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Abstract

The anisotropic hygroscopic behavior of pine cone scales and its effect on bending motion, with implications for bioinspired actua-
tion, is investigated. Using gravimetric water uptake measurements, synchrotron radiation-based nano-holotomography, and digital
volume correlation analysis, inter- and intra-tissue variations of hygroscopic swelling/shrinkage were observed. In addition, the
moisture content of pine cone scale tissues was measured as a function of relative humidity. There were distinct differences be-
tween tissues and a pronounced hysteresis between sorption and desorption. Finite element analysis was performed on geometries
ranging from simplified bilayer models to complex remodeled scales. Simulation results showed an underestimation of the bending
of bilayer geometries due to an overestimated contribution of sclerenchyma fiber stiffness. Geometries with discrete fibers embed-
ded in a brown tissue matrix more accurately reproduced the bending angles observed in experiments. This highlights the impor-
tance of the chosen material properties and tissue arrangements for predicting pine cone scale bending in silico. By contributing to a
deeper understanding of pine cone scale biomechanics, these results also support the development of bioinspired technical applica-
tions. Future studies should refine tissue mechanical properties and integrate high-resolution computed tomography-based geome-
tries to further elucidate the mechanisms underlying hygroscopic actuation. This integrative approach will bridge experimental find-

ings with computational modeling and advance plant biomechanics and biomimetic transfer.
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Introduction

In recent years, the hygroscopic motion of plant structures has
attracted increasing attention from researchers and engineers,
both for fundamental biological research and bioinspired tech-
nical applications [1-4]. Of particular interest are, for example,
Banksia seed pods [5,6], Hakea fruits [7,8], and scales of pine
cones [9-12], which passively respond to changes in ambient
relative humidity by shape morphing to facilitate seed dispersal.
In the case of pine cones, winged seeds are blocked and pro-
tected by the scales under wet conditions and released under dry
conditions for wind dispersal. The inspiration provided by such
biological motion principles has driven innovation in a variety
of fields, including wood elements for weather-responsive and
self-forming building parts [13], ceramic bilayer actuators [14],
and 4D-printed weather-responsive fagade shading elements
[15]. The underlying principle in these biological examples is
often compared to a thermally actuated “bimetal” mechanism
[16,17]. The differential expansion or shrinkage of adjacent
tissues drives the bending motion. However, current research on
pine cones is increasingly revealing more complex, multilay-
ered systems than simple bilayer analogies suggest. For
instance, isolated pine cone scale tissues can bend independent-
ly, highlighting the complexity and resilience of the system
despite delamination or cracking [18,19]. Additionally, research
concerning the initial cone opening [20] and scale opening
orchestration [21] has been conducted, highlighting the func-
tional robustness and resilience [22] of pine cones. A better
understanding of the pine cone scale and how its tissue proper-
ties and arrangement impact the bending motion, can therefore
benefit the development and improvement of novel bioinspired
technical applications.

At present, some characteristics of pine cones have been de-
scribed that help to explain how their individual tissues can
deform under desiccation/hydration and thus lead to the bending
motion of the scale. One crucial influencing factor is the differ-
ence within or between tissues, as Eger et al. [23] highlighted.
The authors measured the relative change of moisture content as
a function of relative humidity by gravimetric water uptake
measurements of the sclereid cells, the brown tissue, and the
sclerenchyma fibers of a Pinus wallichiana pine cone scale.
However, as their water uptake measurements consisted of only
one measurement per tissue, being limited to the range of
30-80% RH, and their equilibrium criterion being one hour of
exposure instead of a mass change threshold, a more nuanced
study of the differences in water uptake between tissues is re-
quired to gain a better understanding of motion actuation. Quan
et al. [24] also measured the gravimetric water uptake, revealing
a hysteresis between uptake and evaporation, but without distin-
guishing between the scale tissues. Furthermore, they described

a porosity gradient in the sclereid cell layer, without distin-
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guishing between the sclereid cell layer and the brown tissue
layer. The more porous adaxial sclereid cells they described are
consistent with the earlier description of the brown tissue be-
tween the sclereid layer and the sclerenchyma fibers [12]. Other
approaches have also observed a gradient in the cross-sectional
shape of the prosenchymatous cells of sclerenchyma fibers
of Pinus elliottii cones and higher tensile strength of the
abaxial compared to the adaxial side of the sclerenchyma fibers
[18].

Although recent advances in the study of pine cone scales have
revealed the involvement of more than two tissue layers (scle-
reid cells, brown tissue, and sclerenchyma fibers) that may
themselves contain a gradient [18,19,23,24], the relationship be-
tween these gradients and the resulting axis-dependent hygro-
scopic expansion of the tissues is still not described. To date,
the hygroscopic expansion of pine cone scale tissues was often
described under the assumption of isotropic expansion. Dawson
et al. [11] measured the hygroscopic expansion coefficient of
Pinus radiata cone scale tissues, but since then, an axis-depend-
ent description of the hygroscopic expansion has remained
omitted. This axial dependence of hygroscopic expansion has
been an important research topic in wood research for years
[25-27], but has so far been widely neglected in research on

hygroscopic plant movements.

Recent advancements in the application of digital volume corre-
lation (DVC) [28] in combination with synchrotron radiation-
based nano-holotomography enable the study of axially depend-
ent hygroscopic expansion and shrinkage of tissues [29]. This
approach overcomes previous limitations related to the use of
only affine registration or the previously neglected longitudinal
(along the cell length axis) expansion of the measured cells
[26,27]. By scanning tissue samples in a moist and a dry state
using nano-holotomography, a DVC-based analysis of the two
states becomes possible, which results in a displacement field
representing the deformation from one state to the other. Using
this displacement field allows for the calculation of a strain
tensor field, which describes the axis-dependent hygroscopic
expansion [29].

Incorporating the anisotropic swelling and shrinkage behavior
into in silico models of the pine cone scale system further facili-
tates a more precise description of the bending motion. When
simulating and analyzing the hygroscopic bending of pine cone
scales using finite element analysis (FEA), as has already been
done for a bilayer system [23,30], some geometrical simplifica-
tions and assumptions have to be made. For example, the cross-
sectional shape of the tissues is simplified to rectangular shapes

and modeled solely as a bilayer, which hardly mimics the
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scales. With these simplifications, a bending motion can be
simulated, but the conclusions that can be drawn, for example,
regarding the impact of the tissue involved and their arrange-

ment, are very limited.

The aim of this work is to characterize the anisotropic hygro-
scopic behavior of pine cone scale tissues and its effect on the
bending motion. To this end, we first characterize their sorption
behavior using gravimetric water uptake measurements.
Furthermore, we apply synchrotron radiation-based nano-holo-
tomography paired with DVC analysis to measure the axial de-
pendent dimensional changes of cell size level tissue samples
while shrinking. Finally, we compare measurements of the
opening angle of pine cone scales with FEA models of differ-
ent abstraction levels of a pine cone scale cross-sectional geom-
etry incorporating the DVC-estimated hygroscopic expansion
coefficients. This will answer the questions of (1) whether an
intra-tissue gradient of the hygroscopic strain can be observed,
(2) whether this measured hygroscopic strain can be used in a
FEA to reproduce a comparable bending motion, and
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(3) whether this will allow us to properly describe and explore
the effect of the cross-sectional shape and arrangement of the

tissues on the bending motion.

Experimental

Sample preparation

All four pine cones used in our experiments originated from a
Pinus jeffreyi tree growing in the Botanical Garden in Freiburg
im Breisgau, Germany, and were collected from the ground in
February 2022, after they had already opened and dispersed
most of their seeds. Following collection, the cones were stored
in a climate-controlled environment at room temperature. If
individual cone scales were required for experiments, a pine
cone was submerged in water overnight and then the scales

were removed from the central axis by hand.

Gravimetric water uptake

The following three tissues were isolated from ten scales of the
first cone: (1) the sclereid cell layer with the abaxial epidermis,
(2) the brown tissue, and (3) the sclerenchyma fibers (Figure 1).

adaxial sclerenchyma fiber

2

l abaxial sclerenchyma fiber
brown tissue

1
il
i

N

adaxial sclereid cells

9]

abaxial sclereic cells

Figure 1: Tissue sample extraction from a Pinus jeffreyi cone scale. (A) The position of the cross section along the longitudinal axis of the scale,
where the tissue samples were prepared from. (B) The respective scale cross section at the sampling location. (C) Close-up of the exact sampling
locations within the tissues. (D) Microscopic images of the upper end of the respective tissue sample pillars.
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Each scale was first saturated with water to facilitate subse-
quent separation with a razor blade. Saturating the scales with
water prior to the sorption experiments prevents measuring a
biased scanning isotherm due to the unknown sorption history
of the sample [31]. We then divided the total amount of separat-
ed tissue material equally into five sample dishes each. The
gravimetric water uptake of the extracted samples was then
measured using a sorption test system (SPSx-1u-High-Load,
ProUmid, Germany) and a temperature and humidity sensor
(HC2A-S Ambient Air Probe, ROTRONIC, Germany). At a
controlled temperature of 20.0 °C, the samples were exposed to
different steps of relative humidity, starting at 90%, dropping to
0% in increments of 15%, and returning to 90%, respectively.
During this time, the samples were weighed every 20 min until
all samples reached equilibrium. Equilibrium was defined as a
change of mass of less than 0.01% over a period of 40 min. The
0% RH climate step was maintained for at least 96 h to ensure
an equilibrium when measuring the dry mass of the samples.
During the measurements, an error occurred in one sample of
sclerenchyma fiber tissue, resulting in a pronounced mass shift
from one weighing step to the next, making it unsuitable for
further analysis. The relative mass change of the samples with
respect to the measured dry mass was calculated and used for
further analysis.

Axially dependent hygroscopic tissue shrinkage

The general imaging and analysis protocol followed the proce-
dure presented in Ulrich and colleagues [29]. A pine cone scale
was isolated from the second of the collected cones and trans-
ported to Hamburg, Germany, where the scale was soaked in
water overnight to improve its cutability. Tissue samples were
prepared of the ab- and adaxial parts of the sclereid cell layer
and the sclerenchyma fibers, and the brown tissue (Figure 1).
Each sample was cut into small pillars (Iength: ~800 um, width:
~50 um) by hand using a microscope (Olympus BX51, Evident
Europe GmbH, Hamburg, Germany) and a razor blade. One end
of the pillars was then glued to special sample holders using a
UV-cured liquid plastic welding system (Bondic BC4000,
VIKO UG, Kranzberg, Germany). Each tissue sample was
then imaged at a special synchrotron radiation-based nano-
holotomography setup at the imaging beamline PO5 operated by
Helmholtz-Zentrum Hereon at PETRA III (DESY Deutsches
Elektronen Synchrotron, Hamburg, Germany). Phase contrast-
based near-field holotomography was used to image our sam-
ples, utilizing a 300 pm gold Fresnel zone plate to
focus the monochromatic beam with an energy of 11 keV
[32]. For the in situ nano-holotomography, a climate chamber
[33] was used to image the specimen in a moist (90% RH) and a
dry (<3% RH) state. A binning factor of two was applied to
the images. The phase retrieval was performed using the

Holowizard framework [34,35]. The sample volumes were
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reconstructed using the GridRec algorithm [36] with a
Shepp-Logan filter, implemented in TomoPy [37] with the
P05 reconstruction pipeline. The resulting voxel size was
127 nm.

Prior to the DVC analysis, some preprocessing was performed
using FIJI (ver. 1.54f) [38]. Since the sample expanded in
vertical direction, the imaged sample area is not exactly the
same in both scans. Therefore, the images were cropped to the
same sample region for comparability. Additionally, the bit type
of the images was reduced to 8-bit for computational efficiency,
which reduced the computational time with negligible loss of
information.

DVC was performed using the image registration software
Elastix with its implemented B-spline transformation (ver.
5.1.0) [39]. The images were aligned in a two-step process, first
with an affine transformation and then with a B-spline transfor-
mation. For both steps, a pyramidal approach with five resolu-
tion levels using a Gaussian filter was applied. The number of
iterations per resolution level was set to 1000 for the affine
transformation and 2000 for the B-spline transformation. Ad-
vanced normalized correlation was chosen as the correlation
metric. The detailed parameter files, “Affine_parameters.txt”
and “BSpline_parameters.txt” can be found in Supporting Infor-
mation File 1. Based on the resulting displacement field, the
Green—Lagrangian strain was calculated using the Insight
Toolkit strain filter extension (ITK: ver. 5.3.0, itk-strain: ver.
0.4.0) [40] in Python (ver. 3.11.9) [41]. Finally, for each sam-
ple, the median of the axial strain components across all sample
bulk voxel entries was calculated.

Hygroscopic bending motion

The scales of the last two pine cones were isolated, and two of
the scale rows organized in steep spirals along the central axis
were randomly selected for both cones. From each spiral, five
scales were prepared for measurement, starting with the first
basal scale whose adaxial epidermis was not blocked by another
scale. For each experiment, one set of ten scales from one cone
was then mounted in two rows of five in a sample holder inside
a climate chamber (CTC-265, Memmert GmbH + Co.KG,
Schwabach, Germany), with the rows representing one of the
cone spirals. The most basal scale was mounted on the left and
the most apical scale on the right (Figure 2). For further analy-
sis, the position along the scale axis was assigned to an ordinal
scale, with 1 being most basal and 5 being most apical. The
scales were mounted by clamping the leftover part of the central
cone axis at the basal end of the scale. The basal and apical
parts of these scales facing the window were marked with a
larger white dot with a black dot in the center to improve visi-

bility and traceability.
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Figure 2: Characterization of the scale bending angle as a function of relative humidity and temperature. (A) Single board computer with camera
module in front of the climate chamber. (B) Ten Pinus jeffreyi cone scales fixed in a sample holder inside the climate chamber. A row of scales of one
cone is sorted from more basal (left) to more apical (right) based on the original position along the central cone axis. (C) Single frame of the first scale

row during the automated point tracking for calculating the bending angle.

To test how long it takes for the scale bending motion to equili-
brate, we set the climate chamber to run for 48 h, with the first
24 h at 31.7 £ 0.2% RH and the second 24 h at 73.9 + 0.9% RH.
The time to equilibrium was then calculated for each climate
step. Equilibrium was defined as an angular change of less than
0.01° over 60 min. In a second run, the climate chamber was
programmed to start at 30% RH and remain there for 24 h, then
increased to 75% RH in four ~12% increments. Each incre-
mental climate step was held for 12 h. After remaining at the
highest humidity level for 24 h, the RH was again lowered back
to 30% in four 12 h long decrements. Due to the limitations of
the climate chamber and the required large volume of the inte-
rior, the equilibration steps achieved could vary between the
incremental increases and decreases in humidity. The tempera-
ture and humidity in close proximity to our samples inside the
chamber, as well as a side view of the samples, were recorded
externally every 10 min using a single-board computer (Rasp-
berry Pi 4 Model B, Raspberry Pi Foundation, Cambridge, UK)
connected to a temperature and humidity sensor (DHT22,
Sertronics GmbH, Berlin, Germany) and a camera module
(Raspberry Pi HQ Camera V1.0, Raspberry Pi Foundation). The

captured images were then analyzed using the adapted tracking
script by Cheng et al. [15] to measure the opening angle of the
scales. This was done by calculating the angle between a
vertical line passing through the base of a scale and the
connecting line between the base and apical points. The aver-
age of the last five angles measured for each climate step was
then used for further analysis. The angle attained at equilibrium
during the initial drying step was used as the baseline for

normalizing all angle measurements.

Scale bending simulation

Based on a CT scan of a P. jeffreyi cone scale bending zone
(basal third), five CAD geometries were created (Figure 3). The
geometries were kept within the same dimensions (length:
11.5 mm, width: 11.5 mm, and thickness: 1.6 mm), to compare
the resulting bending motion with the bending of the natural
scales. The first geometry was a bilayer consisting of the scle-
reid layer and the sclerenchyma fiber layer, both being modeled
with rectangular cross sections. The second geometry was a
trilayer with the addition of a (thinner) intermediate brown
tissue layer. The third geometry was a trilayer with the scle-
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. sclerenchyma fiber layer

brown tissue layer

. sclereid layer

Figure 3: Geometries used for finite element analysis. (A) Bilayer. (B) Trilayer. (C) Trilayer with uniform fibers. (D) Trilayer with varying fibers.

(E) Remodeled scale (“scale-like”).

renchyma fibers being modeled as uniform tubes within the
brown tissue layer. The fourth geometry was similar to the
third, but with the diameter of the sclerenchyma fiber tubes
gradually decreasing from 0.6 mm medial to 0.3 mm lateral.
The last geometry resembled the natural anatomy of the pine
cone scale the most as the geometry was modeled on the basis
of five sketches of corresponding CT cross sections from five
distinguished locations with defined distance along the longitu-
dinal scale axis. Starting with a cross section from the basal part
of the bending zone, the following cross sections were taken
from positions 2.5, 5.5, 7.5, and 11.5 mm more apical. These
five cross-sectional positions were then used as control points
with the same longitudinal spacing between them to extrude the
volume model. Since the sclerenchyma fibers branch along the
longitudinal axis of a scale, they were simplified by allowing
branching only at the cross sections used as control points
(Figure S1, Supporting Information File 2).

The response of the involved tissues of the five scale-derived
geometries during expansion and the influence of the involved
tissues were characterized by simulative FEA in Ansys (ver.
2024 R2, Ansys, Inc., Canonsburg, PA, USA). Expansion was
modeled using thermal stress analysis (a combination of the
steady-state thermal and static structural solvers). The thermal
expansion coefficients of the three tissues involved (sclereid
layer, sclerenchyma fibers, and brown tissue) were defined to
be orthotropic and derived from the hygroscopic shrinkage of
the individual tissues measured in section “Axially dependent
hygroscopic tissue shrinkage”. The average value of the respec-
tive ab- and adaxial values was used for the sclereid layer and
the sclerenchyma fibers. For the X- and Y-directions (spanning

the cross section of each model), the mean value of the two

measured values was used, while the Z-value (from the basal to
the apical end of the models) was derived directly. The same
coefficients were used in all simulations. A linear elastic materi-
al model was applied for all tissues, with Young’s moduli of
30 MPa for the sclereid layer, 500 MPa for the sclerenchyma
fibers, and 50 MPa for the brown tissue, and a Poisson’s ratio of
0.3 for all tissues (all values derived from Eger et al. [23]).
These five simulations will be referred to as the standard simu-
lations in the following. To analyze the influence of the me-
chanical properties, in another simulation of the bilayer, the
value of the Young's modulus of the sclerenchyma fibers was
adjusted to that of the brown tissue (from 500 to 50 MPa). To
analyze the influence of the Young's modulus of the brown
tissue also in the scale-like model, another simulation was per-
formed in which the Young's modulus was reduced below the
Young's modulus of the sclereid layer from 50 to 10 MPa.

The imported geometries were converted into a volume mesh in
Ansys (quadratic tetrahedrons; Tetl0 elements) with edge
lengths of 0.10 to 0.15 mm, resulting in meshes of 772,934 to
1,234,185 nodes (500,074 to 808,140 elements; Figure S1, Sup-
porting Information File 2). To avoid highly deformed ele-
ments near the fixed plane, non-linear adaptive remeshing based
on the skewness values of the elements was included where
necessary. At the basal end of the geometry, a fixed support was
applied over the entire cross-sectional area to suppress move-
ment at this end and mimic experimental conditions. Expansion
was induced by a temperature change of 150 °C in all volumes
and simulated nonlinearly, accounting for large deformations.
This temperature should be noted as being used only as an ana-
logue for the hygroscopic expansion actuation, with no relation

to the physical effect that an actual temperature would have on

1700



the scales. The choice of 150 °C was determined iteratively to
produce a bending of the geometries in the range of the natural
scale. Initially, the chosen expansion coefficients were deter-
mined so that a temperature change of 100 °C corresponds to
the results of the tissue shrinkage experiment. However, it is
known from preliminary experiments that the influences of indi-
vidual materials in multimaterial systems affect each other and
that the actuation temperature must therefore be adapted. The
results of all five geometries were compared in terms of their
maximum total displacement at the apical tip and the observed
double curvature. For this purpose, the maximum displacement
in the Y-direction was quantified at three points. These were lo-
cated at the two adaxial apical corners of each geometry and at
the adaxial apical center (Figure S2, Supporting Information
File 2). In order to assess the sensitivity of the FE analyses with
respect to the expansion coefficients in the measured ranges,
two comparative simulations were performed on the geometry
with graded fiber size. In these simulations, the expansion coef-
ficient of the brown tissue was set to the reciprocal of the
minimum or maximum measured median strains (—5.8% and
—10.5%, respectively) determined by DVC.

Statistical analysis

Data management, statistical analyses, and visualization were
done with Python (ver. 3.12.8) using the packages pandas (ver.
2.2.3) [42], scipy (ver. 1.14.1) [43] and seaborn (ver. 0.13.2)
[44]. The threshold of statistical significance was set at
p < 0.05.

Results
Gravimetric water uptake

The gravimetric water uptake measurements allowed us to make
precise analyses of the moisture content (Figure 4A). The be-
havior of the sclereid cells and the brown tissue revealed
marked differences particularly above 50% RH. During absorp-
tion at 60% RH, the moisture content of the brown tissue is 0.37
percentage points lower than that of the sclereid cells, when
looking at absolute differences. At 90% RH, the moisture
content of the brown tissue is 2.13 percentage points lower. The
sclerenchyma fibers have a lower moisture content than the
other two tissues even at lower RHs. At 30% RH during absorp-
tion, their moisture content is 0.43 percentage points lower than
the brown tissue and 0.55 percentage points lower than the scle-
reid cell moisture content. In the high RH range, it is particular-
ly striking that the sclerenchyma fibers absorb the least percent-
age of water, the sclereid cells the most, and the brown tissue in
between. At 90% RH, the sclereid cells achieve a moisture
content of 27.7 £ 0.4% for desorption and 26.8 + 0.4% for
absorption. In comparison, the sclerenchyma fibers achieve a
moisture content of 23.7 + 0.6% for desorption and 23.0 + 0.5%

for absorption. In terms of the hysteresis observed, the differ-
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ence in moisture content between desorption and absorption at
60% RH is in the range of 2.4-2.5 percentage points for each of
the three tissues, with moisture content being higher during de-

sorption than during absorption.

Axially dependent hygroscopic tissue
shrinkage

Geometric differences between the tissue samples were ob-
served using DVC to analyze the axial shrinkage from moist to
dry state (Table 1). In the following, radial shrinkage (e, and
€yy) corresponds to shrinkage along both the abaxial-adaxial
and the lateral-medial axis of a pine cone scale, since differenti-
ation is not possible based on our tissue samples No statistical
testing was performed to compare axial strains of individual
tissue samples. The large number of observed voxels (>107)
could produce misleading significant results, even for negli-
gible biological differences (see the Supplementary informa-
tion in [29] for an example).

The radial shrinkage of the cell samples ranged from the lowest
of —5.8% for the brown tissue y-axial shrinkage to the highest of
—11.0% for the sclerenchyma fiber x-axial shrinkage. The x-
and y-axial shrinkage of the samples differed most for the
brown tissue sample with the median y-axial shrinkage being
45% lower than the x-axial shrinkage (4.7 percentage points).
On average, the radial shrinkage (average across sampling posi-
tion and x- and y-axis for each tissue) of the sclerenchyma
fibers was —9.3%, of the brown tissue —8.2%, and of the scle-
reid cells —=7.6%. For longitudinal shrinkage (g;,), the lowest
value was measured for the abaxial and adaxial sclerenchyma
fibers, with higher shrinkage in the abaxial fiber (abaxial:
—3.1%; adaxial: —1.8%). The highest longitudinal shrinkage
was measured for the sclereid cells, with the adaxial shrinking
more than the adaxial (abaxial: —8.1%; adaxial: —8.8%). The
brown tissue sample showed higher longitudinal shrinkage
(=7.6%) closer to the sclereid cell layer than to the scle-
renchyma fibers. The radial shrinkage of the adaxial scle-
renchyma fibers is, for example, 4.8-5.0 times higher than the
longitudinal shrinkage. Whereas for the radial shrinkage of the
abaxial sclereid cells is 0.8-1.1 times the longitudinal
shrinkage.

Hygroscopic bending motion

The ten scales took 9.1 £ 1.6 h to reach their bending angle
plateau from laboratory conditions to low RH (Figure 4B).
From low RH to high RH, they took 10.0 £ 1.4 h to reach a
plateau with a maximum measured angle of 17.8°. Regarding a
correlation between their respective position along the central
cone axis and their time until equilibrium, we cannot assume a
normal distribution (Shapiro—Wilk test for high RH results:
W =0.936, p > 0.05, n = 10). Therefore, we calculated the
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Figure 4: Results of the sorption measurements and the bending angle characterization. (A) The average moisture content of the scale tissues as a
function of relative humidity. The desorption is shown as a solid line, the absorption as a dashed line. Violet: sclereid cells, orange: brown tissue,
green: sclerenchyma fibers. (B) Ten pine cone scales where exposed to first a low, then a high relative humidity. Their bending angle normalized to
the angle before changing conditions after 24 h is shown as a function of time. (C) The time it took the scales to reach equilibrium is plotted as a func-
tion of their position along the longitudinal central cone axis. Orange: low RH, blue: high RH. Circle: scales of first row, square: scale of second row.
(D) Incremental measurements of the scale bending angle as a function of RH. The desorption is shown as a solid line, the absorption as a dashed
line. The rows of scales are separated by color scheme. Violet: first row, orange: second row. The scales position along the central cone axis is shown
by saturation. High saturation: more apical, low saturation: more basal. (E) The measured angle during absorption and desorption depicted in (D) is
shown as a function of the scales position along the central cone axis. The respective RH is indicated by color. The first row of scales is depicted as

circles, the second row as squares.

Spearman’s rank correlation coefficient and found no signifi-
cant correlation neither at low RH (rtho = -0.161, p > 0.05) nor
high RH (rho = 0.283, p > 0.05, n = 10). Comparing the linear

model with an intercept-only (constant) model using AICc indi-

cated a marginal preference for the constant model (AAICc =
AlICclinear — AlCc onstant; low RH: AAICc = 1.38; high RH:
AAICc = 0.09). As both AAICc values are <2 (i.e., models have

comparable support), we chose the more parsimonious repre-
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Table 1: Measured median axial strain across all evaluated voxels of the sample bulk.

tissue sample

sampling position

median axial strain with IQR

Beilstein J. Nanotechnol. 2025, 16, 1695-1710.

number of
evaluated voxels

Exx [%]
sclerenchyma fiber  adaxial -8.6 (-14.0, -2.4)
sclerenchyma fiber  abaxial -11.0 (-17.7, -2.9)
brown tissue — -10.5 (-14.4, -6.1)
sclereid cells adaxial -7.5(-12.7, -2.5)
sclereid cells abaxial -6.7 (-14.3,2.2)

sentation and report the mean and standard deviation
(Figure 4C).

Measuring the opening angle as a function of relative humidity
(Figure 4D) shows a dependence of the bending on the direc-
tion of the humidity change, and a difference in the angle ob-
tained with respect to the position along the central axis. In par-
ticular, the opening angles are smaller for absorption than for
desorption for the same observed climatic conditions. The
difference between the angles is greatest in the range between
50% and 60% RH, reaching, for example, 11.9° for one of the
most basal scales. When the angle is considered as a function of
the position along the central axis, basal scales reach an angle of
~50°, while apical scales sometimes reach only ~20°
(Figure 4E). For both ab- and desorption and all RH steps, we
calculated the Spearman’s rank correlation between the normal-
ized angle and the position along the central axes. We found
significant correlation for all combinations (rho < —0.6,
p < 0.05).

Scale bending simulation

The simulations of all five models resulted in a bending along
the Z-direction of the geometry (Figure 5, Supporting Informa-
tion Files 3-9). The largest bendings of the standard simula-
tions were achieved by the trilayer with uniform fibers
(maximum total displacement: 4.56 mm), the trilayer with
varying fiber diameters (4.58 mm) and the scale-like geometry
(5.57 mm). In the fiberless trilayer, a medium bending magni-
tude was achieved (4.11 mm), and the standard bilayer geome-
try bent the least (2.90 mm). By reducing the Young’s modulus
of the sclerenchyma fiber layer in the bilayer, the maximum
total displacement was increased to 5.10 mm. A similar trend
was found for the scale-like geometry in which the Young’s
modulus of the brown tissue was reduced, with an increased
maximum displacement of 5.33 mm, and thus the highest value
measured in any of the simulations. Looking at the change in
curvature of the lateral axis of the geometries, a bending was
particularly evident in the trilayer geometry with graded fibers

and both scale-like geometries, while it was only slightly promi-

gy [%] €2z [%]

9.0 (-14.1,-2.9) -1.8(-7.8,3.3) 125,594,142
-8.6 (-16.4, 0.5) -3.1(-10.1, 3.9) 38,983,712
-5.8(-9.8, -1.4) -7.6 (-10.8,-3.1) 56,858,642
-7.6(-12.9,-24) -8.8(-12.6,-5.4) 125,224,286
—87(-15.3,-15) -81 (-13.0,-2.9) 145,464,169

nent in the other geometries (Figure S2b, Supporting Informa-
tion File 2). In the case of the trilayer geometry with graded
fiber diameters, the adaxial surface visibly bulged upwards. The
pre-curved adaxial surface of the scale-like geometry flattens.
This lateral curvature is influenced by the chosen radial expan-
sion coefficient of the simulations, as highlighted in the com-
parative simulations of the geometry with graded fiber size
(Figure S3, Supporting Information File 2). A lower expansion
coefficient resulted in negligible lateral curvature, while a
higher expansion coefficient resulted in increased lateral curva-

ture.

To validate the FE simulations, a mesh sensitivity analysis was
performed based on the trilayer geometry with fibers. Further
mesh refinement with an increased number of nodes by a factor
of ~3 resulted in a relative change in maximum deformation of
only around 0.1% (For the mesh sensitivity analysis, elements
sizes were changed from 0.15 mm (fibers) and 0.1 mm (scle-
reid layer and brown tissue) to 0.1 and 0.067 mm, respectively.
The resulting mesh comprised 3,927,014 nodes and 2,681,955
elements. The maximum deformation of the scale changed from
4.5617 to 4.5574 mm, corresponding to a relative change of
about 0.1%). Thus, mesh convergence can be assumed. Addi-
tional analysis of the impact of expansion coefficient variance
based on the “trilayer with fibers” model showed the highest
impact on bending for the z-axial hygroscopic expansion coeffi-
cient of the sclereid layer. More detailed results can be found in

Table S1, Supporting Information File 2.

Discussion

Our analysis of axis-dependent swelling and shrinkage revealed
inter- and intra-tissue gradients of the hygroscopic strain. We
observed the lowest longitudinal shrinkage (median: —1.8%) for
the adaxial sclerenchyma fiber tissue. Additionally, we found a
difference between the adaxial and abaxial sides concerning the
extent of longitudinal shrinkage, with the abaxial side exhibit-
ing about 70% greater median shrinkage (Table 1). This
gradient is consistent with spiral secondary cell wall thicken-

ings only being observed on the abaxial side, leading to a differ-
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Figure 5: Results of the FE analysis. Obtained bending of (A) the bilayer, (B) the bilayer with reduced stiffness of the sclerenchyma fiber layer, (C) the
trilayer, (D) the trilayer with fibers, (E) the trilayer with fibers with varying diameter, (F) the remodeled scale-like geometry, and (G) the remodeled
scale-like geometry with reduced stiffness of the brown tissue. All results share the same coordinate system and scale depicted in (A). The colors indi-

cate the total displacement.

ential longitudinal extension rate within the sclerenchyma fibers
measured using environmental scanning electron microscopy
(abaxial: 9%, adaxial: 1%, [18]). Although their exact values of
measured longitudinal expansion may differ from ours due to
differences in methodology and pine species studied, our results
do support the ability of individual fibers to bend independent-
ly in response to moisture changes due to an intra-tissue
gradient. In contrast, the longitudinal shrinkage measured in the
abaxial and adaxial sides of the sclereid layer was more
uniform, with about 0.7 percentage points higher values for the

adaxial side, likely being within the measurement noise. The

brown tissue exhibited lower hygroscopic shrinkage than the
sclereid layer, although not as low as that observed in the scle-
renchyma fibers. The boundary between the sclereid layer and
the brown tissue is gradual rather than discrete [24], suggesting
a continuous gradient in hygroscopic behavior. This gradual
transition also hinders identification of specific tissues during
sample preparation, leading to the sample labeled as “brown
tissue” possibly partially reflecting the characteristics of the
adaxial sclereid layer. Additionally, our analysis was limited by
the measurement of only a single sample per internal tissue

sampling location. In order to refine our understanding of the
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hygroscopic material properties of tissue samples, future studies
should include larger sample sizes. Nevertheless, the use of
DVC-assisted sample evaluation has proven to be a very useful
complementary method to classical ways for analyzing and
comparing the hygroscopic shrinking behavior of lignocellu-
losic tissue samples.

When examining the radial tissue shrinkage (along the
abaxial-adaxial and lateral-medial axes), we observed the
intrinsic anisotropy of cell wall shrinkage [25,29,45]. Consid-
ering the x-axial shrinkage within the x—y-plane, cell walls
oriented parallel to this axis have a lower x-axial shrinkage than
perpendicularly oriented cell walls. The same can be observed
for the y-axial shrinkage. This observation explains the vari-
ance between x- and y-axial shrinkage. Although under ideal
sample preparation, the proportion of parallel and perpendicu-
lar cell wall sections should be similar (see adaxial scle-
renchyma fibers), this is not always the case under real condi-
tions. The porous brown tissue is a good example for this issue,
showing high variance between the median x- (—10.5%) and
y-axial (—=5.8%) shrinkage. Therefore, future measurements
should include more cells to avoid conflicting results for the
radial shrinkage. In addition, the original orientation during
specimen preparation and imaging should remain traceable in
order to differentiate between ab-/adaxial and lateral directions
in the resulting images. The tissue average radial shrinkage is
highest for the sclerenchyma fibers and lowest for the sclereids,
which can be explained by the microfibril angle. The angle of
the microfibrils can not only limit cell expansion along its
longitudinal direction, but also constrict radial shrinkage like a
belt [46,47]. Since the microfibril angle is highest in sclereid
cells, their longitudinal expansion is higher and their radial
expansion is lower. The sclerenchyma fibers, in contrast, have a
lower microfibril angle and expand less longitudinally and more
radially.

Like the inter-tissue gradient of the hygroscopic strain, we also
observed a clear hierarchy between the three tissues in terms of
moisture content as a function of relative humidity (Figure 4).
At the initial 90% RH before drying, the sclereid layer exhib-
ited the highest moisture content (27.7%), followed by the
brown tissue at a slightly lower level (25.5%), and the scle-
renchyma fibers with the lowest moisture content (23.7%). This
resulted in a moisture uptake profile that diverges notably from
that reported by Eger and colleagues [23]. Comparing the water
uptake measured by us in the range of 30-80% RH with that re-
ported by Eger et al. [23], the behavior of the sclerenchyma
fibers is comparable. However, both the sclereid layer and the
brown tissue in our study exhibit a 1.5-2 times higher relative
water uptake, a discrepancy that may arise from differences in

the equalization criterion or inherent species-specific character-
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istics. It is important to note that different species were studied
in each case, which may indicate that the water uptake of the
tissues differs markedly between pine cones of different

species.

Furthermore, our measurements reveal a pronounced hysteresis
between absorption and desorption cycles in all three tissue
types, indicating that the moisture content, and consequently the
swelling behavior, is strongly dependent on the sample’s expo-
sure history. A comparable hysteresis was also indicated in
previous studies [23,24], but has not yet been investigated
further. This path-dependency may affect the repeatability of
hygroscopic behavior under fluctuating environmental condi-
tions. The same phenomenon can be observed when measuring
the bending angle of the cone scales during absorption and de-
sorption (Figure 4). Within the 50-60% RH range, the bending
angle varied markedly depending on the pre-conditioning of the
scale: Scales that were drier prior to exposure achieved up to
~12° smaller bending angles than those that were previously
moistened. This observed hysteresis of the scale bending angle
is closely related to the sorption hysteresis of the scale tissues
and may also have biological implications. Considering a cone
has just opened and is releasing its seeds, it would be disadvan-
tageous for the cone scales to “overreact” and close due to
every slight rain shower or increase in humidity. In this context,
the hysteresis might act as an additional buffer besides the
general slow speed of the closure. Delayed closure relative to
humidity after a dry state ensures that the cone does not respond
abruptly to transient increases in humidity, thereby stabilizing
the seed dispersal process. A similar mechanism may apply to
closed cones, where it has already been described that the initial
opening is influenced by resin at the apophysis and is therefore
dependent on temperature and humidity being within a certain
range [20]. After the initial opening, a delayed response to
humidity changes could additionally prevent inadvertent
responses to transient humidity decreases, ensuring that the
cone only opens when environmental conditions consistently
favor seed dispersal. This should also be taken into account and
further investigated in the case of future studies, not only to en-
hance the understanding of the ecological importance of the
pine cone opening and closure, but also to improve the design
of bioinspired systems. Controlled, delayed responses to envi-
ronmental changes may be desirable for various engineering
and architectural systems, such as adaptive facade shading

systems [15].

The achievable bending angle also varied with the position of
the scales along the central cone axis. Scales from the apical
part achieve an up to ~30° lower opening angle than those from
the basal part. This may be attributed to variations in tissue

composition or mechanical and hygroscopic properties along
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the cone. In the case of basal scales, our measured opening
angle is underestimated due to the chosen method of angle
calculation and the strong curvature of the scales. Interestingly,
we found that the time required for the scales’ bending motion
to reach an equilibrium was consistent across different posi-
tions along the cone. This uniformity suggests that the time
until equilibrium may be independent of local structural varia-
tions, potentially ensuring coordinated movement across the
cone. In this case, if evaporation through the apophysis were the
primary driver of moisture loss in a closed cone, all scales
would be expected to open simultaneously. In Pinus jeffreyi,
however, the orchestration occurs successively. This supports
the conclusions drawn by Horstmann et al. [21], who attributed
the successive orchestration to the overlapping arrangement of
scales and the constrained evaporation through the apophysis.
This coordinated opening mechanism may facilitate seed
dispersal since not all seeds are released at the same time. It also
provides valuable insights for the design of bioinspired systems
that mimic such controlled, sequential responses and actuations.

The results of the simulations clearly show that we can use the
measured values of hygroscopic expansion to achieve a bending
angle in the range of biological specimens (Figure 5). However,
the chosen material properties of the tissues, and in particular
the cross-sectional area of the more rigid sclerenchyma fiber
layer, play a crucial role. For example, the simulation of the bi-
layer geometry showed that a considerably lower bending is
achieved compared to other geometries. This is due to the cross-
sectional geometry and the shape and proportion of the stiffer
sclerenchyma fiber layer. When the cross-sectional geometry is
simplified to a bilayer with the sclerenchyma fibers as a rectan-
gular layer, the resulting area moment of inertia increases com-
pared to a layer consisting of multiple fibers. Thus, the scle-
renchyma fiber layer contributes more to the structural Young’s
modulus of the cone scale model, and the resulting bending is
less than that observed in nature. Since previous simulations of
the pine cone scale have used the bilayer model as a simplified
geometry [23,30], the obtained results must be taken with
caution. However, if the sclerenchyma fibers’ Young’s modulus
is decreased, or if they are considered as discrete fiber elements
embedded in an intermediate tissue, higher bending angles can
be achieved with the same material properties and more closely
represent the biological model.

As part of these considerations of the relevance of Young’s
modulus, it was also noted that the indentation measurements
by Eger et al. [23] used as the basis for our simulations may
reflect a cellular rather than a structural Young’s modulus of the
tissue. In their measurements, the Young’s modulus of the
brown tissue is in the same range as that of the sclereid layer.

This is despite the fact that in cone scales of P. jeffreyi and
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other species, for example, the brown tissue is significantly
more porous [24] than the sclereid layer and can be easily
deformed and bent by hand, while the sclereid layer remains
relatively rigid. This porosity can also be seen in the cross
sections we prepared (Figure 1) and in the CT images (Figure
S4, Supporting Information File 2). Since the choice of probe
tip for nanoindentation measurements of hierarchically struc-
tured biological samples is very important in relation to what
one wants to measure [48,49], it is possible that a tip that is too
small was used. It is also possible that the gradual transition be-
tween sclereid cells and brown tissue may have caused the
indentation to sample predominantly the adaxial sclereid cells
rather than the brown tissue.

Our simulations not only extend the geometric complexity of
previous bilayer models [23,30]; they also take into account the
measured axial swelling instead of assuming isotropy. This
leads not only to curvature along the longitudinal axis, but also
to lateral curvature, albeit less pronounced. In contrast to the bi-
ologically observed opening motion [12], the lateral curvature
we observe is inverted. This effect can be explained by the
higher average radial shrinkage/swelling of brown tissue com-
pared to sclereid cells. This may be due to the higher measure-
ment variance of the DVC analysis due to the porous structure
of the brown tissue. When the simulations are performed with
the lower y-axis shrinkage, this lateral curvature is negligible,
whereas when the higher x-axis shrinkage is chosen, the
inverted movement becomes even more pronounced (Figure S3,
Supporting Information File 2). This illustrates the influence of
the radial shrinkage/swelling properties of the motions involved
and the measurement errors on the radial curvature. Further-
more, only a single parameter was varied in the comparative
simulation, so it can be assumed that the biological curvature
can be reproduced by further variations. However, the aim of
this work was not to adjust the individual parameters of the
simulation to achieve the best possible agreement between ex-
periment and simulation, but rather to set up a simulation based
on the experimentally determined values and to use it to charac-
terize the influence of the underlying geometries and tissue dis-
tributions. Our analysis of the impact of parameter variation on
achieved bending highlighted the importance of z-axial hygro-
scopic expansion of the sclereid layer. This finding further
supports the results of our simulations based on DVC-esti-
mated hygroscopic expansion coefficients. While the simula-
tions are sensitive to changes in the z-axial hygroscopic expan-
sion coefficient, their results are comparable to those of biologi-
cal samples. However, further refinements to the DVC-based
estimation are essential to strengthen the predictive reliability
of upcoming simulations. For the analysis of the motion
mechanism of the scale, for example, to show the multiphase

nature of the motion [12], future simulation approaches could
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use transient heat transfer simulations incorporating diffusion
models.

The comparative simulations in this work, together with previ-
ously published bilayer models, show that the analytical analy-
sis of such a complex drying movement is a sensitive system of
selected expansion coefficients, mechanical properties, and
geometric models. It should be noted that the modeling of sorp-
tion/desorption of water via thermal expansion/contraction is
common for plant structures due to the limitations of FEA soft-
ware [23,50], but it involves an artificial detour. We have
shown that the assignment of mechanical properties in multima-
terial systems plays a crucial role in the extent of actuation;
hence, the best possible data base is crucial for the accuracy and
thus the informative value of the simulation. It should also be
mentioned that most simulations assume clear boundaries be-
tween individual tissues/components and thus can only partially
represent the natural models and their complex, often graded
interfaces. Furthermore, our work has demonstrated the influ-
ence of the complexity of the simulated geometry. The geome-
tries recently used to simulate plant systems range from highly
simplified 2D geometries for complex damage analysis [51,52],
to rather simplified rod-like structures [53] and 3D shell models
[50,54], and ultimately to highly detailed geometries based on
segmented computed tomography images [55,56]. No general
guideline can be given for the level of detail required for FEA
of plant systems as this depends on the complexity of the
system, the available data, and, most importantly, the research
question to be answered. The data presented should demon-
strate the importance of considering geometries. It should be
noted that simplifying each tissue as a homogeneous layer still
does not fully represent biological samples. Our approach does
not consider internal gradients and gradual interfaces, which
can be observed in the samples. However, these features should
be included when creating highly detailed virtual twins of the
pine scales. Considering all of the above factors and the associ-
ated uncertainties, FEA analysis can have an ever-increasing
impact on the biomechanical analysis and characterization of
plant motion. To better describe and analyze the pine cone scale
in silico in the future, the material properties of the tissues
should be re-measured, focusing on their structural rather than
cellular properties. A detailed mesh of a pine cone scale based
on a segmented CT scan could also be the next step to over-

come the limitations of the currently used simplifications.

Conclusion

In summary, returning to our initial research questions, we were
able to observe and further investigate inter- and intra-tissue
gradients of hygroscopic swelling/shrinkage and moisture
content. In addition, we observed hysteresis both at the tissue

level with respect to moisture content and in the measurements
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of the bending angle of the scales as a function of relative
humidity. The measured hygroscopic expansion coefficients
were used for FEA of various geometries resembling simplified
pine cone scale bending zones. This analysis highlighted the
importance of the tissue material properties and raises some
questions about previous Young’s modulus measurements.
Furthermore, the achievable bending angle can be increased by
avoiding a simple bilayer geometry and modeling the scle-
renchyma layer as discrete fibers embedded in a brown tissue
matrix. Therefore, the use of more complex geometries, such as
aremodeled scale, is recommended for a more accurate study of
the biological system in silico.

Supporting Information

Supporting Information File 1

Detailed parameter files for digital volume correlation. The
ZIP archive contains two txt files, that is,
“Affine_parameters.txt”, the parameter file for affine
registration, and “BSpline_parameters.txt”, the parameter
file for B-spline registration.

[https://www beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S1.zip]

Supporting Information File 2

Additional experimental data.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S2.pdf]

Supporting Information File 3

Bending simulation result of the bilayer model.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S3.mp4]

Supporting Information File 4

Bending simulation result of the trilayer model.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S4.mp4]

Supporting Information File 5

Bending simulation result of the fiber model.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S5.mp4]

Supporting Information File 6

Bending simulation result of the fiber model with a
gradient.
[https://www.beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S6.mp4]

1707


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S1.zip
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S1.zip
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S2.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S2.pdf
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S3.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S3.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S4.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S4.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S5.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S5.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S6.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S6.mp4

Supporting Information File 7

Bending simulation result of the scale-like model.
[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S7.mp4]

Supporting Information File 8

Bending simulation result of the bilayer model with
reduced E-modulus.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S8.mp4]

Supporting Information File 9

Bending simulation result of the scale-like model with
reduced E-modulus.

[https://www .beilstein-journals.org/bjnano/content/
supplementary/2190-4286-16-119-S9.mp4]

Acknowledgements

We thank Gerald Koch, Noah Knorr, Joel Gust, Simon
Poppinga, Heike Beismann, Moses Gereon Wullweber und
Matthias Fischer for support during our Desy Beamtime in
November 2023. We thank Sergej Kaschuro for sample prepa-
ration. This research was supported in part through the Maxwell

computational resources operated at DESY.

Funding

KU, MDM, TM and TS are grateful for funding by the
Deutsche Forschungsgemeinschaft (DFG, German Research
Foundation) under Germany’s Excellence Strategy [EXC-2193/
1-390951807]. LH and FS thank the Deutsche Forschungs-
gemeinschaft (DFG, German Research Foundation) [HE 9048/
1-1] and DESY for support. LH additionally thanks the Euro-
pean Social Fund and the Ministry of Science, Research and the
Arts Baden-Wiirttemberg within the framework of the
“Margarete von Wrangell Habilitation Programme”. This work
was supported by the Deutsche Forschungsgemeinschaft (DFG,
German Research Foundation) through the Cluster of Excel-
lence EXC3120 BlueMat: Water-Driven Materials.

Author Contributions

Kim Ulrich: conceptualization; data curation; formal analysis;
investigation; methodology; project administration; software;
validation; visualization; writing — original draft; writing —
review & editing. Max David Mylo: conceptualization; data
curation; formal analysis; investigation; methodology; software;
writing — original draft; writing — review & editing. Tom
Masselter: conceptualization; supervision; writing — review &
editing. Fabian Scheckenbach: data curation; methodology;

writing — review & editing. Sophia Fischerbauer: data curation;

Beilstein J. Nanotechnol. 2025, 16, 1695-1710.

investigation; methodology; software; writing — review &
editing. Martin Nopens: methodology; writing — review &
editing. Silja Flenner: data curation; formal analysis; investiga-
tion; methodology; software; writing — review & editing. Imke
Greving: data curation; methodology; writing — review &
editing. Linnea Hesse: funding acquisition; resources; supervi-
sion; writing — review & editing. Thomas Speck: conceptualiza-
tion; funding acquisition; resources; supervision; writing —

review & editing.

ORCID® iDs

Kim Ulrich - https://orcid.org/0000-0002-4196-8814

Max David Mylo - https://orcid.org/0000-0001-5744-9069

Tom Masselter - https://orcid.org/0000-0001-5465-8252
Fabian Scheckenbach - https://orcid.org/0009-0009-9481-4083
Sophia Fischerbauer - https://orcid.org/0009-0006-3832-6964
Linnea Hesse - https://orcid.org/0000-0001-9308-5776
Thomas Speck - https://orcid.org/0000-0002-2245-2636

Data Availability Statement

Data generated and analyzed during this study is openly available in
Mendeley Data at https://doi.org/10.17632/phyx35hcy6.1. Due to imaging
data size, additional research data generated and analyzed is available
from the corresponding author upon reasonable request.

References

1. Elbaum, R.; Gorb, S.; Fratzl, P. J. Struct. Biol. 2008, 164, 101-107.
doi:10.1016/j.jsb.2008.06.008

2. Poppinga, S.; Correa, D.; Bruchmann, B.; Menges, A.; Speck, T.
Integr. Comp. Biol. 2020, 60, 886—895. doi:10.1093/icb/icaa028

3. Tahouni, Y.; Krliger, F.; Poppinga, S.; Wood, D.; Pfaff, M.; Rlhe, J.;
Speck, T.; Menges, A. Bioinspiration Biomimetics 2021, 16, 055002.
doi:10.1088/1748-3190/ac0c8e

4. Luo, D.; Maheshwari, A.; Danielescu, A.; Li, J.; Yang, Y.; Tao, Y.;
Sun, L.; Patel, D. K.; Wang, G.; Yang, S.; Zhang, T.; Yao, L. Nature
2023, 614, 463—-470. doi:10.1038/s41586-022-05656-3

5. Huss, J. C.; Schoeppler, V.; Merritt, D. J.; Best, C.; Maire, E.;
Adrien, J.; Spaeker, O.; Janssen, N.; Gladisch, J.; Gierlinger, N.;
Miller, B. P.; Fratzl, P.; Eder, M. Adv. Sci. 2018, 5, 1700572.
doi:10.1002/advs.201700572

6. Reppe, F.; Guiducci, L.; Elbaum, R.; Werner, P.; Dunlop, J. W. C.;
Merritt, D. J.; Fratzl, P.; Eder, M. Adv. Funct. Mater. 2025, 35,
2418592. doi:10.1002/adfm.202418592

7. Fischer, M.; Beismann, H. Flora (Jena) 2022, 289, 152035.
doi:10.1016/j.flora.2022.152035

8. Fischer, M.; Mylo, M. D.; Lorenz, L. S.; Béckenholt, L.; Beismann, H.
Biomimetics 2024, 9, 191. doi:10.3390/biomimetics9030191

9. Shaw, G. R. The Genus Pinus; Roverside Press: Cambridge, MA,
USA, 1914. doi:10.5962/bhl.title.26194

10. Harlow, W. M.; C6té, W. A_; Day, A. C. J. For. 1964, 62, 538-540.

doi:10.1093/j0f/62.8.538

.Dawson, C.; Vincent, J. F. V.; Rocca, A.-M. Nature 1997, 390, 668.

doi:10.1038/37745

1

—_

1708


https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S7.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S7.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S8.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S8.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S9.mp4
https://www.beilstein-journals.org/bjnano/content/supplementary/2190-4286-16-119-S9.mp4
https://orcid.org/0000-0002-4196-8814
https://orcid.org/0000-0001-5744-9069
https://orcid.org/0000-0001-5465-8252
https://orcid.org/0009-0009-9481-4083
https://orcid.org/0009-0006-3832-6964
https://orcid.org/0000-0001-9308-5776
https://orcid.org/0000-0002-2245-2636
https://doi.org/10.17632/phyx35hcy6.1
https://doi.org/10.1016%2Fj.jsb.2008.06.008
https://doi.org/10.1093%2Ficb%2Ficaa028
https://doi.org/10.1088%2F1748-3190%2Fac0c8e
https://doi.org/10.1038%2Fs41586-022-05656-3
https://doi.org/10.1002%2Fadvs.201700572
https://doi.org/10.1002%2Fadfm.202418592
https://doi.org/10.1016%2Fj.flora.2022.152035
https://doi.org/10.3390%2Fbiomimetics9030191
https://doi.org/10.5962%2Fbhl.title.26194
https://doi.org/10.1093%2Fjof%2F62.8.538
https://doi.org/10.1038%2F37745

12.Correa, D.; Poppinga, S.; Mylo, M. D.; Westermeier, A. S.;
Bruchmann, B.; Menges, A.; Speck, T. Philos. Trans. R. Soc., A 2020,
378, 20190445. doi:10.1098/rsta.2019.0445

13.Wood, D.; Vailati, C.; Menges, A.; Rliggeberg, M. Constr. Build. Mater.
2018, 165, 782—791. doi:10.1016/j.conbuildmat.2017.12.134

14.Van Opdenbosch, D.; Fritz-Popovski, G.; Wagermaier, W.; Paris, O.;
Zollfrank, C. Adv. Mater. (Weinheim, Ger.) 2016, 28, 5235-5240.
doi:10.1002/adma.201600117

15.Cheng, T.; Tahouni, Y.; Sahin, E. S.; Ulrich, K.; Lajewski, S.;

Bonten, C.; Wood, D.; Rihe, J.; Speck, T.; Menges, A. Nat. Commun.
2024, 15, 10366. doi:10.1038/s41467-024-54808-8

16. Timoshenko, S. J. Opt. Soc. Am. Rev. Sci. Instrum. 1925, 11, 233-255.
doi:10.1364/josa.11.000233

17. Palacios, A.; Chiriatti, L.; Poppinga, S.; Speck, T.; Le Houérou, V.
Adv. Intell. Syst. 2025, 7, 2400396. doi:10.1002/aisy.202400396

18.Zhang, F.; Yang, M.; Xu, X.; Liu, X.; Liu, H.; Jiang, L.; Wang, S.

Nat. Mater. 2022, 21, 1357—1365. doi:10.1038/s41563-022-01391-2

19.Ulrich, K.; Genter, L.; Schéfer, S.; Masselter, T.; Speck, T.
Bioinspiration Biomimetics 2024, 19, 046009.
doi:10.1088/1748-3190/ad475b

20. Horstmann, M.; Buchheit, H.; Speck, T.; Poppinga, S. Front. Plant Sci.
2022, 13, 982756. doi:10.3389/fpls.2022.982756

21.Horstmann, M.; Speck, T.; Poppinga, S. Plants 2024, 13, 2078.
doi:10.3390/plants13152078

22.Mylo, M. D.; Speck, O. Biomimetics 2023, 8, 173.
doi:10.3390/biomimetics8020173

23.Eger, C. J.; Horstmann, M.; Poppinga, S.; Sachse, R.; Thierer, R.;
Nestle, N.; Bruchmann, B.; Speck, T.; Bischoff, M.; Rihe, J. Adv. Sci.
2022, 9, 2200458. doi:10.1002/advs.202200458

24.Quan, H.; Pirosa, A.; Yang, W.; Ritchie, R. O.; Meyers, M. A.

Acta Biomater. 2021, 128, 370-383. doi:10.1016/j.actbio.2021.04.049

25. Rafsanjani, A.; Stiefel, M.; Jefimovs, K.; Mokso, R.; Derome, D.;
Carmeliet, J. J. R. Soc., Interface 2014, 11, 20140126.
doi:10.1098/rsif.2014.0126

26. Patera, A.; Van den Bulcke, J.; Boone, M. N.; Derome, D.; Carmeliet, J.
Wood Sci. Technol. 2018, 52, 91—-114. doi:10.1007/s00226-017-0960-3

27.Patera, A.; Carl, S.; Stampanoni, M.; Derome, D.; Carmeliet, J.

Adv. Struct. Chem. Imaging 2018, 4, 1.
doi:10.1186/s40679-018-0050-0

28.Bay, B. K.; Smith, T. S.; Fyhrie, D. P.; Saad, M. Exp. Mech. 1999, 39,
217-226. doi:10.1007/bf02323555

29. Ulrich, K.; Scheckenbach, F.; Wong, T. M.; Masselter, T.; Flenner, S.;
Visconti, A.; Nopens, M.; Krause, A.; Kaschuro, S.; Mietner, J. B.;
Speck, T.; Greving, |.; Zeller-Plumhoff, B.; Hesse, L. Front. Plant Sci.
2025, 16, 1572745. doi:10.3389/fpls.2025.1572745

30.Lin, S.; Xie, Y. M.; Li, Q.; Huang, X.; Zhou, S. Soft Matter 2016, 12,
9797-9802. doi:10.1039/c6sm01805j

31.Nopens, M.; Riegler, M.; Hansmann, C.; Krause, A. Sci. Rep. 2019, 9,
10309. doi:10.1038/s41598-019-46381-8

32.Flenner, S.; Storm, M.; Kubec, A.; Longo, E.; Déring, F.; Pelt, D. M.;
David, C.; Mller, M.; Greving, |. J. Synchrotron Radiat. 2020, 27,
1339-1346. doi:10.1107/s1600577520007407

33.Nopens, M.; Greving, |.; Flenner, S.; Hesse, L.; Lidtke, J.; Altgen, M.;
Koch, G.; Beruda, J.; Heldner, S.; Kéhm, H.; Kaschuro, S.; Olbrich, A.;
Mietner, J. B.; Scheckenbach, F.; Sieburg-Rockel, J.; Krause, A.

J. Synchrotron Radiat. 2025, 32, 1354—1360.
doi:10.1107/s1600577525006484

34. A Python framework for the online reconstruction of X-ray near-field
holography data, version 1.3.1. https://zenodo.org/records/14024980
(accessed Sept 11, 2025). doi:10.5281/zenodo.14024980

Beilstein J. Nanotechnol. 2025, 16, 1695-1710.

35.Dora, J.; Méddel, M.; Flenner, S.; Schroer, C. G.; Knopp, T;
Hagemann, J. Opt. Express 2024, 32, 10801-10828.
doi:10.1364/0e.514641

36.Dowd, B. A.; Campbell, G. H.; Marr, R. B.; Nagarkar, V. V.;

Tipnis, S. V.; Axe, L.; Siddons, D. P. Proc. SPIE 1999, 3772, 224-236.
doi:10.1117/12.363725

37.Glrsoy, D.; De Carlo, F.; Xiao, X.; Jacobsen, C. J. Synchrotron Radiat.
2014, 21, 1188-1193. doi:10.1107/s1600577514013939

38. Schindelin, J.; Arganda-Carreras, |.; Frise, E.; Kaynig, V.; Longair, M.;
Pietzsch, T.; Preibisch, S.; Rueden, C.; Saalfeld, S.; Schmid, B.;
Tinevez, J.-Y.; White, D. J.; Hartenstein, V.; Eliceiri, K.; Tomancak, P.;
Cardona, A. Nat. Methods 2012, 9, 676—682. doi:10.1038/nmeth.2019

39.Klein, S.; Staring, M.; Murphy, K.; Viergever, M. A; Pluim, J. P. W.
IEEE Trans. Med. Imaging 2010, 29, 196-205.
doi:10.1109/tmi.2009.2035616

40. N-Dimensional Computation of Strain Tensor Images in the Insight
Toolkit. http://hdl.handle.net/10380/3573 (accessed Sept 11, 2025).
doi:10.54294/1wtpo8

41.Van Rossum, G.; Drake, F. L. Python 3 Reference Manual;
CreateSpace: Scotts Valley, CA, USA, 2009.

42.McKinney, W. Data Structures for Statistical Computing in Python. In
Proceedings of the 9th Python Science Conference, van der Walt, S.;
Millman, J., Eds.; 2010; pp 56—61. doi:10.25080/majora-92bf1922-00a

43.Virtanen, P.; Gommers, R.; Oliphant, T. E.; Haberland, M.; Reddy, T.;
Cournapeau, D.; Burovski, E.; Peterson, P.; Weckesser, W.; Bright, J.;
van der Walt, S. J.; Brett, M.; Wilson, J.; Millman, K. J.; Mayorov, N.;
Nelson, A. R. J.; Jones, E.; Kern, R.; Larson, E.; Carey, C. J.; Polat, i
Feng, Y.; Moore, E. W.; VanderPlas, J.; Laxalde, D.; Perktold, J.;
Cimrman, R.; Henriksen, |.; Quintero, E. A.; Harris, C. R.;

Archibald, A. M.; Ribeiro, A. H.; Pedregosa, F.; van Mulbregt, P.;
SciPy 1.0 Contributors. Nat. Methods 2020, 17, 261-272.
doi:10.1038/s41592-019-0686-2

44.Waskom, M. L. J. Open Source Software 2021, 6, 3021.
doi:10.21105/joss.03021

45. Arzola-Villegas, X.; Lakes, R.; Plaza, N. Z.; Jakes, J. E. Forests 2019,
10, 996. doi:10.3390/f10110996

46.Burgert, |.; Eder, M.; Gierlinger, N.; Fratzl, P. Planta 2007, 226,
981-987. doi:10.1007/s00425-007-0544-9

47.Fratzl, P.; Elbaum, R.; Burgert, |. Faraday Discuss. 2008, 139,
275-282. doi:10.1039/b716663]

48. Ebenstein, D. M.; Pruitt, L. A. Nano Today 2006, 1, 26-33.
doi:10.1016/s1748-0132(06)70077-9

49.0yen, M. L.; Shean, T. A. V,; Strange, D. G. T.; Galli, M. J. Mater. Res.
2012, 27, 245-255. doi:10.1557/jmr.2011.322

50. Sachse, R.; Westermeier, A.; Mylo, M.; Nadasdi, J.; Bischoff, M.;
Speck, T.; Poppinga, S. Proc. Natl. Acad. Sci. U. S. A. 2020, 117,
16035-16042. doi:10.1073/pnas.2002707117

51.Bidhendi, A. J.; Lampron, O.; Gosselin, F. P.; Geitmann, A.

Nat. Commun. 2023, 14, 8275. doi:10.1038/s41467-023-44075-4

52. Striet, L.; Mylo, M. D.; Speck, O.; Dondl, P. W. J. Mech. Phys. Solids
2025, 196, 105965. doi:10.1016/j.jmps.2024.105965

53.Hone, T.; Mylo, M.; Speck, O.; Speck, T.; Taylor, D.

J. R. Soc., Interface 2021, 18, 20201023. doi:10.1098/rsif.2020.1023

54.Mylo, M. D.; Hoppe, A.; Pastewka, L.; Speck, T.; Speck, O.

Front. Plant Sci. 2022, 13, 950860. doi:10.3389/fpls.2022.950860

55.Ali, S. A.; Sonego, M.; Salavati, M.; Fleck, C. Adv. Eng. Mater. 2024,
26, 2300723. doi:10.1002/adem.202300723

56.Levavi, L.; Bar-On, B. PNAS Nexus 2024, 3, pgae501.
doi:10.1093/pnasnexus/pgae501

1709


https://doi.org/10.1098%2Frsta.2019.0445
https://doi.org/10.1016%2Fj.conbuildmat.2017.12.134
https://doi.org/10.1002%2Fadma.201600117
https://doi.org/10.1038%2Fs41467-024-54808-8
https://doi.org/10.1364%2Fjosa.11.000233
https://doi.org/10.1002%2Faisy.202400396
https://doi.org/10.1038%2Fs41563-022-01391-2
https://doi.org/10.1088%2F1748-3190%2Fad475b
https://doi.org/10.3389%2Ffpls.2022.982756
https://doi.org/10.3390%2Fplants13152078
https://doi.org/10.3390%2Fbiomimetics8020173
https://doi.org/10.1002%2Fadvs.202200458
https://doi.org/10.1016%2Fj.actbio.2021.04.049
https://doi.org/10.1098%2Frsif.2014.0126
https://doi.org/10.1007%2Fs00226-017-0960-3
https://doi.org/10.1186%2Fs40679-018-0050-0
https://doi.org/10.1007%2Fbf02323555
https://doi.org/10.3389%2Ffpls.2025.1572745
https://doi.org/10.1039%2Fc6sm01805j
https://doi.org/10.1038%2Fs41598-019-46381-8
https://doi.org/10.1107%2Fs1600577520007407
https://doi.org/10.1107%2Fs1600577525006484
https://zenodo.org/records/14024980
https://doi.org/10.5281%2Fzenodo.14024980
https://doi.org/10.1364%2Foe.514641
https://doi.org/10.1117%2F12.363725
https://doi.org/10.1107%2Fs1600577514013939
https://doi.org/10.1038%2Fnmeth.2019
https://doi.org/10.1109%2Ftmi.2009.2035616
http://hdl.handle.net/10380/3573
https://doi.org/10.54294%2F1wtpo8
https://doi.org/10.25080%2Fmajora-92bf1922-00a
https://doi.org/10.1038%2Fs41592-019-0686-2
https://doi.org/10.21105%2Fjoss.03021
https://doi.org/10.3390%2Ff10110996
https://doi.org/10.1007%2Fs00425-007-0544-9
https://doi.org/10.1039%2Fb716663j
https://doi.org/10.1016%2Fs1748-0132%2806%2970077-9
https://doi.org/10.1557%2Fjmr.2011.322
https://doi.org/10.1073%2Fpnas.2002707117
https://doi.org/10.1038%2Fs41467-023-44075-4
https://doi.org/10.1016%2Fj.jmps.2024.105965
https://doi.org/10.1098%2Frsif.2020.1023
https://doi.org/10.3389%2Ffpls.2022.950860
https://doi.org/10.1002%2Fadem.202300723
https://doi.org/10.1093%2Fpnasnexus%2Fpgae501

License and Terms

This is an open access article licensed under the terms of
the Beilstein-Institut Open Access License Agreement
(https://www.beilstein-journals.org/bjnano/terms), which is

identical to the Creative Commons Attribution 4.0
International License

(https://creativecommons.org/licenses/by/4.0). The reuse of

material under this license requires that the author(s),
source and license are credited. Third-party material in this
article could be subject to other licenses (typically indicated
in the credit line), and in this case, users are required to
obtain permission from the license holder to reuse the

material.

The definitive version of this article is the electronic one
which can be found at:
https://doi.org/10.3762/bjnano.16.119

Beilstein J. Nanotechnol. 2025, 16, 1695-1710.

1710


https://www.beilstein-journals.org/bjnano/terms
https://creativecommons.org/licenses/by/4.0
https://doi.org/10.3762/bjnano.16.119

	Abstract
	Introduction
	Experimental
	Sample preparation
	Gravimetric water uptake
	Axially dependent hygroscopic tissue shrinkage
	Hygroscopic bending motion
	Scale bending simulation
	Statistical analysis


	Results
	Gravimetric water uptake
	Axially dependent hygroscopic tissue shrinkage
	Hygroscopic bending motion
	Scale bending simulation

	Discussion
	Conclusion
	Supporting Information
	Acknowledgements
	Funding
	Author Contributions
	ORCID iDs
	Data Availability Statement
	References

