
physical properties of the tissue layers facilitate first longevity and later the com-
plex autonomous seed release. Based on these findings, two numerical models
illustrate the mechanics of the layers more deeply. These results highlight the
importance of graded material properties for the function of natural actuators.

(follicles) often remain closed for many
years!™® (Figure 1a,g), allowing plants to
build large canopy-stored seed banks to re-
populate after bushfires.}] Within the two
pericarp valves of each Banksia follicle, up to
two mature seeds are retained (Figure 1b).
The seeds are thus protected through ex-
treme environmental conditions,l with
their delayed dispersal triggered by heat
and achieved by subsequent wetting and
drying>*! (Figure 1g). As the follicle materi-
als are not metabolically active, they operate
as “pre-programmed” units driven by their
complex materials architecture.[®]

The principle of serotinous seed disper-
sal in Banksia is thought to be based on the
layered structure of the follicles’ pericarp
(Figure 1D).[®7] The endocarp is a continu-
ous layer of lignified sclerenchyma fibers
(Figure 1c,e), in which cellulose microfib-
rils are closely aligned with the longitu-

1. Introduction

Amongst the strategies plants have adopted to reproduce in fire-
prone environments, serotiny, the prolonged storage of mature
seeds in the plant canopy, allows populations of many Aus-
tralian Banksia to regenerate following bushfires.'! While many
plants in temperate regions disperse their seeds from dehis-
cent fruits or cones when ripe,!?] mature Banksia seed pods

dinal axis of the fibers (Figure 1f).%7] In

contrast, the largely thickened cell walls of

mesocarp sclerenchyma (Figure 1d) show
a different ultrastructure with cellulose microfibrils oriented per-
pendicular to the longitudinal axis of the fibers (Figure 1f).[67]
These ultrastructural differences between the endocarp and
mesocarp thus suggest that follicle opening occurs due to the
actuation of a hygroscopic bi-layer, as it is known that cellulose
microfibril orientations strongly control swelling and shrinking
behavior.[®”] Sclerenchyma fibers in the mesocarp are arranged
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Figure 1. Structure of the Banksia attenuata seed pod and the opening mechanism. a) Infructescence of B. attenuata. b) Cut through a single follicle
(longitudinal). c) Thin cross-section of mesocarp and endocarp. d) SEM-Micrograph of a mesocarp fiber (cross-section) showing the thick cell wall
and the narrow lumen. e) SEM-Micrograph of an endocarp fiber (cross-section) showing a larger lumen than in the mesocarp. f) Contrary cellulose
orientation in mesocarp and endocarp. g) Opening steps commencing with the mature and closed follicle retaining seeds for up to 15 years, over the
initial opening within 1 minute of heat exposure, to seed release after several cycles of wetting and drying (top view on the left side and longitudinal cut

through the follicle on the right side of each step).

into bundles, which are connected by tannin-rich parenchyma
(Figure 1c). The mesocarp is about three times thicker than the
endocarp, giving a total thickness of about 3 mm for both layers.
The brittle exocarp is assumed to be mechanically irrelevant.l”]

Follicle opening in the south-west Australian species Banksia
attenuata has been shown to be linked to the environmental
conditions experienced by the individual plant.®) In plants from
northern habitats, where the weather is hotter and drier, follicles
remain closed for long periods of time (up to 10 years or more)
and require higher temperatures for the initial opening.[">”] In
contrast, in plants from southern habitats, where the annual rain-
fall is higher, follicles are less likely to remain closed for many
years, and follicle opening is initiated at lower temperatures.['>’]
This differentiation in opening temperature results from differ-
ences in the pericarp curvature, which increases from southern
to northern habitats, resulting in greater resistance to opening at
elevated temperatures.l’]

The long-term stability of the follicles,"" the self-healing of
their fragile valve junction by waxes,! and the two-step opening
according to the local climatel'™’! illustrate the bio-inspirational
potential of the Banksia seed dispersal strategy. For the follicle
opening event, previous studies have only explained the initial
heat-triggered step via the softening of the endocarp at elevated
temperatures. Hygroscopic effects were generally inferred from
the cellulose orientation of the layers, but not fully resolved.[®”]

Considering the thick and rigid pericarp, which performs an
elaborate sequence of motions for seed release in response to en-
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vironmental stimuli years after maturity, the characteristics pre-
sented so far can only partially explain the complex processes
involved in Banksia follicle opening.[®”] The present work aims
to elucidate the physical properties of the follicles (mechanical
characteristics, hygroscopic shrinkage, ultrastructure, chemical
composition) underpinning ef this biological phenomenon. Par-
ticular attention is paid to the hygromechanical behavior of the
mesocarp, including its stress generation upon maturation, and
its deformation against the resistance layer. In addition, it is ex-
plained both experimentally and by a numeric model how the fol-
licles retain the seeds after initial opening, thereby delaying seed
release until further wetting and drying events. Further modeling
examines the bending principle of this thick-layered system in re-
lation to its internal arrangement, which acts to prevent delami-
nation (internal fracturing). To authors’ knowledge, most layered
floral bending mechanisms have been described by the mechan-
ics of thin bi-layers thus far.'% Only recently the example of pine
cone scale bending has shown that such explanations may be in-
complete; despite decades of study, research using more sophis-
ticated methods has found this mechanism to be more complex
than previously described.!']

With the serotinous Banksia follicles, we present here an even
more complex floral mechanism, which additionally incorporates
the traits of durability and heat sensitivity, for plants from a
fire-prone ecosystem.'”] The detailed focus of this work aims to
go beyond pure insight into the persistence of Banksia through
hostile environmental conditions, and to extend the findings of
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Figure 2. Lignin distribution within the B. attenuata mesocarp. a) Wiesner-stained cross-section. b) Miule-stained cross-section (pink coloring indicates
the presence of lignin for both stainings). c) Raman spectra of three consecutive mesocarp fiber bundles of one representative sample. d) Maximum
peak intensities of four samples normalized to the maximum of the 901 cm™ peak showing decreasing intensities for lignin-related peaks toward the
outer mesocarp, while the cellulose-related peak at 1095 cm~' remains constant. e,f) TEM-Micrographs showing the ultrastructure of a fiber from the
inner mesocarp and the outer mesocarp, respectively. Diffractograms (FFT) and azimuthal intensity integrations show the cellulose orientation of a
detailed image in between two pits. Data point with error bar: mean and standard deviation.

our previous studies.**7°] We demonstrate how environmental
processes and the responsive behavior of the follicle material are
interrelated, and develop an entirely new interpretation of a bi-
ological paradox and biomimetic challenge—the interaction of
stability and motion.

2. Results and Discussion

2.1. Mesocarp Composition Shifts Gradually

In addition to providing thermal protection to the seeds, the
thickness of the pericarp is necessary for the stability and
longevity of the follicles. At the same time, the bending of a thick
bi-layer may lead to high internal stresses, mechanical instabil-
ity and delamination, which would interfere with the observed
long-term seed protection and triggered follicle opening of B. at-
tenuata. As a first approach, histological staining of lignin (Wies-
ner and Miule) reveals compositional differences not only be-
tween active and resistance layers, but also across the thickness
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of the active mesocarp (Figure 2a,b). Both stains show gradual
color shifts between the inner and outer mesocarp. The Wiesner
method'3] uses phloroglucinol-HCl and strongly stains the inner
mesocarp, while the outer fiber bundles show only little stain-
ing (Figure 2a). KMnO,-Tris-HCl staining by the improved Miule
method!™ results in a strong coloring over the entire thickness
of the mesocarp, while the outer regions appear slightly pale and
the staining toward the inside of the follicle becomes more red
(Figure 2D). These results suggest decreasing lignification,[*>1]
due to decreasing proportions of syringyl and guaiacyl units,!1416]
and cinnamaldehyde end groups!'’! toward the outside of the
mesocarp. The endocarp is stained rather homogenously by both
methods, indicating a consistent amount of the respective com-
pounds as compared to the mesocarp. Only endocarp fibers close
to the parenchymatic interface with the mesocarp show a slightly
more intense staining.

Raman spectroscopy confirms the decreasing lignin content
toward the outer mesocarp fiber bundles. The maximum in-
tensities of the prominent peaks at Raman shifts of 1334 and
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Figure 3. Physical properties of the B. attenuata endocarp and mesocarp. a) Shrinkage behavior, dry longitudinal tissue lengths compared to the wet
state. Shrinkage is larger for less serotinous follicles (site 5) and increases significantly from the inner toward the outer mesocarp, however, with the
similar tendency across the mesocarp fiber bundles for both sites (independent variables). b) Longitudinal tensile stiffness of tissue strips shows large
differences between wet and dry state of endocarp and mesocarp tissue (data of spruce branch compression wood, spruce BCW, for comparison), but
no differences within the mesocarp. c) Longitudinal nanoindentation modulus of wet and dry fibers and parenchyma shows converging mechanical
properties between mesocarp and endocarp, with a gradual change of indentation modulus across the mesocarp, depending on the moisture state
(dependent variables). d) Longitudinal nanoindentation hardness of wet and dry fibers and parenchyma with gradual hardness changes across endocarp
and mesocarp similar to the indentation modulus. Numbering 1-3: consecutive mesocarp fiber bundles toward the outside of the pericarp. Data point

with error bar: mean and standard deviation.

1598 cm™! decrease from the inner toward the outer mesocarp
(Figure 2¢,d; p < 0.01, Mood’s Median Test, OriginPro 2021D),
where the peaks at 1598 cm™! are associated with the aromatic
lignin units in generall’®! and 1334 cm™ with syringyl lignin in
particular.®l Compared to the constant maximum intensities of
the 1095 cm™! peaks, which are associated with cellulose,!'8>20]
the decrease in lignin content from inner to outer mesocarp fiber
bundles could be related to an increasing proportion of the sec-
ond matrix compound present in lignified plant cell walls, the
more hydrophilic?!l hemicellulose. Such a compositional gra-
dient should also be mirrored in the hygroscopic behavior of
the tissue. The Raman shifts of the peak maxima remain con-
stant across the thickness of the mesocarp, indicating a uniform
molecular configuration.

Compared to compositional changes in the cell wall matrix,
cellulose orientation is homogeneous across the thickness of the
mesocarp, as indicated by the retardation of polarized light in the
liquid crystal-based polarizing light microscope (LC-PolScope)
(Figure S1, Supporting Information).l?2l TEM investigations of
longitudinal sections of single fibers from the inner (Figure 2e)
and outer mesocarp (Figure 2f) confirm the structural unifor-
mity. The TEM images also show a strict perpendicular orien-
tation of the microfibrils with respect to the longitudinal fiber
axis, a remarkable finding among plant fibers.[**! This is not seen
so clearly in X-Ray scattering due to the presence of pits. The
consistent cellulose orientation between inner and outer meso-
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carp fiber bundles is also in agreement with previous findings on
the ultrastructural difference between the active and the resistant
layer, which did not distinguish between different locations in the
mesocarp (Figure 1f).[°7] In summary, the cellulose microfibrils
in the endocarp are almost longitudinally oriented compared to
a perpendicular orientation in the mesocarp. This immediately
suggests a potential functional significance in terms of differen-
tial swelling between the two layers!?*! which will be evaluated
experimentally in the following section.

2.2. Pericarp Mechanics Tuned for Serotiny
2.2.1. Graded Shrinkage of the Pericarp

Structure and composition are known to determine physical
properties such as hygroscopic shrinkage of lignified fibers,?’!
like those found in the pericarp of B. attenuata. Drying exper-
iments show that the endocarp tissue remains dimensionally
stable in the longitudinal direction (Figure 3a).**2¢ In con-
trast, the mesocarp tissue shows remarkable shrinkage dur-
ing drying (Figure 3a) and the constituent fiber bundles show
a graded response. Shrinkage increases from the inner fiber
bundle to the middle bundle and reaches a maximum at the
outer fiber bundle (p < 0.01, Two-Way ANOVA, OriginPro
2021b). This change coincides with a decrease in hydrophobic
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lignin content (Figure 2a—d), presumably in favor of hydrophilic
hemicellulose.l?”] Shrinkage increases similarly toward the outer
mesocarp fiber bundles for both sampling sites, and there is no
interaction between these independent variables (p < 0.01, Two-
Way ANOVA, OriginPro 2021b). However, the overall shrink-
age of all mesocarp fiber bundles is greater for less serotinous
follicles—up to —0.2 of their wet length (site 5, p < 0.01, Two-Way
ANOVA, OriginPro 2021b). The difference in shrinkage (longi-
tudinal) between endocarp and mesocarp is in accordance with
their cellulose orientations, as previously concluded,!®”] while
the newly discovered fine-tuning within the mesocarp suggests
that a multi-layered structure is responsible for the opening
process.

2.2.2. Wetting Flexibilizes Mesocarp

The endocarp and mesocarp as the resistant and active layer, re-
spectively, can be distinguished not only by their swelling and
shrinkage properties due to their characteristic cellulose orienta-
tions. Their pronounced structural differences and their mois-
ture state also greatly influence their mechanical properties.
Dry endocarp tissue strips are more than three times stiffer
than wet samples in the tensile test (mean dry: 4.7 GPa, mean
wet: 1.4 GPa, Figure 3b). Mesocarp tissue generally shows sig-
nificantly lower stiffness values than the endocarp, due to its
large microfibril angle. However, when dry, mesocarp samples
are even up to 18 times stiffer than when wet (means dry be-
tween 1.3 GPa and 1.5 GPa, means wet between 70 MPa and
100 MPa).

These results may seem unusual for such a material, but they
are plausible when compared with previous studies on the tensile
properties of lignified fibers and theoretical considerations.[?#!
Not only does an increasing microfibril angle (measured from
the longitudinal cell axis) decrease the stiffness, but it also influ-
ences how this stiffness changes upon wetting. Wood fibers with
high microfibril angles soften more upon wetting than those with
lower angles.!?®] To date, no specimen with a cellulose orientation
comparable to that of the B. attenuata mesocarp has been me-
chanically characterized by a tensile testing.[*! The results found
here represent the properties of the lignin-hemicellulose matrix
in between cellulose microfibrils. This matrix stiffness is in the
same order of magnitude as that found for single wood fibers
with cellulose microfibril angles ranging from about 10° to 45° at
~3.7 GPa in the dry and 330 MPa in the wet state.[?®*] Differences
between the matrix stiffness values found here and those found
in the literature could be related to the sample geometries.3%!
Here, tissues containing lumens and possibly numerous cut cells
may contribute to lower values. They could also be influenced by
different ratios of hemicelluloses and lignin in the matrix. The
stiffness of lignin is estimated to be 2 GPa in both dry and wet
state, while the longitudinal stiffness of hemicellulose is strongly
dependent on the wetting state (2 GPa dry, 20 MPa wet).[25]

In contrast to the gradually increasing shrinkage from the in-
ner to the outer mesocarp, and the compositional changes, no
significant differences in tensile stiffness can be determined for
these tissue regions. This is not surprising, especially in the dry
state, since lignin and hemicellulose are known to be similarly
stiff in the absence of water.[?! However, in the wet state, the
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stiffness of hemicellulose decreases by 99%, while the stiffness
of lignin remains unaffected.2$%]

In terms of follicle opening mechanics, these results draw a
picture of a structure which is highly flexible when wet (i.e.,
throughout the growth and maturation phases of the follicles,
and during periods of rainfall once the follicles are mature), es-
pecially the mesocarp. As it dries, the tissue stiffens, temporar-
ily toughening up for seed protection over longer periods. In ad-
dition, the interaction of flexibility and stiffening is an essential
feature for the stepwise opening of the follicle, as will be shown
later.

2.2.3. Opposed Layer Properties Converge Gradually

The high spatial resolution of nanoindentation reveals mechan-
ical differences between the mesocarp fiber bundles, but also
within the endocarp layer. The indentation modulus and hard-
ness of the mesocarp are higher in the dry state than in the
wet state, with this measured difference increasing for mesocarp
fiber bundles further away from the endocarp (Figure 3¢, p <0.01,
Two-Way ANOVA, OriginPro 2021b). This difference is evident
when comparing the means of the tissue regions in the dry and
the wet state. In the inner mesocarp the dry indentation mod-
ulus is 7.45 GPa, compared to 3.12 GPa wet. A fiber bundle in
the middle of the mesocarp has a modulus of 7.89 GPa (dry) ver-
sus 2.75 GPa (wet), and in the outer mesocarp, the dry modulus
is still 7.80 GPa, while the value drops to 1.66 GPa in the wet
state. The indentation hardness shows similar trends (Figure 3d).
From the inner mesocarp, over a fiber bundle in the middle, to
the outer mesocarp, the average dry hardness is 476, 486, and
494 MPa, respectively, while the same tissue regions show 206,
173, and 119 MPa in the wet state (Figure 3d). This increasing
contrast in indentation properties between the dry and wet states
toward the outside of the mesocarp can be related to the decreas-
ing lignin content,3! which leads to an increasing flexibilization
of the mesocarp tissue toward the outside of the layer upon wet-
ting.

Within the endocarp, a pronounced stiffness gradient is ob-
served, starting with lower indentation moduli at the parenchy-
matic interface with the mesocarp (minimum dry: 7.50 GPa, min-
imum wet: 3.19 GPa) and increasing toward the edge of the layer
at the inner cavity of the follicle (maximum dry: 22.20 GPa, max-
imum wet: 14.16 GPa). The Spearman correlation coefficients
(calculated using Origin Pro 2018) between the location of the
indentation and its modulus of indentation are —0.73 for the
dry state and —0.62 for the wet state. The successive change in
mechanical properties between active and resistant layers could
be a result of both the changing lignin content!*!?) (Figure 2a,b)
and the slight variation in cellulose orientation as indicated by
the LC-PolScope measurement!*™®! (Figure S1a, Supporting In-
formation). It is likely that these property gradients are essen-
tial for the long-term stability of the follicle. The high stiffness
at the edge of the endocarp, toward the inner cavity (Figure 3c),
provides resistance that ultimately allows the multilayered peri-
carp to bend during opening. The more flexible tissue toward
the interface prevents internal fracture (delamination) and allows
drying stresses to concentrate at the valves’ junction. Parenchy-
matic tissues at the layer interface, and in between the mesocarp
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Figure 4. Finite element model of the B. attenuata pericarp. a) Shrinkage and Young's modulus gradients investigated in the model (dark grey: endocarp;
light grey: mesocarp). b) Upon shrinkage of the mesocarp, the mesocarp bends in a circular arc with radius R at the interface of endocarp and mesocarp;
colormap shows longitudinal stress across the model. c) FE data showing the curvature 1/R, differential stress Ao at the endocarp-mesocarp interface,
and average longitudinal stress in the mesocarp & for an increasingly steep shrinkage gradient (at uniform and constant mesocarp modulus). Shrinkage:
the blue dot marks the value of curvature predicted by the Timoshenko formula for bimetal thermostats. d) Same quantities as in c) upon changes in

both shrinkage and modulus gradients.

fiber bundles, are assumed to absorb stresses. These parenchyma
tissues have indentation moduli similar to the mesocarp scle-
renchyma, but for smaller cell wall thicknesses.

To further illustrate the functional relevance of these material-
related gradients for the opening mechanism, a numerical fi-
nite element (FE) model based on the experimental data, is used.
The model allows parametric testing of the effect of the prop-
erty gradients (i.e., shrinkage and Young’s modulus) on stress
and deformation in a thick bilayer. Here, an actively shrinking
mesocarp layer and a passive (non-shrinking) endocarp with a
thickness ratio of 3:1 was simulated for different gradients in
shrinkage and Young’s modulus of the mesocarp (Figure 4a).
The average shrinkage of the mesocarp was kept constant, mean-
ing the gradient is determined solely by the shrinkage strain at
the interface, € ((R). The deformation is captured by the curva-
ture 1/R of the modeled pericarp in the deformed state, mea-
sured at the interface of endocarp and mesocarp; the stress is
shown in terms of the differential longitudinal stress Ao at the
endocarp-mesocarp interface (Figure 4b), and the average lon-
gitudinal stress in the mesocarp ¢ (calculated as the spatial av-
erage of the absolute value to avoid spurious canceling of pos-
itive and negative values). While the FE model shows that the
bilayer always deforms into a perfectly circular arc shape (akin
to the Timoshenko thin bilayer model), the resulting curvature

Adv. Funct. Mater. 2025, 35, 2418592 2418592 (6 0f12)

increases with steeper shrinkage gradients (smaller values of €
o(R)), despite all shrinkage gradients possessing the same mean
value within the mesocarp. Note that the thick tissue cannot be
described by the Timoshenko model which assumes thin bilay-
ers (see Figure 4c). Steeper shrinkage gradients, while keeping
the Young’s modulus uniform across the mesocarp, result in
a lower interfacial stress Ao (Figure 4c). The lowest interfacial
stress is obtained for the highest gradient € ((R) = 0, for which
continuity of zero shrinkage is ensured at the mesocarp-endocarp
interface. More interestingly, the average longitudinal stress in
the mesocarp 6 changes for different shrinkage gradients and
instead of being monotonic, it shows a minimum for a gradi-
ent characterized by an interfacial shrinkage strain of &;. These
apparently counterintuitive observations become clearer consid-
ering the role of the bilayer finite thickness. In a thick straight
bilayer of length [; that bends into a thick circular arc the to-
tal strain € of its longitudinal fibers will be proportional to the
fibers’ position across the beam thickness, such that in the de-
formed state | = I, (1 + €) = rf. Here, r is the radial position of a
longitudinal fiber (Figure 4b), varying in (R — s; R) for mesocarp
fibers and (R; R + t) for endocarp fibers, R being the radius at
the mesocarp-endocarp interface. The curvature angle will be 6
= ly/(R + t/2) (here, for simplicity, we assume that the passive
endocarp has a neutral axis at its centerline). Substituting, we
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2(r—R)—t
2R+t

strain profile across the mesocarp, that starts from a finite value
t

£ (R) = =3 at the interface of endocarp and mesocarp. Obvi-
ously, taking €, (r) = €(r) will minimize, and should put to zero,
the longitudinal stress in a global sense, since, by construction,
the total strain will match the imposed shrinkage, as ¢ = E(€ —
€,). Indeed, in the FE data we find a signature of a 6 minimiz-
ing gradient for £, = ¢, (R) = —0.05 (see the red dashed curve in
Figure 4c). However, being non-zero, £, causes a shrinkage dis-
continuity (remember that shrinkage is zero in the endocarp) and
therefore a finite interfacial stress Ac. Clearly, a shrinkage gradi-
ent that maximizes curvature 1/R while at the same time mini-
mizing the stress in a global (As) and local sense () is not well
defined, at least for linear gradients. Our study illustrates that in
a thick graded bilayer like the pericarp of the B. attenuata follicle,
a tradeoff must be found. Higher, steeper shrinkage gradients
(for £4(R) > £,) will increase the overall curvature and minimize
the interfacial stress—but at the expense of an increased stress
in the outer mesocarp fibers. Conversely, lower, flatter shrinkage
gradients (for £,(R) < £,) will result in a much lower curvature
and increased stress in the inner fibers close to the mesocarp-
endocarp interface (see maps in Figure S2, Supporting Informa-
tion for a visual comparison). The shrinkage gradient for which
€, (R) = &, appears to be somewhat special in that it minimizes
the average stress across the mesocarp at the expense of a slightly
higher interfacial stress and lower curvature. Interestingly, this
is supported by the relative length changes measured in excised
strips of the mesocarp (Figure 3a). These considerations further
reinforce our hypothesis on the functional role of shrinkage gra-
dients as an additional element to reduce mechanical stress both
at the interface and across the parenchymatic layer.

Now the basic functional role of the shrinkage gradient has
been explained, we can consider the additional effect of a mod-
ulus gradient. In this case, the effect is quite straight forward.
For low shrinkage gradients (pink curves in Figure 4d), an in-
crease of the modulus gradient will produce an increase of both
the curvature and the stress, whereas the opposite is true for high
shrinkage gradients (cyan curves in Figure 4d). Therefore, the si-
multaneous maximizing of curvature and minimizing of stress
by changes in the modulus gradient is not possible. Interestingly,
our parametric study shows that at specific intermediate values
of shrinkage gradients, both curvature and stress are indepen-
dent of the actual modulus gradient present in the mesocarp
(grey shaded areas in Figure 4d corresponding to substantially
flat curves). In particular, the shrinkage profile £, discussed ear-
lier falls exactly in this range. Such decoupling of 1/R, Ac and
& from a specific modulus gradient could be beneficial (or even
selected for) in the pericarp of the B. attenuata follicle in which
the relative concentrations of lignin and hemicelluloses simul-
taneously affect both the shrinkage and modulus distributions
across the pericarp (with large variations between dry and wet
state, see chapter 2.2.2). The FE simulations are relatively sim-
plistic in comparison to the true 3D geometry of a Banksia fol-
licle. The simulations are 2D, have isotropic material properties,
and use linear elastic material properties only. Despite these sim-
plifications, such simulations allow for the testing of the relative
importance of design parameters such as materials property gra-
dients, and geometric features on the performance of biological

obtain ¢ (r) = 11 0-1= This equation describes a linear
0
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actuators, which is otherwise not possible using a purely experi-
mental approach.

2.2.4. Loading and Shape Memory of the Mesocarp

The outer mesocarp is particularly relevant for the follicle open-
ing, as the dimensional and mechanical response of these
“most active” fiber bundles to moisture is remarkably high
(Figure 3a,c,d). Furthermore, the response of the endocarp and
mesocarp is coupled, with each layer constraining its neighbor in
a manner which in turn varies with moisture content. To explore
the role of constraint on the mechanical response of the meso-
carp, precise multi-cycle combined tensile and hydration tests
were performed (Figure S3, Supporting Information, Figure 5a).
Constrained drying of single fibers from the outer mesocarp can
generate stresses of up to 40.7 MPa (mean, Figure 5a,b: steps 1-
2). Intriguingly, after the removal of the stress at constant humid-
ity (dry-state), a residual strain is observed (Figure 5a,b: step 3).
This residual strain then relaxes only after further cycles of wet-
ting and drying (Figure 5a,b: steps 4-9) at zero load (free ends).
This observation is akin to shape memory behaviors seen in some
metals and polymers.??] As the experimentally measured elastic
and swelling strains alone cannot account for the relaxation be-
havior seen, we hypothesize the presence of a load (and time)
dependent “internal strain.” If we do this the shape-memory
behavior can be reproduced using a simple phenomenological
model in which the total strain is given by the sum of elastic (g,),
swelling (¢,), and internal strains (g;,,).

Eiotal = Eel + Esw + Eint (1)

We assume that the elastic strain is related to the stress
through Hooke’s Law, ¢ = Ee,, where E is the Young’s Modu-
lus, and the swelling strain is given by ¢, = a ¢, where «a is the
coefficient of swelling and ¢ is the moisture content (the effect
of complete wetting is not included). The simplest model to de-
scribe internal strain is that it increases at a rate proportional to
the current stress and relaxes at a rate which is proportional to its
current value:

it = k10 — Ky (2)

k, is assumed to be constant, and k, is the relaxation rate, is
taken to increase with the moisture content. These equations can
be solved numerically and reproduce the experimental stress re-
laxations observed at each change in relative humidity as well
as the recovery of the internal strain upon cyclic loading at zero
stress (Figure 5e,f).

This residual, or internal, strain is likely to originate from
the same mechanism which causes mechanosorptive creep
in lignified fibers—the molecular rearrangement between the
cell wall polymers.®3 In this case, hydrogen bonds within a
stretched sample break upon sorption, and reconnect at another
position.?*l After unloading, not only time, but also humidity cy-
cles, are required for the samples to partially recover their ini-
tial length.[>*] In addition, the concept of “hidden-length” may
also play a role for this residual strain.[3°] If the matrix consists of
long chain disordered polymers (e.g., hemicelluloses), they may
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Figure 5. Shrinkage and shape memory of B. attenuata outer mesocarp. a) Tensile experiment of a single fiber in cyclically changing moisture conditions,
simulating fiber behavior during maturation and opening of the follicle after one initial cycle. First moisture cycle at zero-load (contraction), second cycle
with fixed ends showing stress development (analogous to the maturation of the follicle), stress release causing partial contraction (analogous to the
initial, fire-triggered opening), and three more moisture cycles leading to shape recovery (as necessary for complete follicle opening). b) Summary of all
single fiber measurements showing the extreme conditions (wet and 35% RH) of each moisture cycle with the corresponding relative length change and
stress. c) Dependency between shrinkage and stress generation of single fibers from the outer mesocarp due to drying, based on the moisture steps of
the first two experimental moisture cycles. Integration below the curve: energy involved in the first opening step (yellow, based on partial shrinkage (b)
after impeded drying) and second opening step (blue, rest of the energy). d) lllustration of how the hygroscopic behavior of single fibers from the outer
mesocarp affects the follicle opening. ) Model to reproduce the behavior of the outer mesocarp numerically. f) The different strain components parsed,
which interact during stress generation, initial opening, and cycling valve deflection until seed release of B. attenuata follicles. Data point with error bar:
mean and standard deviation (n = 8).

become mobile due to hydration and unfold upon loading. Upon  when the tissue is free to contract (Figure 5c). The total energy
drying under load, these polymers may remain extended as their ~ density is 2.60 m] mm™ (integrated along a third-order polyno-
mobility decreases and only relax to their initial state upon rehy-  mial fit of the data points with OriginPro 2021b). 1.41 m] mm™>
dration. Whether such a mechanism is involved in the observed  can be attributed to the partial (elastic) contraction (Figure 5c),
behavior of the mesocarp is unclear. The shape memory effectit-  considering the limited relative deformation of —0.046 during
self, however, can be important for protecting the seed from dam-  unloading after constrained drying (Figure 5b: steps 2-3). In this
age after the first opening step. case, the deformation may be limited by the loss of flexibility dur-

From the experimental data, we can determine the energy  ing drying, which stiffens the stretched tissue, compared to the
density in the outer mesocarp during drying, which generates  wet state (Figure 3b). In terms of follicle opening, the energy por-
stresses when deformation is constrained and causes shrinkage  tion of this elastic contraction is responsible for the first opening
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step upon heat exposure. The remainder of the energy can be
attributed to the second opening due to humidity cycles, which
again flexibilize the tissue for further contraction to an average
relative deformation of —0.166 of the wet length (Figure 5b: steps
4-9). These experimentally derived energy values are likely to be
smaller than those of the follicles in situ, where the mesocarp
tissue generates stresses as it dries from the green state,**! but
the data can be considered an approximation of the driving force
behind the natural opening process. The fact that the relation-
ship between stress and relative length change is not linear is
due to the stiffness of the material, which changes with mois-
ture. Interestingly, the hyperbolic function found here is similar
to the relationship between load and velocity of tetanic contrac-
tion found for skeletal muscle fibers.*”! For the Banksia meso-
carp fibers studied here, the slope of the fit gives the stiffness for
each moisture level. In the wet state, the stiffness is 80 MPa—
comparable to the tensile test data in Figure 3b. However, in the
dry state at 35% relative humidity, the slope in Figure 5c shows a
stiffness of 424 MPa, which is only about 30% of the stiffness de-
termined by tensile tests on dry tissue strips (Figure 3b). These
tensile test strips were exposed to water during sample prepa-
ration. They were allowed to dry unimpededly so that they could
shrink freely. It can be speculated that more hydrogen bonds were
newly formed in this case than in the case of drying with fixed
ends. This could explain the difference in stiffness, depending
on whether the tissue is in the process of stress generation or
free shrinkage. During the final loading at 60% relative humidity
after the cyclic experiment, the fibers show a stiffness of 1.3 GPa
(mean, standard deviation: 0.2 GPa, n = 8, Figure S4a, Support-
ing Information). This value is similar to the tensile tests of tissue
strips (Figure 3b). Therefore, it supports the hypothesis that the
dry stiffness of the outer mesocarp is only temporarily reduced
due to the impeded shrinkage and stress generation. The stresses
generated when the fibers are dried from the wet state at 60%
relative humidity (Figure 5c¢) are close to the yield point of the fi-
nal loading after the cyclic experiments (Figure S4b, Supporting
Information). This indicates that the material reaches its elastic
limit when dried with fixed ends.

Stepwise stress generation, restrained contraction, and com-
plete shrinkage of individual fibers from the outer mesocarp
against more dimensionally stable tissue layers correspond to the
macroscopic opening steps of B. attenuata follicles (Figure 5b,d)
as they can be observed in the field. During the first drying of the
follicle, the mesocarp pre-loads against the resistant endocarp!”!
and against the junction of the valves, years before the rapid fol-
licle opening upon heat triggering. These mesocarp-generated
stresses are expected to gradually decrease toward the interface
of mesocarp and endocarp. Analogous to the shrinkage gradient
discussed earlier (Figure 3a) and the modeled longitudinal stress
within the mesocarp (Figure 4), such a stress gradient could con-
tribute to the long-term stability and counteract delamination of
the interface between the active and resistant layer. The stresses
within the mesocarp might increase even further during a bush-
fire as the tissue contracts (Figure S5, Supporting Information),
and facilitate the initial opening of the follicle. During this initial
opening, the increased fiber stiffness limits the possible contrac-
tion of the active layer during unloading, possibly most in the
outer mesocarp (Figure 3c). As a consequence, the follicle valves
deflect only partially—an essential function to retain (and thus
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protect) the seeds, beyond the time of the bushfire. Subsequent
wetting and drying leads to progressive shrinkage of the meso-
carp (compare Figure 5b: steps 4-9) against the endocarp in each
drying step, with each cycle increasing valve deflection and en-
abling for seed release, once the fire has been extinguished.

3. Conclusion

Our detailed investigation of the B. attenuata pericarp tissue
shows that the autonomous movement of layered plant organs
can have a far more complex background than often described.
The case presented here shows that active and resistant layers are
not only built to counteract to generate motion, but they are also
built to interact on the micro level to ensure longevity of func-
tion. Shrinkage within the follicle valves of B. attenuata is great-
est on the outer edge of the active mesocarp and gradually de-
creases toward the interface with the resistant endocarp, which
does not shrink longitudinally. Similarly, the flexibilizing effect
of wetting is greatest where the shrinkage is greatest. Interest-
ingly, the property gradients within the mesocarp appear to be
a result of changes in lignin content, rather than cellulose ori-
entation. The macroscopic differences in shrinking between the
mesocarp and endocarp can be ascribed to differences in cellu-
lose orientation (perpendicular versus longitudinal, respectively).
It seems that fine tuning of shrinking within the mesocarp is
achieved by the presence of a lignin gradient. The resistance of
the endocarp increases from the interface with the mesocarp and
reaches a maximum at the edge of the layer. In a numerical finite
element model, we could show that these material gradients are
a sound strategy to improve the actuation capacity of the peri-
carp. It maximizes deformation and reduces the overall stress.
At the same time, the effects of drying on shrinkage and stift-
ness profiles are decoupled. The most active part of the meso-
carp shows a shape memory effect, which we were able to parse
into different strain components using a numerical model. This
effect allows the active layer to retain part of the opening energy
after the first follicle opening step, to protect the seeds inside the
follicles throughout the heat of a bushfire that initiates this open-
ing, and to subsequently release the seeds after rainfall. Our find-
ings may provide new inspiration for biomimetic approaches,
which often focus on high aspect ratios of layer dimensions and a
rather narrow range of property-function relationships.(*®! As ac-
tuating layers become thicker, more complex stress states come
into play, which can limit their use and require more detailed
compositional, structural, and mechanical modulation—as has
been observed in Banksia follicles. Potentially these approaches
may then open up a whole new perspective for autonomous ma-
terials, which incorporate both stability and motion.

4. Experimental Section

Banksia attenuata Samples:  Cones of the highly serotinous B. attenu-
ata R.BR. were collected along a climatic gradient in their natural habitats
in Southwest Australia by Jessica Huss in 2014 and in 2016.I”] Prior to
the experiment-specific sample preparation, single follicles were isolated
from cones of the geographic locations “site 1” (29.62080 °S, 115.21177
°E), “site 2” (30.04438 °S, 115.32618 °E), and “site 5" (31.69048 °S,
115.87981 °E)[”] using a hand saw; the exocarp was removed with a chisel.

Histological Staining: ~ Thin transverse sections of 5 um thickness were
cut with a cryo microtome (HM 560 M, Microm, Walldorf, Germany) from

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH


http://www.advancedsciencenews.com
http://www.afm-journal.de

ADVANCED
SCIENCE NEWS

ADVANCED
FUNCTIONAL
MATERIALS

www.advancedsciencenews.com

a B. attenuata (site 2) pericarp block, containing mesocarp and endocarp.
The sections were stored in water overnight, before they were stained ac-
cording to the Wiesnerl16<] and the improved Maule method,!'! respec-
tively. The stained sections were mounted on a glass slide, covered with
a coverslip, and sealed with nail polish, before microscopic imaging with
a digital light microscope (VHX 5000, Keyence, Osaka, Japan, objective:
VH-UT00UR).

Raman Microspectroscopy: Four small pericarp blocks from different
B. attenuata follicles (site 2, block size: complete thickness over mesocarp
and endocarp, 4 mm longitudinal, 2 mm in width) were cut in the water-
saturated state with a diamond wire saw (DWS 100, Diamond WireTec,
Weinheim, Germany) and clamped between small aluminum screw-jaws.
The transverse surfaces of the samples were sectioned flat in the frozen
state with a diamond knife (cryoimmuno 45°, DIATOME, Nidau, Switzter-
land) using a cryo-ultramicrotome, cooled by liquid nitrogen to —140 °C
(PowerTome XL, RMC Boeckeler, Tucson, AZ, USA). Within three con-
secutive mesocarp fiber bundles, cross-sections of single cell walls were
scanned using a Confocal Raman Microscope (alpha300, WiTec, Ulm, Ger-
many), equipped with a 60x water immersion objective (NIKON Corpora-
tion, Tokyo, Japan, NA = 1.0), using a frequency doubled linearly polarized
Nd:YAG laser (4 = 532 nm, oxxius, France), and a piezo-scanner (P-500,
Physik Instrumente, Karlsruhe, Germany). The measurement spots were
exposed to a laser power of 22 mW, determined directly in the object area
with an optical power meter. Spectra were acquired with a CCD detector
cooled by a Peltier device (DU401A-BV, Andor, Belfast, North Ireland) af-
ter passing a spectrograph with a grating of 600 g mm~" and a spectral
resolution of 3 cm™" (UHTS 300, WIiTec, Ulm, Germany). Two to three cell
walls were scanned in each of the fiber bundles of all four samples. The
measurements were conducted with the Witec Control FIVE software, and
evaluated in Witec Project FIVE (version 5.2, WITec, Ulm, Germany). Cos-
mic ray peaks in the data were removed with a filter size of 2 and a dynamic
factor of 4. The background of the spectra was subtracted by a third—order
polynomial function over five manually selected mask regions in the spec-
tra which did not contain any Raman peaks. For better comparability, the
spectra were normalized to the maximum height of the 901 cm™ peak,
which appears to be similarly pronounced in all measurements. Peak in-
tensity maxima were detected with the WITec Project FIVE filter function
for the peaks at ~1095, 1334, and 1598 cm~'. Within the 1095 cm~! peak
maps of each scan, the cell wall section of high intensity—where the hor-
izontal laser polarization matches the cellulose orientation3*l—was se-
lected as the region of interest. From the maps of each peak (1095, 1334,
and 1598 cm™"), all the intensity values within the region of interest were
exported and evaluated in OriginPro 2020b.

Polarizing Light Microscopy / LC-PolScope: Thin transverse sections
(thickness 3 um) were cut by means of a cryo microtome (CM 1860, Leica,
Wetzlar, Germany) from a B. attenuata (site 2) pericarp block, contain-
ing mesocarp and endocarp. They were stored in distilled water overnight
before being placed on glass slides and covered with a coverslip. The
sections were investigated with a liquid crystal-based polarizing light mi-
croscope (Eclipse 80i, Nikon, Tokyo, Japan, in conjunction with the LC-
PolScope-System, a cooled CCD camera, and the software Abrio 1.4, CRi,
Inc., Woburn, MA, USA). Images were taken in retardance mode for the
qualitative evaluation of changes in the cellulose orientation within the
pericarp.

Transmission Electron Microscopy: Small blocks of inner and outer
mesocarp fiber bundles of B. attenuata (site 2) were cut wet with a dia-
mond wire saw (DWS 100, Diamond WireTec, Weinheim, Germany). These
samples were fixed with 4% paraformaldehyde and 2.5% glutaraldehyde
in a 100 mM cacodylate buffer (pH 6.9) for 24 h at 4 °C. They were then
stained with 3% KMnO, in acetate buffer (pH 5.6) for 2 h, and rinsed
three times.[#0] The samples were dehydrated in an ethanol series, before
being infiltrated with Spurr’s epoxy resinl*!l and embedded at 70 °C for
16 h. The samples were sectioned with a diamond knife (ultra 35°, DI-
ATOME, Nidau, Switzerland) by means of an ultramicrotome (PowerTome
XL, RMC Boeckeler, Tucson, AZ, USA) at room temperature. Ultrathin lon-
gitudinal sections (thickness 100 nm) were allowed to stretch on water
with chloroform vapor after cutting, and collected on Formvar-coated 200
mesh copper grids. The sections were investigated with a transmission
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electron microscope (JEM ARM200F, JEOL, Akishima, Japan) at 200 kV.
Images were captured with a CMOS camera system and subsequently
processed in Digital Micrograph (GATAN, Pleasanton, CA, USA). Over-
lapping detail images containing the turning point of tangential cell wall
layers were stitched together and oriented within an overview image be-
tween two pits in Inkscape (version 1.0, Inkscape Project). To visualize
the fine periodic pattern of cellulose and matrix, diffractograms were gen-
erated from the central detail image by the “Reduced Fast Fourier Trans-
form” in Digital Micrograph (version 3.21.1374.0, GATAN, Pleasanton, CA,
USA). Within these diffractograms the intensities of the first ring (low fre-
quencies) were integrated azimuthally in DPDAK (version 1.4.1, DESY /
MPIKG, Germany) to determine the angular dependence of the pattern
with respect to the longitudinal axis of the fiber.

Hygroscopic Behavior:  Thin longitudinal sections (20 um thickness) of
B. attenuata (site 1 and site 5) pericarp were cut with a rotary microtome
(RM2255, Leica, Wetzlar, Germany). Sample areas containing the intact
endocarp layer and three visually distinguishable mesocarp fiber bundles
were isolated with a razor blade. The sections, nine specimens per site,
were placed under a digital light microscope (VHX 5000, Keyence, Osaka,
Japan, objective: VH-UT00UR) on a heated microscope slide, covered with
a coverslip. The samples were heated at steps of 10 K from 30 to 90 °C at
7 Kmin~" (relative humidity in the room between 41.5% and 56.3%). Im-
ages of the samples were taken at each temperature step, 180 s after reach-
ing the setpoint. After the 90 °C step, the samples were allowed to cool
down to 30 °C again and wetted with distilled water. Images were taken
after 180 s in the wet state. To evaluate the hygroscopic length changes
of specific tissue directions, recognizable points were defined in the en-
docarp and in each mesocarp fiber bundle. Line measurements to scale
were taken between these points for each temperature and moisture state
with Image] (version 1.5Tn)—two measurements per tissue region and
per sample. OriginPro 2015G was used for data analysis.

Tensile Stiffness: Tissue strips of endocarp and three consecutive
mesocarp fiber bundles (Figure 1c) were isolated (width between 0.1 mm
and 0.3 mm) with a razor blade from thin longitudinal pericarp sections
(thickness: 50 um) of B. attenuata (site 2). They served as specimens for
the tensile tests, 10 to 14 samples per tissue region and wetting state. Two
sets of samples were prepared: one set in the dry state under room condi-
tions, and another in the wet state, immersed in 50% glycerin. The ends
of the samples were glued to the edges of foliar frames with superglue
(Loctite 454, Henkel AG & Co. KGaA, Diisseldorf, Germany). Each sam-
ple’s test span was determined between the gluing points by image] line
measurements on an image taken with a digital light microscope (VHX
5000, Keyence, Osaka, Japan, objective: VH-U100UR). Tensile tests were
conducted using an in-house built testing stage equipped with a 2.5 N
load cell (model 31E, Honeywell, Columbus, OH, USA), controlled by a
LabView-based program. The expansion was captured by videoextensom-
etry at points of high contrast near the samples’ gluing points using a light
microscope (SZX7, Olympus, Tokyo, Japan) equipped with a digital cam-
era (A 102f, Basler AG, Ahrensburg, Germany).[4?] One set of samples was
tested in the dry state under room conditions (relative humidity between
23.1% and 24.8%, temperature between 21.6 and 23.1 °C). Another set of
samples was tested in the wet state at room temperature, moistened by a
continuous stream of water steam provided by a vaporizer (BH-860E, Hon-
eywell, Charlotte, NC, USA). The samples were loaded at a tensile feed rate
of 5 um s~ until material fracture (test span between 1.0 mm and 1.5 mm.
Force values and the associated extension were recorded throughout the
entire test. After the measurement, each sample was cut with a razor blade
perpendicular to the grain. The transverse sample surfaces were imaged
using an environmental scanning electron microscope (Quanta 600 FEG,
FEI, Hillsboro, OR, USA). Cross-sectional areas, including inward cell lu-
mens, were measured with image] (version 1.51n) for stress calculation.
Data were processed using OriginPro 2015G. For each sample, the stiff-
ness was calculated as the slope of the initial linear section of the stress-
strain curve.

Nanoindentation: Blocks of B. attenuata (site 2) pericarp were sawn
from a follicle in both the dry and the wet state and screw-tightened
between small aluminum clamping jaws. The transverse surfaces of
the samples were flattened with a diamond knife (cryoimmuno 45°,
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DIATOME, Nidau, Switzerland) using an ultramicrotome (PowerTome XL,
RMC Boeckeler, Tucson, AZ, USA). The dry nanoindentation specimen was
cut at room conditions. The wet nanoindentation specimen was frozen in
the water-saturated state, before sectioning under cryo conditions. Sepa-
rate sample preparation for both moistening states was necessary because
the pericarp tissue shows substantial deformation between the dry and
the wet condition. This precludes nanoindentation measurements in both
states on the same sample. A nanomechanical tester (Ubi-1, Hysitron Inc.,
Minneapolis, MN, USA) equipped with a Berkovich indenter was used for
nanoindentation. The dry samples, three specimens, were tested under
room conditions. The wet samples, two specimens, were allowed to soak
distilled water through a piece of tissue from a water storage. The load-
function contains three segments: Linear loading to 250 puN over the time
of 2.5 s, holding at 250 uN for 15 s, linear unloading to O uN over the time
of 2.5 s. Adjacent cells across the endocarp and within three consecutive
mesocarp fiber bundles were selected for the measurements. Their cell
walls were scanned with the tip of the indenter before each measurement
to set the indentation points, and afterward to verify the position of the
indents. Data of indents, which could be clearly associated with the fiber
cell wall were, evaluated in the Hysitron testing program TriboScan and in
OriginPro 2015G.

Multilayer Finite Element Model: 2D Finite element simulations were
performed using Abaqus (R2019) using the Standard solver under plane
strain conditions and large displacement. The geometry used had an as-
pect ratio of 10:3 with 20 elements in total across the thickness (5 for
endocarp and 15 for the mesocarp) using E4R elements with the linear
elastic material properties. Optimal mesh size was determined using a
convergence analysis. A Poisson ratio of 0.3 was used for all elements, the
Young's modulus was varied across the thickness by changing shrinkage
and modulus values in a stepwise manner across the mesocarp thickness
(70 steps in total). The gradients are all equivalent in an average sense,
that is they all have same mean value (as depicted in Figure 4a). For this,
we have assumed a mean value of 0.17 negative (shrinkage) strain, ob-
tained as the average of all measured values at all locations across the
mesocarp. The mean value of modulus was taken to be 2500 MPa in the
mesocarp and 7500 MPa in the endocarp.

Shrinkage Stress:  Single fibers of the outer mesocarp of B. attenuata
(site 2) were isolated manually under a binocular microscope (Steindorff,
Berlin) in the wet state with fine tweezers.[*3] The fibers, %250 um long,
were allowed to dry in room conditions, before being glued with super-
glue (Loctite 454, Henkel AG & Co. KGaA, Diisseldorf, Germany) to the
edges of sample holders, made of glass fiber reinforced polyphenylene sul-
fide (Tecatron GF40, Ensinger GmbH, Nufringen, Germany). After the glue
hardened overnight, the response of the specimens to cyclically changing
moisture regimes, inspired by the environmental humidity in their natural
habitats, was tested inside a customized conditioned tensile test cham-
ber (volume ~160 cm?). The chamber was cooled by a thermostat (Min-
istat 125 cc3, Peter Huber Kiltemaschinenbau AG, Offenburg, Germany)
to 20 °C through a water circuit. Humidified air for the different levels of
relative humidity was provided by a humidity generator (HumiGen-04, Dr.
Wernecke Feuchtemesstechnik GmbH, Potsdam, Germany) and brought
into the chamber at a flow rate of 80 | h=". The climatic conditions in the
chamber were constantly measured by a calibrated humidity-temperature
sensor (SHT85, Sensirion AG, Stifa, Switzerland) in vicinity to the sample.
Force values were measured using a 0.5 N load cell (model 31E, Honey-
well, Columbus, OH, USA), which was separately conditioned with dry air
(dew point between —30 and —40 °C). A precision translation stage (M-
126.DG1, Physik Instrumente GmbH & Co. KG, Karlsruhe, Germany) was
used for sample position adjustment and displacement measurement.
Humid air was provided by a humidity generator (Wetsys, Setaram Instru-
mentation, Caluire, France) at 30 °C and 77%-78% relative humidity for
sample wetting. It was pumped through heated silicone tubing (temper-
ature ~28 °C) into a pulled and partially grounded micropipette (1 mm
borosilicate capillary; World Precision Instruments, Sarasota, FL, USA; tip
diameter ~100 um). Condensation water formed a droplet between the
sample fiber and the pipette, as the tip protruded 2 mm into the 20 °C
conditioned test environment. Experimental parameters were controlled
by and logged in a Labview-based program (Labview, NI, Austin, TX, USA),
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which ran a semi-automated test procedure. It contained five fundamen-
tal humidity cycles (Figure S3, Supporting Information, Figure 5a), includ-
ing four segments of force-controlled position adjustment and one drying
cycle of force recording at fixed position. Hygroscopic deformation and
hygroscopic stress generation of mesocarp fibers during desorption were
compared, since the follicle opening steps of B. attenuata are related to the
dry state or desorption, respectively. Images of the fiber specimens were
recorded at the end of each step, at stable humidity, force, and position,
using a digital microscope (VHX 5000, Keyence, Osaka, Japan, objective:
VH-U100UR). Sample strain was determined based on the test span at the
first wetting step (Figure S3, Supporting Information). Data was evaluated
in OriginPro 2021b. Further information on the measurement procedure,
the refined experimental setup, and its potential for materials research will
be provided in another publication.
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Supporting Information is available from the Wiley Online Library or from
the author.
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