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ABSTRACT

The scales of pine cones undergo reversible deformation due to hydration changes in order to optimize
seed dispersal. This improves the survivability of the pine. The reversible flexing of the scales is caused
by two tissue layers arranged in a sandwich configuration: a layer composed of sclereid cells and a scle-
renchyma layer. They expand differentially upon hydration (and contract upon dehydration) due to dif-
ferences in the structure that are analyzed here for Torrey pine (Pinustorreyana) cones. In addition to
this well-known mechanism by which the cellulose microfibrils in the scales vary their angle with the
wood cell axis, we confirm the presence of a porosity gradient in the sclereid cells and calculate, using
a model consisting of three layers, the stresses generated upon dehydration taking into account the ef-
fect of hydration on the elastic modulus. Our quantitative analysis reveals that this gradient structure can
significantly decrease the stress concentrations due to the mismatch between the two layers, and show
that this is an ingenious design to increase the interfacial toughness to improve the robustness of pine
cone scales. We also show that each individual layer of sclereid cells and sclerenchyma fibers undergoes
bending when hydrated separately, and suggest that the two layers operate synergistically to effect the
required deformation for seed release. A synthetic bioinspired analog consisting of hydrogels with dif-
ferent porosities is used to confirm this principal actuation mechanism. These findings may inspire the
materials science and mechanical engineering communities to develop more robust, biocompatible and
energy-efficient actuation systems.

Statement of significance

Some biological structures can exhibit reversible deformation enabled by water inflow and outflow of
their structure. We analyse the reversible motion of pine cone scales. The dehydration produces their
flexure and opening, resulting in the release of seeds and their dispersal, when conditions are right. This
process is reversible, and rehydration of the pine cone recloses the scales. The processes of flexing and
straightening are governed by shrinking and swelling which are directed by differences in the arrange-
ment of cellulose microfibrils in a bilayer construct. We demonstrate that the scales are more complex
than a simple bilayer structure and that they actually have gradients, which significantly reduce the in-
ternal stresses and ensure their integrity. We analyse the process of opening and closing of the scales for
a gradient structure in the Torrey pine cone using a simple idealized trilayer model. The results demon-
strate a significant decrease in internal stresses produced by the gradient structure. Using the lessons
learned from the pine cone, we produce a bilayer junction using hydrogels with different porosities which
exhibit the same reversible bending response.
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1. Introduction

Multi-functionality is a distinct characteristic of biological ma-
terials [1]. Compared to many structural materials that are sim-
ply load-carrying, many tissues in plants and animals can perform
additional functions, such as responding to external stimuli in a
prescribed fashion [2-4]. These can be heat, light, electricity, hy-
dration, or external stress; in response to them, such natural tis-
sues can change their intrinsic properties such as their morphol-
ogy, color, transparency or mechanical properties.

This is a particularly important strategy adopted by various
members of the plant kingdom to ensure their survival. One might
think that plants lack mobility, but if a time-lapse video is taken,
the botanical world is as vibrant as animals. Taking advantage
of the seasonal or diurnal humidity changes, many plant species
generate a simple and controllable hydration-induced movement
to improve the survivability of their seeds [2,5-7]. One prevail-
ing strategy is the ability of self-burial for the seeds. Wild wheat
[8] and the Musky Heron's bill [9,10] are two representatives
which can actuate their seed awns in reversible bending or coil-
ing movements upon the diurnal cycle of humidity to propel them
into the soil and increase their probability of germination. Another
approach to enhance the survivability of seeds is releasing or dis-
persing them when conditions are most favorable. For instance, the
ice plant inhabits arid or semi-arid areas; its seed capsules only
open to release seeds when the relative humidity in the environ-
ment is sufficient for their survival [11]. Pine cones adopt an oppo-
site strategy since their primary goal is to disperse their seeds to a
broader range [12]. In rainy days, the weather is not favorable for
seed dispersal and so the cones are closed to protect them. Only
in the dry and windy season, dehydration drives the pine cone to
open its scales and the seeds are released and carried by wind to
travel for long distances. Some of the pine cones have samaras, i.e.,
propeller-shaped seeds that are dispersed to further distances.

Since pine trees inhabit most continents, the opening mecha-
nisms of their cones has attracted considerable interest and been
studied for over sixty years [12]. The current understanding is that
their hydration-induced reversible opening and closure are gov-
erned by a bi-layered structure in the cone scale [12-18]. In the
outer layer, which is composed of sclerenchyma fibers, the cellu-
lose microfibrils wind around the cell walls, making a small wind-
ing angle with the cell long axis, and thus restraining the tissue
from swelling upon hydration. By contrast, the sclereid cells in the
inner layer make a large microfibril angle, enabling a more signif-
icant hygroscopic swelling strain in this layer. The swelling strain
mismatch in the abovementioned bi-layer model can generate re-
versible bending for the scales upon hydration/dehydration and
confer the selective seed release mechanism for pinecones. Here
we should emphasize that the ‘sclereid’ in the following text refers
to sclereid cells and the ‘sclerenchyma’ refers to sclerenchyma tis-
sue.

However, we find that the well-accepted simple bi-layer model
is not complete to explain our new findings. We discovered that
the individual sclereid layer and the sclerenchyma fibers can bend
upon hydration independently, which is a significant supplement
to previous investigations. Moreover, we identified a graded tran-
sitional porosity in each component which also contributes to the
hygroscopic movement of cone scales. As a consequence, we pro-
pose, as a simplification of the gradient structure, a tri-layer model
containing a transitional porous layer in the sclereids and quanti-
tatively demonstrate that this tri-layer model can significantly re-
duce the stress concentration between different components com-
pared with the previously claimed bi-layer architecture. The en-
hanced interfacial toughness makes the hydro-actuation of cone
scale more durable; indeed, our results may bring to life new in-
spiration for biocompatible actuation systems.
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2. Materials and methods
2.1. Pine cone

The cones were collected from Torrey pines (Pinus torreyana) on
Torrey Pine Road (La Jolla, CA, 92037). The scales were cut from
the cones using a diamond saw; all the video and images were
recorded using Webcam. The sclerenchyma fibers and sclereids in
each cone scale were separated by a Dremel rotary tool.

2.2. Preparation of hydrogels

Alginate was provided by FMC BioPolymer, LF10/60, USA. Acry-
lamide (AAm) (99+%) was purchased from Acros, USA. N,N’-
Methylene bis(acrylamide) (MBAA), ammonium persulfate (APS)
(>98%), N,N,N’',N’-tetramethyl-ethylenediamine (TEMED) (>99%),
and calcium sulfate dihydrate (98%) were purchased from Sigma
Aldrich. All materials were used as received without further treat-
ment.

The hydrogel was synthesized based on the method proposed
by Sun et al. [19] with minor modifications [20]. 1 g of alginate and
8 g of acrylamide were dissolved in 51 g of deionized water, and
then mixed with 0.0048 g of MBAA and 0.02 g of APS, which are
the crosslinker and thermal initiator for acrylamide, respectively.
The mixture was stirred at room temperature for at least 2 h until
it was homogeneous. After that, the solution was degassed in a
vacuum chamber and used as Solution 1. Correspondingly, 0.02 g
of TEMED, the initiator accelerator, and 0.1328 g of calcium sulfate
dehydrate, the ionic crosslinker for alginate, were dissolved in 5
g of deionized water, sonicated for 2 min, and used as Solution
2. Solutions 1 and 2 were mixed rapidly and homogeneously, and
then quickly poured into a customized mold with dimensions of 50
mm x 20 mm x 20 mm or 50 mm x 20 mm x 40 mm. Finally, the
specimen was transferred into an oven at 53°C for 2 h, after which
the polymerization was complete, and a double network hydrogel
was formed.

The double network gel was removed from the mold after fab-
rication, and then frozen at -20°C for 24 h, or frozen under lig-
uid nitrogen (-196°C) for 10 min; after that, the frozen samples
were transferred into a freeze-dryer (Labconco freeze-dry system)
for complete lyophilization, and dry microporous polymer matrices
were generated. The tough double network gel was removed from
the mold after fabrication, and then dried at room temperature for
two days to generate complete dehydration.

2.3. Structural characterization

Micro-computed tomography (micro-CT) of the cone scales was
conducted on air-dried samples in a Zeiss Versa 510 X-ray micro-
scope (Zeiss, Germany) at the National Center for Microscopy and
Imaging Research (NCMIR).

Scanning electron microscopy (SEM) characterization of pine
cones and hydrogels was conducted with FEI Quanta 250 micro-
scope (FEI, Hillsboro, OR). The pine cone samples for SEM charac-
terization are first immersed in the 2.5% glutaraldehyde for 1 h to
fix the structure and then dehydrated with an ascending series of
ethanol contents (30, 50, 70, 90, 95 and 100vol.% twice). To ob-
tain an oblique fracture surface, the scale was immersed in liquid
nitrogen for 30 s and fractured using forceps immediately upon
removal. All pine cone and hydrogel samples were dried with Tou-
simis Autosamdri 815B (Tousimis, Rockville, MD) and then sputter
coated with iridium using an Emitech K575X sputter coater (Quo-
rum Technologies Ltd.) prior to observation.
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2.4. Mechanical testing

Microhardness tests were performed on the polished cross-
section of pine cone scales, using a LECO M-400-H1 hardness test-
ing machine equipped with a Vickers hardness indenter at an ap-
plied load of 200 gf. The morphology of the indents was character-
ized by optical microscopy.

The experimental setup for actuation force testing was very
simple. The basal (proximal) part of an isolated cone scale was
fixed by clamps with the tip part directly contacting the load cell.
With this set-up, the upward bending was generated by immers-
ing the cone scale in a tank of hot water at ~ 80°C. The generated
bending force was recorded on an Instron 3367 testing machine
(Instron Corp., Norwich, MA) for 2 h.

2.5. Moisture sorption isotherm

The moisture sorption isotherm was conducted in an environ-
mental chamber (Model: LRHS-101-LH, Shanghai Linpin Instrument
Stock Co. LTD, China), with the temperature controlled at 20°C. By
opening and closing the chamber door, a fluctuation in tempera-
ture within + 1°C was generated but it returned to the preset tem-
perature in less than 1 min. Thirty cone scales were tested in this
chamber. The process of testing involved increasing the relative hu-
midity (RH) from 30% to close to 100% in increments of 10%, and
then reducing the humidity in the same manner. One should note
here that precisely 100% relative humidity was not obtainable in
the environment chamber. At each step, the weight of each scale
was measured until it became constant. The weight measurement
was conducted outside of the chamber although the samples were
place back in the chamber as soon as the measurement was com-
pleted. At each RH condition, the cone scales were taken out of the
chamber every 2 h and their weight measured until the variation
in two successive measurements was within 0.0005 g. Then, the
RH was increased by 10% and the same procedure followed. The
resolution of the balance that we used was 0.0001g. As the weight
at 0% RH was not able to be measured, our starting point was at
30%RH. The absorption (moisture content) was defined as follows:

Absorption =
Weight of sample at each R.H. — Weight of sample at R.H. 0.3
Weight of sample at R.H. 0.3

x 100% .

3. Results and discussion
3.1. Characterization of pine cones and reversible deformation

Fig. 1a shows the opening of a Torrey pine cone in the dry
state and its closure in the wet state, respectively. Fig. 1b shows a
fractured scale with its inner structure consisting of sclerenchyma
fibers aligned with the longitudinal axis of the cone scale. The pol-
ished cross-section (Fig. 1c) indicates that the cone is comprised of
two components: the bright part corresponds to the sclerenchyma
fibers and the dark region are the sclereids. Harlow et al. [12] were
the first to identify the mechanism of flexure of the scales as being
determined by differences in the longitudinal expansion of the two
layers. This was later confirmed by Dawson et al.[13] and Reyssat
and Mahadevan [14]. This differential expansion is caused by dif-
ferent orientations of cellulose microfibrils, which control the hy-
groscopic expansion of the cells in the two layers based on the the-
ory proposed by Fratzl et al. [21]. The sclerenchyma fibers (Fig. 1d),
which are main components of the upper layer in the scales, have
the cellulose microfibrils more aligned with the cells axis at a low
microfibril angle (MFA) u ~ 28.8°, as measured in Fig. 1d, thus
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Fig. 1. Hydration-induced reversible deformation of the pine cone. (a) The pine
cone in dry season opens the scales for releasing seeds and closes them in the
wet state, protecting seeds. (b) A broken scale revealing sclerenchyma fibers that
are covered, in the intact scale, by a sclereid layer. (c) Polished cross-section of an
entire cone and a portion of isolated scale, showing double-layered inner structure,
The bright upper layer is composed of sclerenchyma fibers and the dark lower re-
gion primally consists of sclereids. (d, e) SEM images of cell walls in sclerenchyma
fibers and sclereids, respectively. p is the cellulose microfibril angle (MFA). (f) small
MFA (j¢) between cellulose microfibrils and long cell axis of sclerenchyma fibers
serve to negate any increase in the length of the fibers with hydration; (g) large
MFA () between cellulose microfibrils and long cell axis of sclereids generates an
increase in length of the cell wall with hydration.

resisting elongation, while in the sclereid layer (Fig. 1e), the mi-
crofibrils are wound around the cell with high microfibril angle
(MFA, & ~ 85°, as measured in Fig. le), allowing the swelling of
the matrix tissue along the long axis, which then leads to the in-
crease in length of the wood cell [22]. Although our measured MFA
values are estimates as direct interpretation from the SEM images
depends on the observation angle, they are still close to the re-
ported results in literature, such as @ ~ 30° + 2° and 74° + 5° mea-
sured by Dawson et al. [13]. Harlow et al. [12] measured extension
strains for the sclereid layer at 0.1 and 0.37 for the fully hydrated
state, whereas Reyssat and Mahadevan [14] reported a value of 0.1.

The mismatch of the swelling strain between these two com-
ponents of the bi-layer structure enables these highly reversible
hydration-induced movements that significantly improve the dis-
persal and survivability of the seeds. The mechanism is akin to
that of a bi-layer thermostat with the difference that, in the lat-
ter, bending is governed by thermal expansion.

A schematic illustration of how the orientation of the cellulose
microfibrils affects the longitudinal expansion of plant cell wall is
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shown in Fig. 1f,g. According to the theory of Fratzl et al. [21],
the stiff cellulose microfibrils undergo expansion, upon hydration,
perpendicular to their longitudinal axis. If they make a small an-
gle with the long axis of the wood cells, their swelling does not
contribute to the increase in length of the latter ones. Thus, at a
small microfibril angle with the cellulose microfibrils (when they
are closely aligned to the long axis of the wood cell (Fig. 1f), re-
sults in lateral swelling of cell wall with no distinguishable change
in its length. On the other hand, a large microfibril angle (Fig. 1g),
when the microfibrils are aligned closer to the circumferential ori-
entation, results in a constant cell diameter with hydration but
now with an increasing cell wall length. Hence, the change in di-
mensions of a wood cell due to swelling (hydration) and shrinkage
(dehydration) is a direct consequence of the winding angle of the
microfibrils that comprise it.

The upward bending of pine cone upon hydration, shown in the
images in Fig. S1a-c, enables the closure of the entire cone when
it is immersed in water. The total angle of rotation for this iso-
lated scale is almost 80°. Since the hygroscopic movement in pine
cones is a diffusion-based process, the rate of the bending move-
ment gradually decreases with increase of the immersion time.
This is confirmed in Fig. S1d, where each colored curve represents
the curvature of the cone scale at a specific time with the offset
between two adjacent curves representing the change in bending
angle over an interval of time. At the start of the hydration pro-
cess, the curves are plotted for every 20 min and in the last 80
min, the curves are recorded for each 40 min. The results show
that the variation of the curvature of the cone scale at the begin-
ning is much faster than that during the last 2 h, confirming that
the kinetics of hydration-induced bending depends on the rate of
water diffusion. This is confirmed by Fig. S2 shows the variation
of the ordinate of the distal end of the scale (extremity F) mea-
sured from Fig. S1, with time. The vertical ordinate increases in an
approximately logarithmic manner.

Although the mechanism of bending has been identified previ-
ously [12-14], we reveal in this study two additional new aspects
of this biological process. In particular, we find that the reversible
hygroscopic movement of pine cones is probably not solely caused
by this bi-layer structure.

The isolated layer of sclerenchyma fibers, a bundle of scle-
renchyma fiber, and the sclereids were first mechanically sepa-
rated, respectively shown in Fig. 2a,c.e. The three parts were in-
dependently immersed in water where we were surprised to ob-
serve that, contrary to the previous hypothesis [13], the isolated
sclerenchyma and the sclereids all can deform with the uptake of
water in the tissue, as shown in Fig. 2b,d.,f. This interesting phe-
nomenon consistently occurred in more than 10 sets of controlled
tests, which suggests that the bi-layer structure previously pro-
posed [12-14] is not a complete representation of the cone scale.
This separate bending leads to additional synergy between the two
layers, with a resultant decrease in the stresses generated. Once
the structure is disintegrated and different tissues are isolated, the
path of water absorption may be different from that in the whole
structure, as concluded previously [16].

Micro-CT of an isolated cone scale was performed to investigate
the structural organization of the sclerenchyma fibers and scle-
reid matrix separately. The normal view of the micro-CT scan of
a cone scale is shown in Fig. 3a. However, a longitudinal cross-
section of this scale, in Fig. 3b, indicates that the sclerenchyma
fibers branch out and become thinner from their base (proximal)
to the tip (distal) region; moreover, the density of the sclereid cells
decreases with the same trend. Such a gradient in structure in dif-
ferent regions is confirmed in Fig. 3c,d. The close-up views of the
transverse cross-section in different regions, presented in Fig. 3ef,
clearly show that the porosity of the sclereid cells has a gradi-
ent structure: the porosity (i) gradually decreases from the region
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close to the sclerenchyma tissue toward the dorsal surface, and (ii)
gradually increases from the base of the scale to its tip. The scle-
renchyma fibers also display a structural gradient. They are com-
posed of numerous dead plant cells (Fig. 3g,h), with a non-uniform
thickness varying with position among the cells; the cell walls are
thinner, and the hollow tube (lumen) is larger, for the cells that
adjoin the sclereid layer.

Thorough SEM characterization confirmed our findings in the
CT-scan but also provided some unexpected discoveries. The gradi-
ent in porosity in the sclereid cells can be readily observed in the
SEM images in Fig. 4b,c, taken from various positions marked in
the overall picture in Fig. 4a. The dimension of the hollow tube
in the region closer to the sclerenchyma fibers (Fig. 4c) can be
seen to be larger than that in the center of sclereid layer, creat-
ing the porosity gradient indicated in Fig. 4b,c. This is consistent
with our micro-CT results. In addition, the readily apparent cellu-
lose microfibrils in the sclereids, shown in Fig. 4b, clearly manifest
their circumferential orientation, which is consistent with previous
reports [13]. However, contrary to the bi-layer model, the microfib-
ril orientation in the sclerenchyma tissue (Fig. 4d) is not constant,
with the microfibrils not always closely aligned with the wood cell
axis [13]. Fig. 4e-g indicates that the cellulose microfibrils are not
at a constant angle at different locations in the cell walls that com-
prise the sclerenchyma; indeed, the angle can vary even within
one sclerenchyma tissue. In some regions, the microfibrils are more
aligned with the axial direction of the cell (Fig. 4e) whereas in oth-
ers, certain parts of the microfibrils form orthogonal pairs (Fig. 4f)
or even align almost perpendicular (Fig. 4g) to the axial direc-
tion. This variation of the microfibril angles, combined with the
slight porosity gradient shown in Fig. 3g, may work together to
generate a gradient in hydration-induced longitudinal expansion,
which confers the bending phenomenon of a sclerenchyma fiber
presented in Fig. 2d. Here we have to clarify that the porosity caus-
ing the abovementioned phenomenon refers to the pores formed
by the hollow cell lumen at the tissue level, as characterized in our
micro-CT images, and not the pores on the wood cell walls shown
in Fig. 4f.

A similar gradient architecture was also identified in the He-
lichrysum bracteatum bract. Borowska-Wykret et al. [23] revealed
that the cell wall composition at the bract hinge is not uniform.
The cell wall thickness, lumen or the pore size, compactness and
cellulose microfibril orientations gradually change from outer to
inner surface. They demonstrated that this structural gradient is
the key factor to actuate the hygroscopic movements of its bracts,
which also supports our findings in the cone scales. This porous
gradient in the pine cone was first observed by Song et al. [17] and
Correa et al. [24]; we demonstrate here that the sclereid cells with
large pore sizes act as a cushion layer between the sclerenchyma
fibers and the dense sclereids, mitigating the mechanical discon-
tinuity between these two tissues and enhancing the interfacial
toughness of the whole structure.

3.2. Fabrication of a bioinspired bi-porous laminate

To establish the contribution of the porosity gradient to the
mismatch in the swelling strain in each layer of pine cone scale,
we fabricated double network gels with different porosities follow-
ing the methodology developed by Sun et al. [19] and Sun et al.
[20]. We attached them together with ethyl cyanoacrylate, form-
ing a bi-layer porous hydrogel with different pore sizes. The ini-
tial hydrogels were prepared with same method with the differ-
ent porosities were created by freeze-drying under different con-
ditions. The macro-porous (pore size: ~50 to 100 pm) double net-
work polymer was fabricated by freezing the gel at —20°C for 24
h prior to lyophilization, while the microporous (pore size: ~ 10
iem) double network polymer was fabricated by freezing the gel
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(a)
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Fig. 2. The bending movement of the two components of the pine cone with hydration. (a), (¢) and (e) are the images of mechanically separated sclerenchyma tissue, an
isolated bundle of sclerenchyma fibers and the sclereid layer, respectively; their independent hygroscopic movements are shown in (b), (d) and (f), respectively. The time

durations for (b), (d) and (f) are all 30 min.

at —196°C for 10 min prior to lyophilization. Porous structures
with different pore sizes were successfully generated in the dou-
ble network polymers through the freeze-drying process. The bi-
layer hydrogel was immersed in water overnight and from the se-
lected time-lapse photo presented in Fig. 5, a bending deforma-
tion similar to the pine cone is observed. During a given period,
the hydrogel with larger pore size has a greater ability to absorb
water and the swelling strain is larger, compared to the hydrogel
with smaller pore size. Based on the mismatch of swelling strains,
the hydro-actuated bending deformation was achieved. This poros-
ity induced hygroscopic expansion can be explained by Washburn
equation Eq. (1) [22]. For fluid transport in a porous medium, the
relationship between the amount of absorbed liquid and the mate-
rial’s porosity is:

I y rt cost
=

where [ is the length of the column of liquid in the capillary at
the time ¢, n is the viscosity of the liquid, # is the contact angle,
y is the surface energy, and r is the pore radius of the capillary.
Based on this equation, the material with a larger pore size can
absorb more water and generate a larger expansion in a fixed time.
This is how the porosity gradient contributes to the structural
expansion/contraction during the adsorption and desorption of
water.

(1)

3.3. Adsorption kinetics of water

To investigate the adsorption kinetics of water in the cone tis-
sue, the absorption isotherm of the Torrey pine cone is provided
in Fig. S3. The variation in the equilibrium moisture content, ie.,
the weight of the increase in adsorbed water normalized by the
initial tissue weight (measured at 30% RH), is plotted as a func-
tion of the relative humidity. Previously Song et al. [16] studied
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the path of water absorption and characterized the sequence of
this absorption in different tissues in the cone scale. They demon-
strated that the water-transport system among different tissues in
the cone scales is highly efficient, which means that the pine cone
can achieve functional movement with an economic consumption
of water. Here we follow these previous research results [25-28]
by attempting to analyze the water adsorption kinetics at the mi-
crolevel.

Water enters the cells and causes an increase in the volume of
their walls by swelling the amorphous components (mainly hemi-
cellulose). By varying the relative humidity at a constant temper-
ature one can obtain the kinetics of water sorption (both adsorp-
tions and desorption). This sorption has been studied and is known
to occur in different stages. In freshly cut (“green”) wood, water
exists in both the lumen (inside) of the cells and in their walls.
Water is attracted to the hydroxyl groups in wood and forms hy-
drogen bonds with them. Upon being absorbed into wood, water
first enters the lumen where it stays liquid. Then, it attaches to
the free hydroxyl groups of hemicelluloses and amorphous regions
[25,26]. The hydroxyl groups inside the cellulose microfibrils are
not accessible to water and so only the surface groups bond. This
is an exothermic reaction with a decrease in enthalpy. In Fig. S3
the hysteresis upon increasing (blue line) humidity and decreasing
(red line) humidity is apparent. The absorption and desorption of
water are measured through the weight change in the scales. Upon
increasing the relative humidity, the absorption has to restore the
structure that has collapsed in the drying process. Upon decreasing
the relative humidity, the water molecules find channels to escape
because the swelling has created channels [26]. Thus, absorption is
slower than desorption.

The first water to escape is from the cell lumens. Then, the wa-
ter extant in the cell walls leaves the material. This transition is
known as the fiber saturation point (FSP). For a moisture content
below this point the water desorption causes shrinking. For water
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500 pm

300 pm

Fig. 3. Micro-computed tomography (micro-CT) of the pine cone scale. The brighter color (color closer to orange and red) indicates higher X-ray impedance, which represents
higher lignification in the wood tissue. (a) Micro-CT of an isolated pine cone scale. (b) The longitudinal cross-section of the CT scan. (c,d) Transverse cross-sections of region
from the distal end and proximal area, respectively. (e,f) Close-up view of (c) and (d), respectively. (g,h) Close-up view of an isolated sclerenchyma fiber and its longitudinal
cross-section. Panel (a) dorsal view; (b) lateral view; (c-g) proximal view; and (h) tilted lateral view (For interpretation of the references to color in this figure legend, the

reader is referred to the web version of this article.).

absorption the opposite takes place; beyond the FSP the structure
swells. If the dimensions are restricted, large stresses can be gen-
erated upon water absorption. This is exemplified by the use of
wooden wedges to fracture rock as long ago as in Ancient Egypt.
Dry wood is inserted into the hole and when hydrated, very high
stresses are generated which can fracture the rock, which has a
much lower tensile than compressive strength.
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3.4. Mechanical benefit of the gradient structure

Ingeniously evolved functional gradients are widely present in
numerous biological materials and this design motif has already
been successfully applied in many synthetic analogues to gener-
ate improved performance in comparison with discrete hetero-
geneities [29-35]. From a mechanistic perspective, the graded tran-
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Fig. 4. SEM images of a pine cone scale, (a) Optical image showing the two components of pine cone scales; sclereid cells and sclerenchyma fibers, (b-e) SEM images of
the pine cone scale. (b) and (c) are cross-sectional images of the sclereids varying in size and porosity from the bottom (b) to the region close to the sclerenchyma fiber (c).
This clearly shows that the pore size in the region shown in (c) is larger than that shown in (b). (d) An isolated sclerenchyma bundle is composed of a group of fiber cells.
(e-g) Fractured cross-sections of some cell walls show that the orientation of cellulose microfibrils varies in one bundle. The orientations are indicated with dotted lines. (e)
The region in which the cellulose microfibrils are closely aligned with the cell axis with a small p. (f) The cellulose microfibrils are arranged into an orthogonal pattern in
some cell walls. (g) In other wood cells, the cellulose microfibrils are more perpendicular to the cell axis. Panel (a), dorsal view; (b,c) proximal view; (d-f) lateral view; and

(g) proximal view,

- .
100,

Hydration process

Fig. 5. Synthesized bi-layer hydrogels. SEM on left shows differences in porosity. Sequence in center and right demonstrate the contribution of porosity gradient to the
hydro-actuated bending. Red dotted line marks interface between two layers (For interpretation of the references to color in this figure legend, the reader is referred to the

web version of this article.).

sition can significantly reduce the stress concentration in between
two distinct adjacent layers in laminated composites, which dra-
matically improves the interfacial toughness and increases the in-
tegrity and robustness of the whole structure [34,35]. The poros-
ity gradient in the cone scale not only plays an important role
in the hydro-actuation mechanisms that we describe above, but
also benefits the mechanical performance of the scale tissue as
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a whole. Micro-indentation mapping (Fig. 6a) of the transverse
cross-section of the cone scale shows that, for the same ap-
plied load, the indent sizes on the sclerenchyma fiber tissue
(Fig. 6b) and on the denser part of the sclereids (Fig. 6¢) are al-
most same, giving a similar hardness value (~17 HV), whereas in-
dent sizes on the porous region of the sclereids are significantly
larger, indicating a decrease in hardness to ~10 HV. To quantify
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Fig. 6. Differences in hardness generated by the porosity gradient. (a) Overall view of the transverse cross-section of the indented pine cone scale sample. (b—d) Representa-
tive indentations due to a load of 200 gf on transverse cross-sections of sclerenchyma fibers, sclereids far from the sclerenchyma region and sclereids close to sclerenchyma

region, respectively.

these phenomena, mechanistic modeling and analysis are provided
below.

The reversible hydration of the scales is shown in the schematic
representation in Fig. 7. In the hydrated condition (Fig. 7a), the
scales are in the closed position and the seeds are locked in the
interstices at the base. Dehydration leads to the contraction of
the sclereid layer, which is considerably thicker than the scle-
renchyma fiber layer. This leads to the downward bending of the
scales (Fig. 7b), which serves to create open channels for the es-
cape of the seeds. We can represent this in terms of a simple beam
geometry.

An analytical solution incorporating the gradient structure is
excessively complex and therefore a tri-layer approach is adopted
here, as shown in Fig. 7c. This marks a progression toward a con-
tinuous change in modulus with position. The three layers are the
sclerenchyma fibers, the porous sclereid layer, and the dense scle-
reid layer, which are designated respectively by the subscripts f, p
and sc. The thickness, a, and coefficients of hygroscopic expansion,
o, of these three layers are in turn designated by day, ap, dsc and oy,
«p, dsc. Because of differences in the hydroscopic expansion co-
efficients, the swelling/shrinking strains of these three layers are
not same. The tight interfacial bonding enables the forces that are
exerted by adjacent layers to be applied on each component. Thus,
the forces applied on sclerenchyma fiber, porous sclereid and dense
sclereid layers are designated as Fy, Fp and F, respectively, and
the corresponding bending moments (M) due to the difference in
the hygroscopic expansion are My, M, Msc. The radii of hydration-
induced bending for these three layers are ry, rp and rg, which are
approximated to r since, compared with the whole thickness of the
scale, the bending is relatively small (Fig. 7d).

The porosity in the sclereid layer was quantitatively measured
in three micro-CT scanned sections (marked ‘slices’ in Fig. 8a-c).
They are similar to the micro-CT scan presented in Fig. 4e,f, from

377

which measurements are illustrated in the inset to Fig. 8a. Fig-
ure 54 shows the three sections where measurements were made.
The orange solid arrow indicates the direction of the measure-
ment, which is from the interface between sclerenchyma fibers to
the dense sclereids. The pore sizes were measured along the ver-
tical direction at each position, as indicated by the yellow dotted
lines, and the average taken. Based on the fitted curve in Fig. 8a,
the pore size first rises and then gradually decreases with increas-
ing distance from the interface between two layers (towards scle-
reids). The small pore size in the starting regions is due to the fact
that the arrangement of sclerenchyma is not perfectly aligned and
when the pores are measured along the dotted line, some pores in
the sclerenchyma are included (the left-most yellow dotted line is
intersected with the cross-section of sclerenchyma fibers). In the
exclusive sclereid region, the graded decrease in the pore size with
increasing distance from the interface is much clearer.

The relative density of porous tissue, p, as compared to the
nonporous material with same composition, ps, was calculated
based on the relationship % ~ (;—’r‘)z. where the 1y, is the radius of
the hollow tube (lumen) in the wood cell, as shown in the inset in
Fig. 8b and r¢ is the external radius of the cell. In our calculation,
I, is taken as one half of the pore diameter in Fig. 8a. The varia-
tion in relative density % with distance from interface is presented
in Fig. 8b. Calculation of the modulus, based on the Gibson-Ashby
equation Eq. (2), can be expressed as:

P

2
E:E(—) .
s ps ]

where E is the Young's modulus of the porous tissue and Es is the
corresponding modulus of the solid tissue. Using this relationship,
the Young's modulus of the porous layer as a function of position is
plotted in Fig. 8c. It can be seen that the relative Young's modulus
decreases from 0.3 at the interface with the sclerenchyma fibers

(2)
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Fig. 7. Schematic rendition of reversible bending of cone scales by hydration and predicted response to hydration. (a) hydrated scales; (b) dry scales with path for seed
dispersal; (c) beam configuration with a tri-layered structure for hydrated scale; (d) deformed beam configuration with radii ry ~ rp ~ r5c ~ 1 for a dry scale.

to below 0.1, before rising to the value of the nearly 0.6 Es at the
edge of the micrograph (Fig. 8c). In our tri-layer model, the scle-
reid layer is divided into two: a dense layer (with E[Es 1) and
a porous layer with E/Es = 0.1 (note that these are average val-
ues). This tri-layer analysis represents a departure from the previ-
ously reported bi-layer analysis, used by Reyssat and Mahadevan
[14] based on the Timoshenko treatment [36]. We recognize that it
is also an approximation, since porosity varies continuously, but it
establishes the effect of the porous layer. Our model follows closely
the one derived by Timoshenko [36] for a bimetallic thermostat
by using three layers, but with the substitution of hygroscopic ex-
pansion coefficients for linear thermal expansion coefficients, the
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former being defined in terms of the level of hydration, h, by
Eq. (3):

(3)

where L is an arbitrary length. Note that the value of h is governed
by the relative humidity, which here is assumed to vary between 0
for a dry specimen to 1 for the fully hydrated condition. We define
the length L as the dimension along the long axis of the cone scale;
dimensional variation along the other two directions orthogonal to
the length direction was not involved in our quantitative analysis.
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Fig. 8. Decreased interlayer stress concentration generated by the porosity gradient. (a) Measured pore diameter from the micro-CT scanned images and (b) calculated
relative density in sclereid cells as a function of distance from the sclerenchyma fiber. (c¢) Estimated normalized Young's modulus in sclereid layer as a function of distance
from the sclerenchyma fiber. (d) Radius r as a function of hydration level for bi-layer and tri-layer configurations. Upper limit (neglecting effect of hydration on Young
moduli) stress distributions for (e) tri-layer and (f) bi-layer configurations. Notice that in d, e, f humidity is 1 at origin.

Based on our model in Fig. 7c, the equations of equilibrium are
Egs. (4) and (5):

YF=F+Ek—-F =0, (4)

¥M = 0. (5)

The forces are assumed to be applied to the centroids of the
respective sections. Thus, the summation of the moments is shown
in Eq. (6):

a a a a
Mf+Mp+MSC7Ff(5f+EP) FSC( = 5']):0. (6)
The three moments can be expressed by Eq. (7):
Efl
Mf:ﬂ;Mp Eplp. - Mg = % (7)
Tf Tp T'sc
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where Eg, E,, and Esc are the respective moduli for sclerenchyma
fiber, porous sclereid and dense sclereid, and Iy, Ip, and Isc are the
corresponding moments of inertia for the three components, which
are defined, for a rectangular section, per unit width, as Eq. (8):

3

a ﬂ3 03
as
lr=13: b= 15 be = 1526' 8

The strains in the sclerenchyma fibers f and the porous sclereid
layer p have to be the same as that at the f-p interface; the same
applies to the strains in porous p and dense sclereid sc layers and
that at the p-sc interface. These are the compatibility conditions
which can be expressed by Eqs. (9) and (10):

f—p interface : ay(hy — hy)
F ag I a
f - _Zr
Era L " 2r 3¢ = o —ho) Epapl 2 ®)
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p — sc interface : ap(hy — hgp)
Fp ap Fe Usc
7EpapL+*fa5c(h]7h(])7m7§.

2r
where h; is the relative humidity at a given moment and hy is that
in the initial environment: Ah = hy — hg. The forces Fy, Fp, and F,
as a function of humidity, can be obtained from Eq. (4) to Eq. (10):

(10)

EfasL Egagl(ag +2a, + ag)
Ff = (Olsc —Otf)EftIfLAh _ECESCGSCL — o .
(11)
Epapl  EpapLl(ap + asc)
Fy = (erp — ase)Epapl A +FSCE:EH_I:CL + =2 Zi =, (12)
Erasl(a;+2a,+a T
Fsc:% (affasc)EfafLAh* i ( f2 ? SC) - 2ZEiII s
r r(af—f—ap)
(13)

Erafl
= phibr — ariar and L Eili = Egly + Eply + Esclee

The radius r as a function of humidity Eq. (14) is obtained by
substituting Eqs. (11), (12) and (13) into Eq. (4), viz:

where A

r(Ah) =
Z%&:ﬁ: - (af+zap+asr)'5faf;7(HPMKJEPOPM-B - (af +2ap+ aSE)EfafL A-B
[(ctsc —erp)Egay + (o — asc) EpapA - B+ (asc — ap)EpapA - B]L.Ah
(14)
EscascL
where B = [ g Creant

The maximum normal stresses (parallel to the scale axis) in the
three layers are obtained from these forces and bending moments.
They vary linearly with distance, y, from the centroid of each layer
and are highest at the largest distance from it. These maximum
and minimum normal stress values in the three layers are:

Fr . Eray
= — 4+ = 15
of agL 2r (15)
_ K | Epy
9= S apl ST (16)
Fyc Escasc
Osc = *@ T (]7)

where the distances y from the centroid of each section to the out-
side sclerenchyma fibers are -a¢/2 to +ag/2 for the sclerenchyma
layer, -ap/2 to +ap/2 for the porous layer, and -asc/2 to +asc/2 for
the dense sclereid layer. It should be mentioned that as the mod-
ulus values Ey, Ep, and Esc are dependent on hydration, the calcu-
lated values of the stresses apply to the initial dry condition. How-
ever, Egs. (15), (16) and (17) can be readily modified by introducing
a functional dependence of the Young moduli on hydration.

Table 1 shows the values used in the calculation for the radius
and stresses. These values were extracted from the dimensions of
the pine cone and from the literature. They are given by Dawson
et al. [13] as a¢ = 0.06 for the fiber and «sc = 0.20 for the scle-
reid layer. Reyssat and Mahadevan [14] give corresponding values
of wy = 0 and asc = 0.1. The elastic constants were taken from
Dawson et al. [13] for the sclerenchyma and sclereid layer.

The tri-layer and bi-layer cases were calculated for comparison
purposes. For the bi-layer case, which was analyzed by Reissat and
Mahadevan [14], the total sclereid thickness was taken as the sum
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Table 1

Parameters for calculation of the curvature ra-
dius r and normal stresses for a tri-layer cone
scale; for bi-layer, the total sclereid layer thick-
ness is taken as (ap + dsc).

Parameter Unit Value
as mm 1.5
ap mm 0.8
Qsc mm 1.5
E; GPa 4.53
Ep GPa 0.09
Es GPa 0.86
ar 0.06
ap 0.20
Usc 0.20
Ir mm* 0.28
Ise mm? 0.28
Ip mm* 0.043

of the porous and solid sclereid layers in the tri-layer configura-
tion. The radii of curvature as a function of humidity differ some-
what, the bi-layer case being more responsive to humidity changes
(Fig. 8d). It is interesting to note that the stresses vary linearly
with the change of humidity (Fig. 8f). This is expected since the
moduli are assumed to be independent of moisture. The incorpora-
tion of the intermediate porous layer has a profound effect on the
maximum stresses (Fig. 8e and f); the stress in the fibrous layer,
which is the highest, is reduced from the bi-layer case to approx-
imately one fourth in the tri-layer case. This is a very significant
effect and demonstrates that the incorporation of a porous layer
has a major effect on the maximum stresses. With the presence of
the porous component in the sclereids that connects to the scle-
renchyma fibers, the stress concentration between these two ac-
tuation components is dramatically reduced and acts as cushion
layer; indeed, the porosity gradient is vital for the enhanced in-
terfacial toughness in the whole structure, conferring an enhanced
integrity and durability compared to that previously calculated for
a bi-layer architecture.

As noted above, refinement of the above analysis can be made
by considering that the moduli E, E,, and Esc are dependent on
hydration. Although the calculated values of the stresses above ap-
ply to the initial dry condition, Eqs. (15), (16) and (17) can modi-
fied by introducing a functional dependence of the Young moduli
on hydration. Gerhards [37] presents a plot of the relative Young’s
moduli as a function of moisture content for several woods along
the grain, which is the same orientation as ours. Moisture Content,
MC is defined as the mass of water, Myqer, divided by the mass of
the dry wood, my,.qg. It is usually presented on a percentage basis
as expressed by Eq. (18):

Myar m —m
_warer \100 — —tetal — "“wood 100
Myyood Myood

MC = (18)

The maximum of MC for green wood varies from 110 to 219
for pine sapwood. The density of wood cells is ~1.54. The lower
the density of wood, the greater uptake of water it can have. This
is indeed a broad range. We adopted the definition of Reissat and
Mahadevan [14] for humidity, f: it is zero in the dry condition and
equal to 1 for water saturation (maximum).

We convert Moisture Content from Gerhards to f. Gerhards
[37] presents results from MC=0 to 0.3 in their Fig. 1. The Young
moduli are normalized to the value at MC equal to 12% (E;).
We use the range that is approximately linear, from MC=0.05 to
MC=0.27.

This provides:

EE =1.124 — 1.2x1072MC

r

(19)
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Fig. 9. Effect of relative humidity on the (a)Young’s moduli and (b) stresses gen-
erated in the fiber, sclereid, and porous layers. shows a non-linear dependence of
the maximum stress on humidity resulting from an assumed linear dependence of
Young moduli on moisture content, extracted from the results presented by Ger-
hards [37] for a variety of woods along the fiber axis and by conversion of MC into
h [38].

In order to convert MC into f, we have to consider the maxi-
mum value of MC for the pine cone as corresponding to f=1. E;
can be converted into Eg, the Young’s modulus at h=0 (or MC=0).
From Gerhards, [37] one can approximate this value as:

Ey

=1 (20)
Glass et al.[38] and Glass and Zelinka [39] propose the follow-
ing equation for the relationship between Moisture Content from

Gerhards and Relative Humidity, h (as used by Reissat and Ma-

Load (N)

0 1 I 1 I
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hadevan [14] and in our calculations):

B crp
) In(1 — h)}

where T= temperature in K (in our case, 300 K); A=-0.000612;
B=2.43; C=0.0577; D=0.43; and T.=647.1 K.

These values represent an average for many woods and serve as
a guideline only. Then the variation of wood modulus with relative
humidity in our case, as expressed by Eq. (22), can be obtained by
substituting Eqs. (20) and (21) into Eq. (19):

o= )ma-]”

Fig. 9a shows the variation of E with h for the three layers
considered in the calculation. The Young’s modulus increases very
fast with the initial stages of humidity decrease (from 1 to 0.9),
after which the increase is much more gradual. The correspond-
ing stresses in the three layers as a function of h are given in
Fig. 9b.The incorporation of the humidity dependence of E indi-
cates that the linear dependence of the stresses on humidity is re-
placed by a non-linear dependence. The stresses are significantly
reduced at high humidity but approach the values predicted by the
simple analysis of Fig. 8e as the humidity approaches zero.

T

T (21)

MC — IOO[AT(l .

£:]7]09

E (22)

3.5. Robust bending actuation of cone scales induced by hydration

In order to evaluate the robustness of the actuation of the
pine cone with the ingenious design described above, the actua-
tion force was tested in successive cycles using the experimental
setup presented in Fig. 10a. The base part of the scale is fixed onto
ae clamp with the tip part contacted to the load cell. The actua-
tion force is generated by immersing the cone scale in hot water,
which serves to accelerate the actuation. The actuation force was
recorded for approximately 2 h until it stabilized. After each test,
the specimen was dehydrated for 24 h in a desiccator, until it re-
tracted to its original position, and then another cycle of force test
was conducted. The actuation force for a representative specimen
tested for three such cycles is shown in Fig. 10b. Three previously
unreported aspects can be seen:

First, since the hygroscopic actuation is based on the diffusion
of water in the pine cone tissue, as the tissue is immersed in wa-
ter the actuation force also grows in an approximate logarithmic
manner, reaching a plateau when the tissue is fully hydrated.

Second, the maximum actuation force generated by the
hydration-induced bending of the pine cone scale is very impres-
sive at ~12N in these samples; for other samples shown in Fig. S5,
the measured activation force actually reached as high as 16 N.

It 1
60 80 100 120

Time (mins)

140

Fig. 10. Actuation force test. (a) Experimental setup for the actuation force test. (b) The actuation force generated by the hygroscopic movement of one pine cone scale in

three successive cycles of hydration and dehydration,
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Since the average weight of an isolated scale of the cone species
that we investigated is a mere ~1g, such bending actuation of a
cone scale can generate an actuation force more than 1000 times
of its own weight, which demonstrates the efficiency of its actua-
tion mechanism [40].

Third, which is also the most important discovery here, is that
there is no significant drop in the maximum actuation force when
the cone scale is subjected to several cycles of hydration and de-
hydration. This highly reversible deformation is attributed to the
intricate gradient design described in Section 3.4. With the pres-
ence of the graded porosity, the stress concentration between the
sclerenchyma and sclereids is substantially reduced, which signifi-
cantly increases the interfacial toughness, making the cone scale a
very robust and durable actuation design.

4. Summary and conclusions

Many plants rely on passive movement to disperse the seeds
or improve their dispersal. The hydration-induced bending of pine
cone is one of the best-known examples. Previous investigations
showed that this highly reversible and humidity-driven deforma-
tion is due to the different cellulose microfibril angles with the
longitudinal scale axis in a bi-layered structure arrangement, caus-
ing differences in the directional swelling in the two layers. The
mismatch of the swelling strain generates the bending movement
in a manner akin to bi-layer thermostats.

We found that, in addition this, porosity gradients in the tis-
sue of the pine cone scale, first observed by Song and Lee [20] and
Correa et al. [21], also contribute significantly to the bending de-
formation and to the decrease in the internal stresses generated
by such bending. The contribution of this porosity gradient to the
hygroscopic deformation is validated using simulations with syn-
thesized bi-layer hydrogels that we produced with distinct porosi-
ties in the two layers. Moreover, the porous sclereid cells between
sclerenchyma and dense sclereid act as a cushion layer to enhance
the mechanical performance for the cone scales. This is corrobo-
rated by quantitative analysis based on a tri-layer model, which
captures the essential characteristics of the graded porous design,
and reveals that the stress concentration generated at the interface
between sclerenchyma and sclereids during the hydration-induced
bending can be substantially reduced. This results in an increased
interfacial toughness and significantly improves the reversibility
and robustness of the bending actuation for the cone scales.

The combination of different microfibril angles for the two lay-
ers comprising the pine cone (sclereids and sclerenchyma) coupled
with the porosity gradient confer the pine cone with a highly effi-
cient actuation mechanism to generate the effective reversible de-
formation stimulated by the environmental variation, which effec-
tively improves the seed dispersal range which is important for the
reproduction of pines. Additionally, measurements on separated
bundles of sclerenchyma fibers and a sclereid layer show that they
also bend independently, providing further synergy for the robust-
ness of the scales. Our study may provide inspiration for the devel-
opment of more efficient smart responsive materials with simpler
simulative strategy and better biocompatibility.

One final note - we expected that when cone scales open, seeds
can be released and then the cones cease to perform a useful func-
tion, fall to the ground, and decompose. However, when we pick
up pine cones along the Torrey Pine Road, we find that some of
them, principally the ones that are relatively fresh but also some
old ones, still contain seeds inside. A representative example is
shown in Fig. S6. Although the cone scales are open, several seeds
are still trapped inside. Successive cycles of opening and closing
can release these seeds and effectively increase their chance of
survival. We believe that these cones could go through additional
complete rounds of opening-closure process, given the seasonal
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weather at that time. This suggests that all the seeds are not com-
pletely released at once and that the cones have to go through sev-
eral cycles of reversible opening and closing to release most seeds
at a favorable timing. As we demonstrate in this work, the en-
hanced interfacial toughness of the graded layered structure inside
the cone scales can ensure the robust reversible opening of pine
cone and enable them to release as many seeds as possible, since
this is important for the survival of plant species. Indeed, the addi-
tional toughness and reversibility provided by the gradient struc-
ture appears to enable the pine cones to release the seeds over a
considerable period of time.
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