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We developed biomimetic hygro-responsive
composite polymer scales inspired by the reversible
shape-changes of Bhutan pine (Pinus wallichiana)
cone seed scales. The synthetic kinematic response
is made possible through novel four-dimensional
(4D) printing techniques with anisotropic material
use, namely copolymers with embedded cellulose
fibrils and ABS polymer. Multi-phase motion
like the subsequent transversal and longitudinal
bending deformation during desiccation of a natural
pinecone scale can be structurally programmed
into such printed hygromorphs. Both the natural
concept generator (Bhutan pinecone scale) and
the biomimetic technical structure (4D printed
scale) were comparatively investigated as to
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their displacement and strain over time via three-dimensional digital image correlation
methods. Our bioinspired prototypes can be the basis for tailored autonomous and self-
sufficient flap and scale structures performing complex consecutive motions for technical
applications, e.g. in architecture and soft robotics.

This article is part of the theme issue ‘Bioinspired materials and surfaces for green science
and technology (part 3)’.

1. Introduction

(a) Motivation
Motile plant structures (e.g. petals, leaves) represent efficient and functionally robust compliant
mechanisms [1]. They perform aesthetic shape-changes without nerves, muscles and discrete
hinges and are increasingly recognized as suitable concept generators for the development of
biomimetic shape-changing structures [2–5]. Four-dimensional (4D) printing of such devices has
become an emerging field [6–10], but the movement patterns of the bioinspired structures realized
so far are limited in terms of temporal and spatial versatility and programmability. On the
contrary, nature holds ready a multitude of plant movement actuation and deformation principles
and consecutive motion patterns [11–14]. Understanding the respective form–structure–function
relationships of the biological concept generators and implementing the motion principles
at work into technical devices would open a versatile toolbox for generating biomimetic
structures with tailored motion responses. These could have various applications ranging from
micro-electromechanics, microfluidics, soft robotics to architecture. In this study, we aimed at
abstracting the complex multi-phase movement of Bhutan pinecones and to achieve similar
modes of actuation and deformation in 4D printed structures, which can serve as a basis for the
development of versatile and self-sufficient scale and flap systems.

(b) Biological concept generators of the biomimetic approach
Our biological concept generators are cone seed scales of the Bhutan pine (Pinus wallichiana Jacks.,
Pinaceae). In general, pinecones are well known to be in a closed state under wet environmental
conditions (keeping the seeds safe and avoiding release of the airborne seeds) and to open when
it is dry (releasing the seeds for dispersal mainly by wind; figure 1a,b) [15]. Such passive water-
driven motion responses are nastic and, therefore, structurally ‘programmed’ into the individual
seed scales. Each scale forms a functional bilayer structure through a gradation in its tissue
structure, from the sclereid cells at the bottom of the scale to a region of sclerenchymatous
strands at the top (figure 1c–l). Whereas the sclereid layer is the actuating (active) layer, the
sclerenchymatous layer is the resistance (passive) layer. Both layers together dictate an upward
scale bending upon water uptake and differential swelling (wet environment, the cone closes) and
a downward bending upon desiccation (dry environment, the cone opens) [15,17–19]. Bending is
restricted to a short zone at the basal part of the scale [19]. The moving pinecone scales are able
to generate considerable blocking forces of around 3 N [20]. Furthermore, the structural integrity
of the cone scales can be conserved for millions of years, highlighting extraordinary functional
resilience and robustness [21].

The stratification of the pinecone scale’s functional bilayer set-up is not homogeneous and the
dimensions of sclereid and sclerenchymatous tissues vary over the length of the individual scale
(figure 1c–f ). The sclerenchyma forms cable-like structures, which extend into the scale periphery,
where they are inserted into the apophysis (figure 1d–h). There is no tight ‘bonding’ between
the actuating sclereid and resistive sclerenchyma layers, as the sclerenchymatous strands are
embedded into a rather soft matrix of ‘brown tissue’ (sensu [15,17–22]) and can often be easily
torn apart from the sclereid layer by hand (figure 1d–k). In addition, the degree of lignification is
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Figure 1. (Caption overleaf.)

not clearly delimited between the lower actuating and upper resistive layer, with the sclereid layer
showing increasing degrees of lignification towards the highly lignified sclerenchyma (figure 1l).
In summary, the structural set-up of pinecone seed scales is very complex and variable among the
individual scales and not yet fully understood in respect to the characteristics of the individual
hygroscopic bending deformation.

In preliminary investigations, we found that the seed scale of Bhutan pine performs a
bi-axial two-phase hygroscopic movement [16] (figure 1m). When the scale is wet, it is almost
straight (without any conspicuous longitudinal curvature), but it possesses a notable transversal
curvature at its apical part, with the margins being curved upwards. During desiccation, this
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Figure 1. (Overleaf.) Pinecone seed scale functional morphology and kinematics. The scales passively react to changing
environmental humidity conditions leading to a closed cone when it is wet (a) and to an open cone when it is dry
(b). A longitudinally halved cone in the dry condition (c). The actuating sclereid layer is not tightly connected to the
sclerenchymatous strands, which are embedded in a matrix of ‘brown tissue’ (sensu [15]) (d,e) and reach towards the apical
apophysis (f ). Images (d–f ) modified from [16]. Light microscopy image of a semi-thin cross section of the functional bilayer
set-up (g), one sclerenchymatous strand (h), a detail of the sclereid layer (i), a detail of the sclerenchymatous strand (j), and
a detail of the ‘brown tissue’ (k). Fluorescence microscopy of an acridine orange-stained semi-thin longitudinal section of
a scale (l). The brightness indicates degree of lignification, which is of increasing intensity in the sclereid layer towards the
sclerenchymatous layer, high in the sclerenchymatous strand itself, and low in the ‘brown tissue’ (abbreviated as ‘B.’). (m) The
bi-axial, two-phase, passive-nastic movement of the Bhutan pine (Pinus wallichiana) seed cone scale. An initially wet seed
scale (in frontal and lateral view, clamped with its basal part by a forceps) undergoes two successive bending deformation
processes upon desiccation (at approx. 20°C, approx. 50% RH). At the beginning (t= 0) the scale is wet, straight (without any
conspicuous longitudinal curvature) and possesses a notable transversal curvature by which longitudinal bending is hindered.
After t= 15 min, the transversal curvature alone has markedly decreased. Afterwards, the scale starts to bend longitudinally
until a maximum bending angle (which depends on the extent of scale desiccation, i.e. on the environmental conditions) is
achieved after t= 60 min. (Online version in colour.)

transversal curvature gradually decreases and the scale flattens without notable alterations
of its longitudinal curvature. Afterwards, the scale bends longitudinally until it achieves a
maximum bending angle. The functional bilayer set-up of the natural scale was the template for
our 4D printed hygroscopic scale-like structures, where passive hydraulic actuation drives the
tailored multi-phase bending deformation. For a better understanding of the complex movement
behaviour, we performed three-dimensional (3D) deformation measurements on the natural and
on the bioinspired printed scales’ surfaces.

2. Material and methods

(a) Materialization and four-dimensional printing
3D printing through Fused Filament Fabrication (FFF) was applied, which works by the precise
deposition of extruded molten thermoplastic polymer. The process of extrusion affects the
microstructure of the polymer through the ‘alignment of the polymer molecules along the axis
of deposition’ [23] and the shear-induced alignment of any fillers within the polymer [24–26].
This unique capacity to affect the material at that scale through the controlled fabrication process
has been implemented into high-performance lightweight composites [27], nanofibre-reinforced
polymers [28] and wood flour composites [29]. This inherent material capacity is instrumental in
the design, control and manipulation of the hydration-mediated expansion of the responsive 3D
printed layer [30].

Inspired by the pinecone, we used two materials with substantial performance differences,
hygroscopic swelling characteristics, to transfer the resistance and actuation layer of the biological
concept generator to form bilayer architectures. (1) The first material is a Wood Polymer
Composite (WPC) composed of fibrous filler from wood-derived fibres (40%) combined with a
co-polyester polymer matrix, as indicated by the manufacturer. The WPC mimics the properties
of the swellable lower sclereid layer, i.e. the hygroscopically actuating layer of the natural
pinecone seed scale. The WPC FFF 3D printing material was selected for this investigation based
on the researchers’ background experience with the material [6,30] and its readily commercial
availability. (2) The second material is Acrylonitrile Butadiene Styrene (ABS), which is a common
3D printing polymer that does not contain fibrous fillers. ABS is susceptible to moisture, which
affects its mechanical performance [31] and printing quality [32], but it undergoes negligible
dimensional changes compared to WPC [33]. ABS acts as the stiffer and much lesser swellable
upper layer, made of sclerenchymatous strands in the real cone scale, also considered as the
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resistance layer. An initial test sample was created using thermoplastic polyurethane (TPU) as it
bonds better during the 3D printing process, however, while the TPU polymer has better adhesion
properties to the WPC material it is also more susceptible to elongation [34] and therefore it was
not used in subsequent tests. This material architecture forms the basis for design methodologies
that can define the localized shape-change curvature.

All composite samples had a nominal dimension of 45 × 100 mm in length and were printed
using a 0.25 mm vertical layer height, with a total of four layers for all samples, on a flat heated
bed on air. After printing, all samples were laminar and had no curvature in either longitudinal
or axial directions. All samples were printed using the commercially available Laywood, WPC
filament (CC Products) and ABS filament (Makerbot). Both filaments were prepared for printing
by reducing their moisture contents using a dehumidification chamber at 70°C for 24 h and were
stored in a controlled environment prior to print.

The print paths were generated using discreet tool path geometries modelled in a Computer-
Aided Design platform (Houdini 14) via a python script and then transferred to the 4D printer
(Makerbot Replicator 2X) via the slicer software (Makerbot desktop) using their native binary
X3G file format. Samples were printed using a 0.4 mm brass nozzle (220°C) directly on the heated
print bed (60°C) covered on a single layer of standard masking tape. After the print was complete,
the samples were allowed to cool on the bed before being removed.

Photographic images were taken with a DSLR camera and full format mirrorless digital
cameras (Sony A7S and Nikon D7100) with both a 28 mm and a 35 mm lens using time intervals
between 45 and 60 s. Continuous lighting of the samples was provided via metal halide and LED
photography lamps.

The synthetic scale underwent a moisture-induced deformation from flat state (right after
print) to a positive doubly curved shape state. Under desorption, the scale underwent continuous
shape-change deformation from the positive Gaussian curvature, to flat and then into a new
negative Gaussian curvature. The experimental set-up consisted of a cycle of moisture absorption
by the specimen using direct immersion in water followed by a desorption cycle via a drying oven
(40°C). Some initial tests included image registration at ambient conditions (at RT, RH ∼ 20%).
Both of these set-ups were practical to test the shape-change deformation from full saturation
(after immersion) to desiccation. However, this set-up did not provide sufficient control to
correlate specific shape configurations to specific relative humidity and temperature parameters.
It is speculated that a climate-controlled chamber could be used to precisely identify the relative
humidity and temperature required to allow the scale to return to a flat state without going into
negative curvature.

(b) Kinematical and three-dimensional deformation analyses
We recorded the desiccation-induced motion (at RT, RH ∼ 60%) of an initially wet Bhutan
pinecone seed scale simultaneously from lateral and frontal view with two USB microscopes
(Conrad, Hirschau, Germany) to gain initial qualitative information on its deformation during
movement. The wet scales were taken from a water basin and recorded immediately.

For quantitatively analysing kinematics and motion repeatability, we recorded a Bhutan
pinecone seed scale and a 4D printed scale (which is capable of the two-phase motion sequence,
see results) from lateral positions with one of the above-mentioned USB cameras. Before the
individual recordings, the scales were each fixed with clamps for stability and immersed in
water for at least 4 h to ensure complete wetting. Afterwards, they were transferred into a drying
oven (40°C) and the desiccation movement was recorded (experiment starts with first movement
sequence). Afterwards, the scales were transferred into a water-filled aquarium and the motions
recorded (second movement sequence). The desiccation- and swelling-induced movements were
repeated multiple times and the angular changes (deg) over time (min) were analysed with
Fiji/ImageJ [35]. The experiments included idle periods in the oven or in the aquarium overnight
and/or over weekends.
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Displacement and strain during the desiccation-driven motions of the initially fully wetted
natural and printed scales were analysed in detail using a stereo-camera set-up and the software
GOM Aramis Professional (Professional 2016, GOM GmbH, Braunschweig, Germany). Time-
lapse recordings were performed on a granite table in a chamber with constant environmental
conditions (23°C, RH 36%) at the Plant Biomechanics Group, Freiburg University. Two USB-
3 cameras (PL D685CU, pixel size 4.8 µm) and the Capture OEM software (v. 2.3.7.9) (both
by PixeLINK, Rochester, New York, USA) were used. Each camera was mounted on a micro-
manipulating device placed on a rail (custom-made by the technical workshop, Institute for
Biology II/III, University of Freiburg, Germany) and equipped with a 50 mm lens (Planar
T* 1,4/50, Carl Zeiss AG, Oberkochen, Germany) by using mount adapters (NIK-C, Kipon,
Shanghai, China). A distance between both camera sensors of about 24 cm and a distance between
their midpoints and the specimen of about 52 cm was installed, resulting in a stereo angle of
approx. 26°. A cold light source (Techno Light 270, Karl Storz GmbH & Co. KG, Tuttlingen,
Germany) was used for illumination. Calibration was performed with a target grid panel
(CP 20, GOM GmbH, Braunschweig, Germany; thermal expansion coefficient: 4.00*10−6 K−1;
certification temperature: 20°C). Scale surface contrast was enhanced by applying a stochastic
speckle pattern using black spray paint (Professional, Liquitex, Cincinnati, Ohio, USA). For the
biological pine scale an additional white priming (Premium Weißlack Seidenmatt, Peter Kwasny
GmbH, Gundelsheim, Germany) was applied. In summary, we analysed five natural and three
printed scales with very similar resulting deformation and strain patterns, and one representative
each was chosen for presentation in this article.

Images were captured every 10 min and 20 min during desiccation of the biological and
4D printed scales, respectively. The resulting recording times were 1360 min for the natural
scale and 1760 min for the printed scale, as presented here. In the case of the natural scale,
the lower side with the actuating layer was recorded, and in the case of the artificial scale,
its upper side (where both actuating and resistance layers are visible). Stereo image stacks
were analysed using the digital image correlation-based (3D-DIC) GOM Aramis software. Facet
sizes of 24 pixels and 32 pixels and maximal point distances of 8 pixels and 16 pixels were
chosen as correlation parameters for the biological and the 4D printed scales, respectively. Three-
dimensional displacement and (Cauchy) strain values parallel to the scales apex-base connection
and parallel to the largest lateral dimensions were calculated in reference to the fully wet state.

(c) Histological analyses
Depicting the anatomical complexity of pinecone seed scales (figure 1) required histological
examinations. Natural pinecone seed scales were embedded and cut as semi-thin cross or
longitudinal sections after a protocol published in [36]. We applied either toluidine-blue staining
(infiltration for 2 min in toluidine C.I. 52040, 1 min washing with de-ionized water), or acridine-
orange staining after a protocol published in [37]. Pictures were taken with an Olympus BX61
light microscope and an Olympus DP71 camera (Olympus Europa, Hamburg, Germany) using
the software CellˆP 2.8 (Olympus Soft Imaging Solutions, Münster, Germany).

3. Results

(a) 4D printing of a functional model inspired by the Bhutan pinecone
A functional model of the bi-axial curvature deformation was initially printed using an oriented
TPU layer (one layer 0.25 mm thick) in combination with discreet WPC regions for each axis (one
layer 0.25 mm thick), longitudinal (dominant) and transverse directions (figure 2). TPU and WPC
can bond to each other easily during printing so that very simple bilayer structures can be created.
For this test, each raster pattern, longitudinal and transversal, was oriented perpendicular to the
desired axis of bending to form a directed bilayer region. That is, each layer had an anisotropic
material orientation directly perpendicular to each other. This model was useful for identifying
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Figure 2. The 4D functional model of the bi-axial curvature deformation. An initial set of 3D printed scales using differentiated
bilayer regions composed of a constraint layer of oriented TPU and an oriented hygroscopic layer of WPC. (a) Fully wet 4D
printed samples show different double curvature deformations in response to localized bilayer structure. (b) Localized WPC
raster pattern regions in relation to global shape of scale. (c) The direction of hygroscopically induced expansion on WPC layer
shown in relation to dominant axis of oriented TPU constraint. (Online version in colour.)

the differentiated curvature regions found in the basal and apical region. The 4D printed model
could reach both target curvatures for the dry and wet states of the pine scale but this model failed
to achieve the two-stage kinematic response motion that the natural scale performs (figures 1m
and 2). It is speculated that, while the oriented TPU layer physically connects the two functional
regions within the scale, a negligible amount of stress is transferred from one region to the other.
In this case, each region’s shape deformation takes place simultaneously but independently from
each other and therefore results in a single-stage actuation movement.

Then, a different bilayer architecture was developed that integrated longitudinal ABS filament
strings similar to the sclerenchymatous strands as present in the natural scale. Unlike the previous
curvature model, the bilayer was not formed by two discrete overlapping layers but incorporated
a more complex inter-layer connection, referred to here as a ‘weave’ architecture that mechanically
fastened both materials (figures 3–8). This set-up was inspired by the graded functional bilayer
set-up of natural pinecone seed scales, as described in the Introduction (figure 1c–l). In this
model, the continuous longitudinal ABS strips were interwoven with an upper and lower WPC
raster pattern over two different layers with a 1 : 1 ratio of transverse to longitudinal print paths
(figure 3). Similar to the natural scale, the abstracted model relied on the creation of a material
matrix where the primary non-expanding ABS constraints are enclosed between the upper
and lower raster layers, probably preventing delamination (figure 1d,e,i). Following the same
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(a) (b)

(i)

(ii)

Figure 3. 3D printingmulti-material process to create the 4D printed artificial pine scales. Several different raster patternswere
produced using ABS and WPC to test and evaluate suitable bilayer architectures. (a) After printing, all samples are laminar and
have no curvature in either longitudinal or axial directions. (b) Photo of 3D printing process exposing ‘weave’ architecture at
multiple states of print completion. (Online version in colour.)

approach as the sclerenchymatous strands, the ABS strings (cables) were fused to the boundary
constraint at both the basal and apical endpoints (figure 1f ). The resulting global shape changes
can be seen in figures 4–8. It has to be noted that the printed samples went from flat (after printing)
to having bi-axial curvature when wet (positive curvature) to then also bi-axial curvature when
desiccated (negative curvature), which might have been a temperature-dependent effect.

To understand the interrelation between the ‘cables’ and the oriented hygroscopic layers, a
total of 24 test samples were printed. In sets of four pieces, each set used a different variation on
the hygroscopic WPC grain pattern. Three WPC grain orientations were tested (0°, 10° and 80°).
As the sclerenchymatous strands in the pinecone scale follow a mirrored symmetry orientation
along the transversal axis (cf. [17]), originating from the basal region, the same strategy was used
for the samples at 10° and 80° (figures 5 and 7). Within the set of four, one sample was printed
having only the longitudinal constraint cables, the second sample contained only cross-sectional
constraints, the third sample contained both longitudinal cables with cross-sectional constraints;
the fourth sample was printed as a control without cables or cross-sectional constraints. To test
the influence of the anatomical edge of the pine scale, an additional duplicate set was printed
for each that also includes an outer periphery boundary constraint. Sample ‘A’ with bidirectional
constraints presented the desired two-stage actuation observed in the pine scale (figures 7 and 8;
electronic supplementary material, movie S1).

(b) Kinematics and three-dimensional deformation analyses of natural and four-
dimensional printed cone scales

In total, we recorded 54 successive movement sequences of a Bhutan pinecone scale (alternatingly
driven by desiccation in a drying oven, and by swelling under water in an aquarium; electronic
supplementary material, figure S1a). During the swelling movements, angular changes of
23.4 ± 5.5° (n = 27) were reached after 55 min. During the slower desiccation-driven movements,
angular changes of 22.7° ± 4.8° (n = 27) were reached after 115 min. After the complete 54
motion cycles, the scale appeared as structurally undamaged from the outside, with no visible
delamination effects.
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Figure 4. 4D printed scales with a ‘weave’ bilayer architecture and with WPC raster pattern at 0° from the scale’s longitudinal
axis. Having the same 3D printed raster pattern for all three sets of samples (a), 4D scales show different shape deformations
when fully wet (c) in response to changes to the bilayer constraints in both the longitudinal and lateral axis as well as the
boundary edge of the scale (b). Samples with single constraints in either longitudinal or lateral directions (sets 2–4, B and C
samples) had simple bending deformation perpendicular to the constraint direction, consistent with simple bilayer behaviour.
Sampleswith constraints in both axes (sets 2–4, A samples) had a twist bending deformation. Sampleswith no axial constraints
presented very limited shape change (sets 2–4, D samples). (Online version in colour.)

The displacement and strain analyses on the natural Bhutan pinecone scale (figure 9a–c)
corroborate our preliminary qualitative observations of the natural multi-phase motion
(figure 1m). In a first motion step, synchronous displacement of the apical lateral ‘flaps’ of the
scale leads to a ‘flattening’ of the scale (the transversal curvature decreases). Then the scale starts
to bend longitudinally, leading to the fully bent scale at the end of the desiccation-driven process
(t = 1000 min). We find a gradual increase of displacement along the longitudinal scale axis with
the apical part (the scale tip) moving the most (1.8 cm max. displacement), whereas the basal
part (which is naturally attached to the cone axis) does not move at all (figure 9a). The measured
strong negative strain (up to 6% shrinkage) in x-direction (along the longitudinal scale axis, see
coordinates in figure 9b) occurs mainly at the basal part of the scale, where it becomes more
and more prominent over the measured timescale (figure 9b). By contrast, the strong negative
strain in y-direction (up to 5% shrinkage) along the transverse axis of the scale (figure 9c) becomes
increasingly prominent and distributed along the lateral parts of the scale. In summary, we find
two co-occurring deformation behaviours on the actuating lower side of the Bhutan pinecone
scale, which are opposite in direction.

Similar to our analysis of the Bhutan pinecone seed scale movement, we recorded 13 successive
movements alternatingly driven by desiccation and swelling of a 4D printed scale (electronic
supplementary material, figure S1b). During the desiccation movements, angular changes of
17.1° ± 1.4° (n = 7) were reached after 190 min. During the slower swelling movements, angular
changes of 15.5° ± 0.5° (n = 6) were reached after 390 min. After the complete 13 motions, the
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Figure 5. 4Dprinted scaleswith ‘weave’ bilayer architecture andoriented 80° symmetricallymirroredWPC raster pattern. Using
the same 3Dprinted raster pattern for both sets of samples (a), 4D scales showdifferent shapedeformationswhen fullywet (c) in
response to changes to the bilayer constraints in both the longitudinal and lateral axis as well as the boundary edge of the scale
(b). The high aspect ratio of the pine scale also has an impact on the amount of displacement that can be observed between
different regions of the scale. When the primary axis of deformation is perpendicular to the longitudinal axis (longer axis) a
higher level of displacement canbe seenbetween thebasal and the apical region. Therefore, having theWPCand the constraints
oriented almost perpendicular to the longitudinal axis allowed for the bending deformation to occur over the longest length
of the scale, resulting in a larger deformation with smaller curvature radius (sets 5 and 6, samples A and B) (c). The additional
lateral or boundary constraints in the A samples do not appear to have any significant impact in the shape deformation (c) while
a significant longitudinal bending change canbeobservedbetween the C samples of both sets 3 and4as a result of theboundary
constraint. Both C samples have lateral constraints that are parallel to the raster pattern anddirectionof expansion,which results
in limited bending, so the addition of the longitudinal boundary constraint results in a noticeable change in bending radius
between set 5 and 4. Since the objective is to achieve the pine scale’s bi-axial two-stage motion, as per $1.2 (cf. figure 1m), the
consistent single-axis curvature change across the entire scale, achieved by samples A and B (for both sets), is not suitable for
the required performance goals. (Online version in colour.)

3D printed scale appeared as structurally damaged from the outside, with visible delamination
effects.

The 4D printed scale exhibits a very similar two-phase motion behaviour as the natural scale
(figures 1m and 9d–f ), by first showing displacement of the apical, lateral flaps (flattening) which
is then followed by pronounced longitudinal bending of the whole scale (figure 9d). However, the
strain fields are different to those we found in the natural scale, as no such distinct, co-occurring
and opposing deformation domains can be detected. Moderate negative strain in x-direction
(along the longitudinal scale axis, figure 9e) occurs distributed all over the scale over all measured
time-points, with several irregularly dispersed, strongly affected ‘islands’. By contrast, strong
negative strain in y-direction (along the transverse axis of the scale, figure 9f ) was detected mainly
on the middle and outer parts of the scale, where only a little ABS plastic was printed.

4. Discussion
Biomimetic transfer and implementation of plant movement principles can lead to technical
structures with completely new functionalities, like micro-lenses with snap-buckling induced
focal point tuning [38] or jumping microgels [39]. The natural pinecone seed scale is a functionally
very reliable structure capable of repeated motion sequences, which makes it an excellent model
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(set 6, sample A) (set 8, sample B) (set 4, sample C)
dry 4D printed scales3D printed raster pattern

dry scales, flat (as printed)

20 mm

(d) (a) (b) (c)

Figure 6. The 4D printed artificial scale’s distinct shape bending deformation, of three different bilayer architectures A, B and C
(d), upondesiccation. All three scales are clampedat the basal region andpresent a continuous, single-phase, actuationbending
of predominantly single-axis curvature change. Each sample demonstrates a differentiated shape-change deformation based
on the bilayer architecture (d). Starting fullywet (t= 0, image set 1), sample A (a) presents notable longitudinal curvaturewith
negligible transversal curvature, sampleB (b) presents the opposite conditionwithnotable transversal curvaturewithnegligible
longitudinal curvature, sample C (c) presents curvature change at an approximate 45° from the longitudinal axis, resulting in
a twist. All samples demonstrate a single actuation stage (image sets 1–6) with a continues curvature change along a single
primary axis: sample A (a) presents continues curvature change along longitudinal axis, sample B (b) along the transversal axis
while sample’s C (c) deformation may be described as a continuous bidirectional ‘twist’ deformation. Since the objective is to
achieve the pine scale’s bi-axial two-stagemotion, as per $1.2 (cf. figure 1m), the consistent single-axis curvature change across
the entire scale, achieved by these three samples (A–C), is not suitable for the required performance goals. (Online version in
colour.)

for studying natural compliant mechanisms for biomimetics. We successfully transferred a two-
step multi-phase motion sequence observed in Bhutan pinecone scales into a 4D printed artificial
scale. Our investigations regarding such ‘design spaces’ for continuous and successive kinematics
constitute a very promising aspect for future studies, where the individual motions steps could be
triggered (or actuated) by various means, e.g. changes in environmental conditions like humidity
[40], temperature [41], pH [42] or light [43].

Aside from the technical aspect and merit of our biomimetic approach, we describe a
previously unknown two-phase motion sequence in natural P. wallichiana cone seed scales. Apart
from mere bending motions as described for other Pinus species (e.g. [15,17,18]), the movement
observed here (during desiccation) is more complex and starts with a transversal curvature
change, which is then followed by longitudinal curvature change. Probably, the pronounced
transversal curvature in the wet state (corresponding to the closed cone when all scales are
bent upwards) causes a higher flexural stiffness, leading to a better mechanical protection from
seed predation (cf. [44]), hinders longitudinal bending by increasing the moment of inertia,
and probably leads to an improved ‘packing’ of scales. By contrast, the more flat configuration
allows for the longitudinal bending deformation allowing for cone opening and seed release.
Preliminary, unpublished analyses revealed very similar multi-phase motion behaviour in cone
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expansion

constraint
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Figure 7. 4D printed scaleswith ‘weave’ bilayer architecture and oriented 10° symmetricallymirroredWPC raster pattern. Using
the same 3D printed raster pattern for both sets of samples (a), 4D scales show different shape deformations when fully wet (c)
in response to changes to the bilayer constraints in both the longitudinal and lateral axis as well as the boundary edge of the
scale (b). Having the WPC and the constraints oriented almost parallel to the longitudinal axis limits the bending deformation
as the primary bending axis occurs over a shorter lateral direction. However, the change in angle from 0° to 10° combined
with the mirrored symmetry of the raster pattern provides two longer and differentiated bending axis near the apical region.
Samples with longitudinal or lateral constrains showed doubly curved shape deformation with a very small amount of two-
stage actuation while sample ‘A’ with bidirectional constraints (same specimen for both sets) presented the desired two-stage
actuation observed in the pine scale. Subsequent tests indicated that since the longitudinal constraints and the boundary
had identical orientation there was not observable difference in the shape-changing behaviour between a continuous and a
discontinuous boundary constraint in this case. (Online version in colour.)

scales of Sugar pine (P. lambertiana), and it remains to be investigated which other species
possess similar kinematics and how and why they have evolved. In a recent study [45], the
interrelation of longitudinal and transverse curvature changes in P. pinaster cone scales, the
environmental humidity regime and the scale shape and thickness has been quantitatively
described, which further helps our understanding of complex shape changes in such natural
actuators.

Regarding the observed deformation as measured in the natural scale, we assume that the
pronounced negative strain in x-direction (figure 9b) at the scale base dictates the longitudinal
bending of the whole scale (leading to cone opening), whereas the laterally pronounced negative
strain in y-direction is responsible for the ‘flattening’ of the scale, which is initially (in the
wet state) strongly curved transversally. Although the motion pattern of the artificial 4D
printed scale is similar to that of the natural one, the measured strain fields (figure 9e,f ) are
different to some extent in comparison to those of the natural scale. We hypothesize that the
observed moderate negative strain in x-direction on more or less the whole scale dictates the
longitudinal bending, whereas the negative strain in y-direction on the middle and lateral
parts of the scale dictates the change in transversal curvature (displacement of lateral flaps).
As the ABS strands on the scale surface are aligned in y-direction, only in the regions where
no ABS strands have been printed (in the middle and very lateral parts) can negative y-strain
occur.

It has to be noted that the duration for the full desiccation movements of the natural and
printed scales as measured during the deformation and strain analyses (figure 9) is much longer
than those measured during the preliminary recording (figure 1m) and during the movement
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(a) wet 4D printed scale

dry 4D printed scale
two stage shape change deformation

(b) wet scale

dry scale

Figure 8. 4D printed artificial scale two-phase shape deformation (a) compared with two-phase passive-nastic movement of
the Bhutan pine scale (b). Both scales are clamped at the basal region and undergo two successive bending deformations upon
desiccation. The two separate sequences indicate a different image registration timescale, highly variable due to environmental
conditions, and therefore, comparative image sets were created to match the deformation stages as opposed to the time.
Starting fully wet (t= 0, image set A) both scales present notable transversal curvaturewith negligible longitudinal curvature.
At the first actuation stage (image sets A–C), transversal curvature alone has markedly decreased. This first stage is then
followed by a significant change in longitudinal curvature until a maximum bending angle is reached (image sets C–F). (Online
version in colour.)

repeatability tests (electronic supplementary material, figure S1). This is because the application
of the stochastic speckle pattern by using black spray paint slows down evaporation of water
from these scales. However, because the spray coating is very thin, we assume that it only
affects evaporation (and, thereby, movement speed), but not the process of movement itself,
which is structurally predetermined. Interestingly, the 4D printing scale tested during the
movement repeatability investigations (electronic supplementary material, figure S1) showed
a faster desiccation movement response than during swelling, presumably due to internal
hygroscopic stresses that arise during variation of moisture content (cf. ref. [46]). This is in
contrast to our tests with the natural cone scale, where swelling (water uptake during full
immersion in water) is faster than desiccation (evaporation of water out of the scale). However,
we may speculate that evaporation of water out of the sprayed-up cellulose fibrils is somehow
enhanced (e.g. due to heating up by photography lights) and/or that a certain amount of
water has to be taken up by the scale first for movement induction, which might explain this
observation.

Our movement repeatability investigations (electronic supplementary material, figure S1)
show that natural scales of Bhutan pine are functionally very resilient by being capable
of more than 50 successive full motion sequences, which is presumably way beyond their
‘biological purpose’. The scale’s structural integrity is maintained during the testing cycles and
no apparent delamination of the different tissues occurs. This corroborates earlier investigations
[21], assuming a high functional and structural robustness of conifer cones by showing that
even millions of years old, fossilized cone scales are still capable of hygroscopic movements.
Our 4DP scale in contrast still lacks such robustness, as it showed signs of delamination after
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Figure 9. (Caption overleaf.)

13 movements. Deterioration in the reversibility of the material is consistent with previous
investigations on WCP bilayers [8] where it is speculated that ‘mechanosorptive degradation’
might affect the wood–polymer interface. Future studies should tackle such issues, also with
regard to the development of weather-resistant anti-fouling materials for architectural outdoor
applications [47].
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Figure 9. (Overleaf.) Displacement and strain measurements on the natural Bhutan pinecone scale and on the 4D printed
artificial scale. The lower side of the pinecone scale (where the actuating layer is situated) was recorded during desiccation
and analysed (a–c). For the printed scale, the upper side of the scale (where the actuating and resistance layer can be seen) was
recorded during desiccation and analysed (d–f ). The coordinates and timescale (min) are indicated, as well as colour schemes
for displacement (mm) and strain ((%), x- and y-direction) values. The graphs, which correspond to the displacement analysis,
show the displacement values of every point on the analysed longitudinal line (pinecone scale: from left, apical, to right, basal
position; printed scale: from top, apical, to down, basal position) (filled circles) andon the transverse line (empty circles) after the
indicated timescale. (a) It can be seen that, first, a displacement of the lateral flaps of the scale occurs, leading to the observed
‘flattening’. In theend, at t= 1000 min, the scalehas completely bent andagradual increaseof displacement canbe clearly seen
along the longitudinal axis of the scale, with the basal part (which is naturally connected to the cone axis) not having moved
at all (blue colour) and the apical part having moved the most (red colour). An increasingly prominent and strong negative
strain (shrinkage) in x-direction (b) occurs over the observed timescale on the basal part of the scale, whereas a strong negative
strain in y-direction (c) is distributed to a greater extent on the scale incorporating also the lateral flaps. Note that the overall
scale motion here takes longer than the one in the preliminary experiment (figure 1m). This is because the application of the
stochastic speckle pattern by using black spray paint, as required for the applied DIC analyses (see Methods section), slows
down evaporation of water from these scales. (d) Similar to in the natural scale, it can be seen that in the printed scale, first,
the displacement of the lateral flaps of the scale occurs. In the end, at t= 1600 min, the scale has completely bent. A striking
negative strain (shrinkage) in x-direction (e) occurs over almost thewhole scale surface, whereas strong strain in y-direction (f )
was only detected on themiddle and very lateral parts of the scale, where only little ABS plastic as resistance layer was printed.
(Online version in colour.)

5. Conclusion
Our study can act as inspiration for future approaches where on-demand kinetic structures
with tailored movement responses are required. The unique contribution of our bioinspired
4D printing method lies in the ability to define local hygroscopic anisotropies and local non-
hygroscopic anatomic features in a single process using readily available materials by using
bioinspired material strategies from the pinecone scale. The study also highlights the role that
state-of-the-art testing methodologies can play in validating bioinspired models and analysing
the complex behaviour of bioinspired composite 4D printing structures with differentiated
functional regions. As promising prospects, it can be postulated that more complex three-
dimensional architectures could be analysed and tested via 4D printing, and that there is
generally great potential to achieve multi stage complex actuation movement by applying abstract
models of bioinspired plant movement and material organization strategies. For architectural
applications, these novel multi-stage actuation movements can lead the way to develop
advanced and passively actuated façade systems, with highly tailored shape-change capacity.
It is a very promising prospect for future biological studies to investigate the interrelation of
scale architecture (cellular characteristics at different regions) in combination with the scale
biomechanics (e.g. by AFM measurements) and the locally successive evaporation of water
(probably via MRI) [48,49], altogether leading to the observed multi-phase motion. Our analyses
show the potential of full-field 3D displacement and deformation analyses for evaluation and
validation of movement principles in plants and technical structures.
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