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4D Printing of Humidity-Driven Seed Inspired Soft Robots

Luca Cecchini, Stefano Mariani,* Marilena Ronzan, Alessio Mondini, Nicola M. Pugno,*
and Barbara Mazzolai*

Geraniaceae seeds represent a role model in soft robotics thanks to their
ability to move autonomously across and into the soil driven by humidity
changes. The secret behind their mobility and adaptivity is embodied in the
hierarchical structures and anatomical features of the biological hygroscopic
tissues, geometrically designed to be selectively responsive to environmental
humidity. Following a bioinspired approach, the internal structure and
biomechanics of Pelargonium appendiculatum (L.f.) wild seeds are
investigated to develop a model for the design of a soft robot. The authors
exploit the re-shaping ability of 4D printed materials to fabricate a seed-like
soft robot, according to the natural specifications and model, and using
biodegradable and hygroscopic polymers. The robot mimics the movement
and performances of the natural seed, reaching a torque value of ≈30 μN m,
an extensional force of ≈2.5 mN and it is capable to lift ≈100 times its own
weight. Driven by environmental humidity changes, the artificial seed is able
to explore a sample soil, adapting its morphology to interact with soil
roughness and cracks.

1. Introduction

The emerging field of soft robotics has attracted increasing atten-
tion for its ability to build shape-changing intelligent machines,
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taking advantage of the adaptability and
deformability properties of the materi-
als involved.[1–8] In environmental applica-
tions, a soft robot should be able to move,
grow and/or evolve, adapting its morphol-
ogy to the environmental stimuli and biode-
grade at the end of its life cycle.[9,10] Fur-
thermore, the increase in energy demand
in the field of robotics requires a new class
of Embodied Energy autonomous robots,[11]

which use environment renewable energy
to perform their functions with spatial-
temporal continuity.[12]

In this framework, the bioinspiration for
soft robots matches or even exceeds the
extraordinary versatility and multifunction-
ality of natural organisms, such as mi-
croorganisms, seeds, plants or animals. The
Geraniaceae seeds (e.g., Erodium or Pelargo-
nium genus’) combine explosive dispersal
strategy with a hygroscopic motion to pro-
mote germination, providing autonomous

motion on terrain surface and penetration into soil fractures.
Crawling and burying occur thanks to the hygroscopic seed he-
lical unit (the awn) that responds to variations of external hu-
midity by changing its configuration.[13] The metabolically inac-
tive tissues in the awn are responsible for the passive movement
of the seed, characterized by a combination of bending and tor-
sional deformation. This occurs thanks to the internal hierarchi-
cal structure of the awn, described as a composite material, in
which the hygroscopic active element (crystalline cellulose mi-
crofibrils) is embedded in a hygroscopic passive soft matrix of
structural proteins, polysaccharides and aromatic compounds.[14]

Cellulose shows hydrophilic moiety, allowing water molecules
to store between intermolecular hydroxyl groups via hydrogen
bonding.[13–17] Therefore, water adsorption determines a volu-
metric transversal expansion of the cellulose tissues. The vol-
ume increase between intermolecular chains or networks leads
to the swelling of the wet tissues. Because water adsorption is a
reversible process, the swollen tissue of the seed can shrink back
to its initial size when dried.

Here we report the first soft robot biomimetic to Pelargo-
nium appendiculatum (L.f.) wild seed in terms of geometry,
actuation mechanisms, and biomechanical performances. The
robotic seed autonomously explores soil and penetrates inside
fractures, extracting energy from the environmental humidity
changes.

We performed a morphometric, histological, and biomechani-
cal investigation on the natural seed to predict the kinematic and
deformation behaviors of the natural hygroscopic actuator. Then,
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we exploited the biomechanical specifications to model and de-
sign the seed-like soft robot.

The development of such autonomous soft robots required
the use of advanced technology for the fabrication. Consider-
ing emerging additive manufacturing techniques, 4D printing
permits to replicate natural physio-mechanical variations over
time.[18,19] 4D printed structures have the unique ability to create
dynamic morphological changes under environmental stimuli
(i.e., humidity), generating environmental propulsion. According
to the material design, structures can be programmed to re-shape
and to perform work, adapting its morphology to the selected sce-
nario.

We used 4D printing techniques with biodegradable polymers
for the realization of the artificial seed, including Fused Deposi-
tion Modeling (FDM) of polycaprolactone (PCL, hygroscopic in-
active material),[20] coupled with coaxial electrospinning of hygro-
scopically active fibers, composed by a polyethylene oxide (PEO)
shell[21] and a cellulose nanocrystals (CNC) core.[22] The artificial
and natural seeds have comparable geometrical dimensions and
biomechanical performances. In the natural seed, the measured
torque and extensional force were 20.7 ± 2.5 μN m and 5.1 ± 1.1
mN, respectively, while in the artificial one 30.4 ± 5.1 μN m and
2.4 ± 0.6 mN, respectively. Moreover, the developed theoretical
model predicts, within the confidence interval, the kinematics
and statics of the seeds, making it a tool to design a new class
of soft robots that explore topsoil by adapting their morphology
according to soil composition, roughness and stiffness.

2. Results

2.1. Morphology and Biomechanical Analysis of Pelargonium
appendiculatum for Soft Robot Design

Figure 1 shows the morphological and compositional analysis
of a P. appendiculatum seed where three sections can be distin-
guished (Figure 1a): i) the capsule, containing the seed embryo,
which anchors the structure into the soil and converts rotational
motion into burial behavior through anisotropic friction;[14] ii)
the awn (Figure 1b), which acts as an independent hygroscopic
actuator, thanks to the helical arrangement of cellulose microfib-
rils along the cylindrical cells of the cap layer[14–17] (Figure 1c,d);
and iii) the lever, which functions as a passive element that al-
lows the self-lifting of the seed and applies torque acting as an
anchoring element.[14–17]

Section S1 and Figure S1, Supporting Information, report a
detailed morphometric analysis of a Pelargonium awn and lever
structures. Transverse sections of the awn show a bilayered (Fig-
ure 1e,f) string-like shape composed of lignin-rich sclerenchyma
cells and a layer of larger cells aligned in parallel with each other.
When coiling, the sclerenchyma is the outer layer of the coil
(ridge layer), and the large cell tissue is the inner one (cap layer).
Alcian blue histochemical stain shows the asymmetric localiza-
tion of cellulose in the internal tissue of the awn (Figure 1e), while
lignin distribution was confirmed in all tissue (Figure 1f), espe-
cially sclerenchyma, by its auto-fluorescence with blue light exci-
tation (488 nm). In this frame, the ridge layer enacts the role of a
hydrophobic passive substrate that prevents delamination of cel-
lulose due to water solubilization. Relative thicknesses evaluated

through SEM, bright and dark field microscopy of the section,
show that the thickness of the cap and ridge layer are, respec-
tively, hCap= 39.8 ± 6.9 μm and hRidge= 59.7 ± 9.8 μm (n = 6).

In the lever region (Figures S2 and S3, Supporting Informa-
tion), the sections lose their string shape, for a rounder one, with
the inner tissue having a smaller cell size and the sclerenchyma
tissue more extension in comparison to the awn. Since the con-
centration of cellulose is uniformly distributed (Figure S2c,d,
Supporting Information), the lever is a non-hygroscopic element
of the structure.

The main structural difference between the P. appendicula-
tum awn with other Geraniaceae seeds, for example, Erodium
genus, is the morphological distribution of cellulose (Figure S4,
Supporting Information). The Erodium awn is characterized by
homogeneous-sized cells in the inner tissues with a gradient cel-
lulose concentration along its thickness.[6,15]

Due to its compositional and morphological nature, the awn
in P. appendiculatum can be split into an effective bilayer, which
makes it more suitable for the design and bioinspiration of
an artificial equivalent seed based on bilayered hygroscopic
structure.[23]

The cap and ridge layer stiffness were analyzed separately, due
to different morphological and compositional structures. Consid-
ering the small volumes of material involved, Young’s modulus
cap and ridge layer are characterized by the nanoindentation tech-
nique at fixed humidity and temperature (RH = 50%, T = 25 °C):
ECap = 0.78 ± 0.29 GPa and ERidge = 1.48 ± 0.25 GPa (n = 5).
From a biomechanical point of view, the dried tissue in Pelargo-
nium mediates the hygroscopic movement and it is composed of
a combination of lignin and hemicellulose, as in the pinecone.
So, the linear coefficient of hygroscopic expansion (CHE) of the
cap and ridge layer is selected according to Dawson et al.[24] mea-
surement: 𝛼Cap = 0.20 ± 0.04 and 𝛼Ridge = 0.06 ± 0.02.

The coiling configuration of the awn is determined by the
geometrical arrangement of the microfibrils that causes an
anisotropic hygroscopic expansion along the main direction, de-
fined by the microfibril angle (MFA). Since this angle is tilted
compared to the cell axis, it is possible to define two angles to de-
scribe microfibril expansion: the tilt angle Ψ, which is the angle
between the cellulose helix axis and the cell axis, and the cellulose
microfibril angle 𝜃 in relation to the cellulose helix axis (MFAH)
(Figure 1d). Tilt angle and MFAH are already reported and mea-
sured by using small-angle X-ray scattering (SAXS):[15,25] Pelargo-
nium peltatum and appendiculatum show a tilt angle of 15° ± 5°

and MFAH ranging from 70° to 80°. Furthermore, from a macro-
scopic point of view, the helical motion of the awn can be pre-
dicted considering the radius (R), which represents half of the
cylindrical helix diameter, and the pitch (P), or rather the spatial
period of the windings along the cylinder helix axis, as a function
of RH ϕ.

To predict the kinematic behavior of P. appendiculatum, Ha
et al.[25] proposed to separate the hygroscopic structure into a
trilayer (Figure S5, Supporting Information). In this way, it is
possible to model the kinematic deformation of the awn using
the theory of laminate composite anisotropic plates, where only
thickness is involved in the deformation. Considering that the
stress generated in the structure is only dependent on hygro-
scopic swelling, the whole stress can be modeled according to 𝜎 =
D 𝛼Δϕ where 𝜎 is the stress, D is material stiffness, 𝛼 is CHE and
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Figure 1. Morphological, compositional and biomechanical characterization of the awn in P. appendiculatum. a) Optical image of P. appendiculatum.
Scale bar: 5 mm. b) Optical magnification of the awn. Scale bar: 500 μm. c) Scheme and nomenclature of the awn. d) Cellulose microfibril distribution
and angle of definition in cap layer cell. e) Transverse section of the awn with cellulose stained with Alcian blue. Scale bar: 100 μm. f) Fluorescent image
of a transverse section of the awn with lignin auto-fluorescence, excitation at 488 nm. Scale bar: 100 μm. g) Experimental visualization of pitch (P) and
radius (R) as a function of the relative humidity. The corresponding variations of P and R is shown in Video S1, Supporting Information. Scale bar: 1 cm.
h) Comparison between laminate composite model and experimental results in measuring kinematic parameters (pitch and radius) as a function of RH.
i) Schematic representation of geometrical parameters involved in the static evaluation of extensional force F and bending plus torsional moment M0.
j) Comparison between time evolution of the extensional force F and relative behavior of the static model. k) Time evolution of the moment M0.

Δϕ is the variation of RH in relation to humidity saturation con-
centration (see Section S2, Supporting Information).

Figure 1g and Video S1, Supporting Information, show pitch
and radius variation as a function of ϕ measured in a climatic
chamber at 30 °C, with humidity increase from 30% to 90% with
10% step variations in Δϕ (Figure S6, Supporting Information).

Each level of humidity was fixed for at least 5 min, to overcome
the moisture diffusion limit in the cap layer. Figure 1h shows
that kinematic modeling predicts coherently the geometrical vari-
ation of P and R in the whole range of RH considered.

The ability of the seed to move, interact with objects, self-
dig and consequently explore soil is mediated by the extensional
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force F and moment M0 (combination of bending and torsion)
that can be generated by the awn during the variation of %RH
(Figure 1i). It is possible to model such static parameters con-
sidering the elastic theory: we consider the awn as a homoge-
neous open-coiled cylindrical helical spring with a rectangular
cross-section subjected to large deflections.[26] Moreover, water
permeation in the cap layer tissues is modeled considering 1D
Fickian diffusion along the thickness axis (z-axis), where a con-
stant concentration source ϕ0 is located at the top of the surface
(z = 0).

So, F and M0 can be estimated in a closed-form solution:[26]

F (𝜙) =
Gksbh3 cos 𝛽

R (𝜙)

(
sin 𝛽 cos 𝛽

R (𝜙)
−

sin 𝛽0 cos 𝛽0

R0

)

− E bh3 sin 𝛽

12 R (𝜙)

(
cos2𝛽

R (𝜙)
−

cos2𝛽0

R0

)
(1)

M0 (𝜙) = Gksbh3 sin 𝛽

(
sin 𝛽 cos 𝛽

R (𝜙)
−

sin 𝛽0 cos 𝛽0

R0

)

+ Ebh3 cos 𝛽
12

(
cos2𝛽

R (𝜙)
−

cos2𝛽0

R0

)
(2)

𝜙 (z, t) = Δ𝜙s erfc

(
z

2
√

Dt

)
+ 𝜙0 (3)

where F is extensional force, G the shear modulus, ks the shape
factor, b the width, h the thickness, 𝛽 the coiling angle, 𝛽0 the coil-
ing angle at the initial RH state, R0 the radius at the initial RH
state, E the Young’s modulus, I the moment of inertia of rectan-
gular cross section, t the time, z the thickness direction, ϕ0 the
RH concentration at ϕ(h, 0), Δϕs the variation of saturation con-
centration with respect to ϕ0, and

√
Dt the diffusion length.

Since water diffusion in the cap layer is mediated by Fickian
mechanism,[14–17,25,27] we first provide an evaluation of diffusivity
D, defined as D = h2

c∕ts, where hc is the thickness of cap layer and
ts is diffusion time: 2.3 ± 0.7 × 10−11 m2 s−1.

We experimentally measured the torque at the end of the
lever (which represents the moment arm) and the extensional
force during uncoiling (Figure S7, Supporting Information), by
abruptly increasing RH from 35% to 90% using water aerosol
(Figure S8b, Supporting Information). In Figure 1j, we report a
comparison between the experimental and modeling results of
the extensional force: considering well-fitted prediction of static
behavior, time-variation in experimental results is mainly asso-
ciated with buckling. Maximum force is reached at t = 65 ± 12
s, with a value of FMax = 5.1 ± 1.1 mN, while the model predic-
tion is FModel = 5.6 mN. The reduction of extensional force is not
only associated with Young’s modulus reduction due to increas-
ing water content in the cap layer tissue,[14] but it is also related
to the reduction of spring deflection with the increase of RH.

Figure 1k shows the moment measured during the uncoiling
rotation. The maximum moment modulus is equal to 20.7 ±
2.5 μN m reached at time 104 ± 23 s, while the model predic-
tion is 57.7 μN m. This overestimation (within the same order of
magnitude) is because the model does not consider the buckling
effect: abrupt variation of moment is repeated cyclically because

the awn periodically loses contact with the force sensor due to
cylindrical axis deformation.

Considering that the model predicts within the confidence in-
terval kinematic and static of awn of P. appendiculatum, we used
it as a reference calibration to design the hygroscopic actuator for
the artificial seed.

2.2. 4D Printing of the Hygroscopic Actuator

4D printed structures can reshape in a pre-programmed and pas-
sive manner over time due to RH changes and may be accompa-
nied with function evolvement in the process.[18,19] We exploited
this advantage to realize a hygroscopic actuator capable of mim-
icking the deformation of the awn through a bilayer structure.
The inactive layer was fabricated through FDM printing of PCL
thermoplastic. Then, we activate the hydrophobic PCL surface
with oxygen plasma to increase the adhesion with hydrophilic
fibers. Finally, we deposited on the top of the substrate PEO/CNC
hygroscopic fibers using coaxial electrospinning.[28] The coupling
of FDM and electrospinning techniques permits to realize a sup-
port inactive structure independently from the design of active
fibers, increasing the degrees of freedom in the prototyping of
soft robots.

Electrospun hygroscopic fibers compose the active layer,
formed by a core element of CNC and a shell of PEO (Figure 2a).
The two materials are characterized by an enzymatic biodegrad-
able behavior.[21,22] The coaxial electrospinning approach has
two main advantages in developing hygroscopic actuators.[29]

First, CNC shows a reinforced stiffness potential when included
in a polymer matrix, increasing the hygroscopic deformation
capabilities.[30,31] Second, considering that water adsorption is a
superficial phenomenon, the PEO CHE is not altered by CNC
since they are fully included in the PEO shell.

In Figure 2b, and Figures S9 and S10, Supporting Information,
we evaluate the morphology and orientation of fibers. The mean
diameter of a fiber is 12.7 ± 0.9 μm (n = 33), with a CNC core di-
ameter of 5.4 ± 1.2 μm (n = 10). Furthermore, the fibers show an
orientation degree of 90° ± 3°, therefore the fibers mainly align
along the electrospun direction.

We performed dynamic nanoindentation on the polymeric
fibers (Figure 2c and Figure S11, Supporting Information). The
obtained results show a statistically relevant increase of Storage
modulus compared to homogeneous PEO fibers (paired t-test
p* < 0.05), increasing the value by 34.62%, from 364.5 ± 31.9 to
490.2 ± 39.8 MPa, with constant temperature T = 25 °C and hu-
midity RH = 50%. To understand the mechanical behavior of the
bilayers, we carried out a tensile test in a climatic chamber to de-
fine Young’s modulus of the PEO/CNC fibers layer (Figure 2d,e
and Figure S12, Supporting Information). The material shows a
decay in stiffness with the increase of RH, both in longitudinal
and transversal arrangements. Experimental results are interpo-
lated by cubic-polynomial fitting. Although the mechanical prop-
erties of the fiber layer are anisotropic, the addition of the CNC
core increases the transversal stiffness compared to the experi-
mental results on PEO fibers provided in the literature.[32] Since
the hygroscopic expansion phenomenon involves surface adsorp-
tion of water, we consider the CHE value of PEO reported in the
literature:[25,32] 𝛼PEO = 0.10 ± 0.03.
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Figure 2. Characterization of the fibrous active layer. a) Optical image of a coaxial fiber. The shell is composed of PEO and the core by CNC. The difference
in color of the fibers is due to the birefringence caused by the different refractive indexes of the involved materials. Scale bar: 15 μm. b) One round trip
cycle of electrospun fibers on the sample substrate. Scale bar: 500 μm. c) Comparison between storage modulus of PEO fibers and coaxial PEO/CNC
fibers through dynamic nanoindentation. d) Fibers longitudinal Young’s modulus as a function of the relative humidity. e) Fibers transversal Young’s
modulus as a function of the relative humidity.

The passive layer of the hygroscopic actuator is realized in PCL,
a thermoplastic semi-crystalline aliphatic polyester. This mate-
rial is selected because of its biodegradability, both hydrolytic and
enzymatic,[20] chemical resistance, humidity inertness, flexibility
and elongation capabilities.[20] Furthermore, it is suitable to print
with FDM in a one-step process and apply geometrical features
according to a specific design.

We printed testing beams in PCL with length l = 30 ± 0.5 mm,
width w = 5.0 ± 0.5 mm and thickness t = 123.3 ± 6.8 μm
(n = 5). Considering the low melting point of PCL (≈60 °C), we
chose to print on a heated plate (40 °C) to fuse the patterned
fibers. The result is a homogeneous flat substrate with no pref-
erential direction (isotropic behavior). To increase adhesion be-
tween hydrophobic PCL and water-based electrospun fibers, we
performed a surface activation through oxygen plasma, and we
verified the effects of the treatment through contact angle mea-
surement: samples processed with 150 W plasma for 30 s show
a statistically significant (paired t-test p* < 0.05) reduction of
the contact angle from 69.8° ± 1.1° to 26.6° ± 3.3° (Figure S13,
Supporting Information). Moreover, to understand the effects of
plasma treatment on elastic modulus, we carried out dynamic
nanoindentation on PCL structure. This characterization shows
that treatment does not change with a statistical relevance the
Storage Modulus (paired t-test p* > 0.05): 254.3 ± 16.1 MPa at a
testing frequency of 1 Hz (n = 5) (Figure S14, Supporting Infor-
mation).

We then manufactured five flat bilayered beams (Figure 3a and
Figure S15, Supporting Information) with electrospinning, de-
positing fibers with different orientations (0°, 30°, 45°, 60°, 90°).

In Figures 3b and 3c we can observe SEM images of 90° sam-
ple, both in surface and cross-section. Fibers tend to conglom-

erate in a continuous structure during deposition, maintaining
their directionality. From a morphological point of view, we de-
posited an active layer of thickness equal to ha = 72.9 ± 6.5 μm.

Processed structures show bending and torsional deformation
thanks to the fiber tilt angle and the relative longitudinal ex-
pansion of hygroscopic fibers. Specimens show reversible coil-
ing/uncoiling behavior as the awn in Pelargonium (Figure 3d and
Video S2, Supporting Information).

2.3. Design and Performance of the Artificial Seeds

We designed a seed-like soft robot, following a biomimetic ap-
proach, based on biomechanical characterization of P. appendic-
ulatum, the modeling procedure, as well as the 4D printing tech-
nique and materials characterization previously reported. The
whole design, 4D printing process, and material training are re-
ported in Figures S16–19, Supporting Information.

The design of the artificial capsule was processed considering
the contour of the natural one and adapting the relative dimen-
sion, which maintains the same scale factor as to the whole size
of the artificial seed (Figure S17, Supporting Information). The
artificial lever is designed considering a triangular profile with a
length r = 17 ± 1 mm (n = 5).

In agreement with the model, we selected width b = 1523 ±
54 μm, length l = 30.3 ± 1.1 mm, passive layer thickness of hp =
100.7 ± 4.6 μm, and active layer thickness ha = 72.9 ± 6.5 μm (n =
5) (Figure S20, Supporting Information). Following a biomimetic
approach, we set the direction of the fibers deposition equal to
the tilt angle Ψ = 15° of the natural seed, to better compare nat-
ural and artificial seed performances. We recall that PEO/CNC

Adv. Sci. 2023, 2205146 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205146 (5 of 12)
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Figure 3. Deformation and morphology of bilayered beams. a) Deformation behavior of bilayered beams, with fibers oriented at different angles. b) SEM
picture of the beam surface highlighted the fibrous composition at the top of the active layer. Scale bar: 50 μm. c) SEM picture of the beam cross-section,
realized through blade cut. The sample preparation for this analysis required a dehydration protocol, in which the hygroscopic actuator was heated at
40 °C under vacuum overnight. Then, we proceeded to cut the structure with a lancet for the cross-section visualization. Because of these destructive
operations, the fibers tend to conglomerate, avoiding the observation of the internal structure. Scale bar: 40 μm. d) Reversible behavior of bilayered
beams at different RH as a function of fiber deposition angle.

fibers present a longitudinal hygroscopic expansion, while pure
cellulose is subjected to transversal expansion.[16–18,25] After fiber
deposition, the artificial awn starts to deform according to the
humidity level. We then accelerated the deformation transient
process (i.e., material training) by changing the humidity level
in the climatic chamber. Consequently, they show a completely
reversible and reproducible (n = 15) behavior after 5 ± 1 humid-
ity cycles (from RH = 30% to 90%). Overall, the volumetric di-
mension of the artificial seeds is 10 times bigger than the natural
ones (Figure S21, Supporting Information). The mass of the de-
vice is equal to 21.6± 0.4 g (four times the mass of a natural seed),
while the artificial awn shows a mass of 12.6 ± 0.6 g (n = 5). Next,
we evaluated the equivalent kinematic parameters of the artificial
seed following the same characterization procedures used for P.
appendiculatum. In Figure 4a,b and Video S3, Supporting Infor-
mation, we observe the experimental and modeling variation of
pitch and radius as a function of RH.

Considering the kinematic variation of the structure, we mea-
sured the diffusion constant on the fiber layer, obtaining a diffu-
sivity of 4.7 ± 0.5 × 10−11 m2s−1, almost two times higher than
the natural one.

Finally, we evaluated the extensional force (Figure 4c–e and
Figure S22a, Supporting Information) and moment (Figure 4f–h

and Figure S22b, Supporting Information) in the artificial seed,
and performances compared to the natural one. The maximum
force is reached at t = 123 ± 32 s, with a value of FMax = 2.40 ±
0.58 mN, while the model prediction is FModel = 2.0 mN. Moment
measurement exhibited a maximum value at t = 112 ± 24 s, with
M0Max

= 30.4 ± 5.1 μN m and M0Model
= 33.4 μN m. In this case,

the awn does not lose contact with the force sensor, because the
structure did not show cylindrical axis deformation. The artificial
seed has slower dynamics than P. appendiculatum since the
law of diffusivity scales linearly with the thickness of the active
layer and it is inversely proportional to square root diffusivity
(Equation 3).

Upon exposing the artificial seed to 100 cycles of RH variation
between 0.3 to 0.9, we found that the amount of change in curva-
ture was less than 10%.

To understand the abilities of the artificial seed in humidity-
driven soil exploration, we first performed a lifting analysis (Fig-
ure 5a and Video S4, Supporting Information). Once we observed
self-lifting in artificial samples, we tested the maximum stress
performances of the device. We fixed the artificial lever and tied
1 g weight to the artificial capsule and, by changing the humidity
level from 35% to 90%, the hygroscopic actuator lifted about 120
times its weight by 5 mm (Figure 5b and Video S5, Supporting

Adv. Sci. 2023, 2205146 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205146 (6 of 12)
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Figure 4. Kinematic and static characterization of the artificial seed. a) Experimental visualization of pitch and radius as a function of relative humidity.
The corresponding variation of P and R is shown in Video S3, Supporting Information. b) Comparison between laminate composite model and experi-
mental results in measuring kinematic parameters (pitch and radius) as a function of RH. c) Modeling results of the extensional force for the artificial
seed as a function of passive and active layer thickness, considering width B = 1523 μm, length L = 30 mm, tilt angle 15° and printing direction 70°. d)
Comparison between natural and artificial seed performances in extensional force, considering width B = 1523 μm, length L = 30 mm, tilt angle 15°, and
printing direction 70°. e) Extensional force comparison between experimental and modeling results. f) Modeling results of the moment for the artificial
seed, as a function of passive and active layer thickness. g) Comparison between the experimental evaluation of moment in the natural and artificial
seeds. h) Moment comparison between experimental and modeling results.

Information). Considering that the water adsorption enthalpy is
the only source of energy, the absolute potential energy related to
the lifting process was ≈ 49 μJ. The main limitation associated
with this observation is the reduction of ultimate tensile stress of
the hygroscopic layer with the increase of RH. Consequently, the
fibers have a mechanical yield, which does not allow the structure
to return to its initial position.

We investigated the movement of the artificial seed in sam-
ple soil: the test consists of monitoring and tracking the sponta-
neous movements of the seed-like robot due to humidity changes
in randomly distributed clay. The hygroscopic actuator (artificial
awn) was used as a biomimetic propulsor, matched with the cap-
sule, and the lever which act as anchoring points (or interaction
points) for the hygroscopic actuator. The substrate was composed

Adv. Sci. 2023, 2205146 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205146 (7 of 12)
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Figure 5. Lifting performances of the artificial seed-like robot. a) Example of the artificial seed self-lifting (Video S4, Supporting Information). b) From
idle conditions (RH = 35%) the artificial seed is subjected to abrupt variation of humidity with water aerosol (RH = 90%). Water desorption is then
promoted by environmental humidity. The corresponding video is shown in Video S5, Supporting Information.

of variable roughness and fractures to have the widest possible
range of dynamic interactions between the terrain and the de-
vice. The fractures represent 8.95% of the whole surface, with an
average roughness of ≈5 mm. The test was done in a climatic
chamber, with T = 30 °C and RH changing linearly from 30%
to 90% (triangular shaped function). The climatic chamber pro-
vides a homogeneous distribution of humidity, so there is not a
preferential direction in the RH source. In Video S6, Supporting
Information, it is possible to observe the dynamics of four dif-
ferent artificial seeds after 19 humidity cycles. The RH cycle is
represented by a triangular waveform ϕ(t) with a rise/fall time of
30mins per cycle. In the first approximation, the time-varying be-
havior of the specimen can be modeled as a succession of random
steps in a 3D continuous space (random walk). Therefore, the
initial position of the seed determines the random evolution of
the whole system, since the device chaotically interacts with soil
and fractures. The reversible shape commutation mechanism is
then a successful approach for soil exploration if the soil presents
variable geometrical and physical properties since the soft robot
progressively moves toward a fracture only if it can interact with
the soil roughness.

In Figure S23, Supporting Information, we reported the time
evolution of the relative position on XY plane and the abso-
lute speed. Figure 6 and Figure S24, Supporting Information,
summarize the final and initial position of each seed. The coil-
ing/uncoiling behavior is confirmed by motion tracking of the

seed capsule since the mean speed measurement follows linearly
the duty cycle of periodic humidity input. Moreover, we verified
that the dispersing movement of the artificial seeds is mediated
by the autonomous adaptation of the soft body across the soil,
highlighting different classes of behavior: north–west seed pene-
trates with the capsule a fracture 3 cm far after 12 humidity cycles
(0.63 ± 0.42 mm/cycle); south–west seed presents a directional
movement, with a mean speed of 0.93 ± 0.90 mm/cycle, reach-
ing a peak of ≈6 mm/cycle and at the 19th RH cycle anchors both
capsule and lever in a fracture; north–east and south–east seeds
roll over a confined position during all the experiment, due to
lever anchoring with soil fractures.

3. Conclusion

In this study, we report the 4D printing of seed-like soft robots
inspired by the hygroscopic dispersion mechanism of Gerani-
aceae seeds, which can self-lift and explore soil in response to
changes in environmental humidity. We provided a characteriza-
tion procedure and a theoretical model to predict the force and
moment generated by the natural hygroscopic actuator. We ex-
ploited the model for the design of the soft robots, which show
morphology, actuation mechanism and static performances com-
parable to P. appendiculatum. In Table S1, Supporting Informa-
tion, we summarize the literature and experimental data used for
modeling and design. Among different actuation mechanisms,

Adv. Sci. 2023, 2205146 © 2023 The Authors. Advanced Science published by Wiley-VCH GmbH2205146 (8 of 12)
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Figure 6. Artificial seeds in humidity-driven soil exploration. a) The initial condition of two different samples placed on artificial clay soil. The central
image represents the top view of the soil. The corner arrangement was chosen to minimize the interaction among the different specimens. Scale bar:
5 cm. b) The final position of the samples after 19 humidity cycles in a climatic chamber (T = 30 °C and RH range from 30% to 90%). Due to humidity-
driven motion, the artificial seeds interact with multifaceted soil and its cracks. The evolution of seed movements due to humidity cycles is shown
in Video S6, Supporting Information. Scale bar: 5 cm. c) Relative position and speed of the North–West artificial seed obtained by video tracking. d)
South–West artificial seeds relative position and speed.
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hygroscopic actuators represent a renewable energy solution for
small-scale robotics with Embodied Energy.[9] The natural and
artificial hygroscopic seed actuators show an energy density of
564.80 and 52.16 kJ m−3 (power-to-mass ratio of 423.62 and
154.38 μW kg−1), respectively. This makes the hygroscopic actu-
ation suitable for environmental soil exploration.

The experimental energy density of the actuator reaches a peak
of ≈ 4 J kg−1, value that is comparable with the current state-of-art
for soft hygroscopic actuators (from 0.5 to 10 J kg−1).[33–35]

The ability of the robot to move, explore and adapt its morphol-
ogy to the soil in specific environmental conditions represents
a milestone for the design of artificial multi-functional materi-
als and soft miniaturized robots with morphological computation
behaviors. Considering our findings, there is a trade-off in hygro-
scopic actuation, because the increase of geometrical dimensions
of seed-robots will lead to an increase in force and moment, but
the dynamics will be slower. Hence, geometrical dimensions, ma-
terials choice, fiber directionality must be weighted according to
the specific scenario in which the robot is involved. Moreover, the
role of biodegradable materials and eco-friendly processing used
in this work, becomes fundamental for sustainable and green
robotics to avoid the dispersal of new waste in natural environ-
ments and no need for retrieval actions.

In this perspective, the reported seed-like soft robots could en-
dow sensing abilities and be used as battery-free wireless tool for
environmental top-soil monitoring,[36,37] integrating in the same
device sampling and sensing. This could be a simple and low-
cost system which can be used to collect data in situ with high
spatial and temporal resolution across remote areas, where no
monitoring data are available.

4. Experimental Section
Biological Investigation: P. appendiculatum (L.f.) wild seeds were pur-

chased from Greenmarket di Barbone Valerio, Bergamo Italy. Morphome-
tric analysis of the awns was carried out using a digital caliper (RS PRO
150 mm Digital Caliper 0.0005 in, 0.01 mm, Metric & Imperial, UK) with a
resolution of ±0.01 mm and a digital microscope (KH-8700, Hirox, Japan).
The seed mass was measured with an analytical balance (KERN ABS-N,
Germany) with a resolution of ±0.0001 g. Pelargonium awns were sepa-
rated between active and inactive hygromorphic regions and cut into 5 mm
sections. Samples were softened with 4% ethylenediamine for 3–4 days,
dehydrated and embedded in paraffin[38] and cut into 10 μm sections with
a manual microtome (Leica SM2010R, Germany). In the fluorescence anal-
ysis, the sections were stained with Fluorescent brightener 28 (Merck, Ger-
many) for cellulose identification, whereas lignin autofluorescence was vis-
ible with the blue light excitation (488 nm). Cellulose detection was also
achieved with the Alcian blue (Merck, Germany) histochemical stain. Im-
ages were captured with Nikon Eclipse Ni-U optical and fluorescence mi-
croscope (Nikon, Japan).

Pitch and Radius Measurements: A climatic test chamber (CTC256,
Memmert GmbH, Germany) was used to investigate the humidity-
responsive deformation of samples in a spatially homogeneous humid
air environment. Samples were subjected to humidity ramp at controlled
temperature (30 °C) from 30% RH to 90% RH with 10% RH gap, while
simultaneously video recording the variation of radius and pitch (Logitech
Brio Stream, Logitech, Swiss). To ensure a complete moisture diffusion in
hygroscopic active layer, each humidity value was fixed for 5 min (see Sup-
porting Information). The RH inside the chamber was monitored using
standard precalibrated humidity meter. To evaluate the variation of geo-
metrical parameters, all the video-data were post-processed using ImageJ
software.

Extensional Force and Torque Measurements: Natural and artificial sam-
ples were tested in controlled temperature and humidity environment (T=
20 °C and RH = 40%), measuring the force through a load cell (Futek
LSB200, Futek Advanced Sensor Technology Inc., US) and abruptly in-
creasing the local humidity using a water aerosol. To reduce mechanical
vibrations, the load cell was fixed on an optical bench suspended on a pas-
sive isolator. A commercial humidity and temperature sensor (Sensirion
SHT21) was used to monitor constantly the sample in analysis. A complete
description of the experimental setup is provided in Section S3, Support-
ing Information.

Diffusion Constant Measurement: Hygroscopic structures had been
subjected to a humidity stepwise function from RH = 30% to RH =
90%, (see Section S3, Supporting Information), flowing locally as a water
aerosol, and monitoring the variation of geometry using a camera (Log-
itech Brio Stream, Logitech, Swiss). With the kinematic and morphological
analysis, it was possible to determine diffusion time and consequently the
diffusion constant.

Substrate Fabrication: The PCL (Number average molar mass 45 000 g
mol−1, Sigma Aldrich, US) substrate was produced through fusion depo-
sition modeling (3DBioplotter, EnvisionTEC, Germany), keeping the tem-
perature of hot-melt extruder at 150 °C, stabilizing the melt polymer for
10 min and using cylindrical nozzle (3 mm length and 0.2 mm internal
diameter). The PCL was printed on aluminum foil cleaned in ethanol, then
fixed on printing plate at a temperature of 40 °C. To optimize printing con-
dition, the extrusion pressure was set at 6 bar, and the printing speed at
11 mm s−1. Nozzle offset was set to 100 μm for beam samples and to
75 μm for artificial seed samples. Printing direction was fixed at 70° with
distance between strands of 0.20 mm.

Surface Activation: To guarantee adhesion with aqueous-based fibers,
an air plasma treatment (Targeo Plasma Cleaner, PIE Scientific, US) was
applied on the 3D printed substrate. The plasma time was set to 30 s, gas
stability time to 15 s, power setpoint to 150 W, gas setpoint 30 sccm (cm3

min−1) and base vacuum to 0.50 mbar. To evaluate the effectiveness of
the process, a contact angle measurement was done with an optical ten-
siometer (Theta OneAttension, Biolin Scientific, Sweden) (see Section S3,
Supporting Information).

Nanofiber Deposition: The fiber deposition was carried out by electro-
spinning technique. The electrospinning apparatus (Linari RT Advanced,
Linari Engineering srl) consists in a syringe pump, a coaxial needle (inter-
nal diameter 1.2 mm, external diameter 1.8 mm), a rotary drum collector
(10 cm diameter), and a high voltage supply. The distance between the
end of the coaxial tip and the sample substrate was set to 5 cm, while the
collector rotates at 2500 rpm (tangent velocity on collector surface 13.08
m s−1). The syringe’s vertical speed was set to 1 cm s−1 and the volt-
age applied to the polymer drop was 20 kV (electric field mean modulus
4 kVcm−1). The flow rate of CNC core solution and for PEO shell solution
were 1 ml/h and 2 ml/h, respectively. All the processes were carried out at
RH= 20% and T= 20 °C, with a number of round-trip cycles (RTC) equal to
250 (6 h:30 min). Fiber orientation and diameter analysis were evaluated
using ImageJ software[39] (see Section S3, Supporting Information).

Fiber Composition: The solution used for the realization of the core
fiber was composed by CNC 5% (Nanografi Nanotechnology AS, Turkey),
dispersed in ultrapure water (Millipore Milli-Q gradient A10, resistivity
>18 MΩ·cm−1) under continuous stirring (500 rpm) at room tempera-
ture for 24 h. The shell component was a 10 wt% aqueous solution of
PEO, (viscosity-average molecular weight 300 000 g mol−1, Sigma Aldrich,
US) and 10 vol% of ethanol (96% of concentration, Merck, Germany), dis-
persed under continuous stirring (100 rpm) at T = 80 °C for 4 h. The solu-
tions were preserved under chemical hood in continuous stirring, at most
for one week.

Elastic Modulus Measurement: Cap and ridge layer Young’s modulus
was measured using nanoindentation technique (INano, Nanomechan-
ics Inc., US). Natural samples were investigated applying Oliver–Pharr
method,[40] using Berkovitch tip (Young’s modulus E = 1141 GPa, Pois-
son’s ratio 𝜈 = 0.07) and applying a target triangular function load of 5
mN, target depth 300 nm, with an indentation strain rate of 0.2%/s. For
artificial samples, dynamic nanoindentation[41] was done due to the vis-
coelastic nature of polymers involved. A cylindrical flat tip was used, with
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a punch diameter of 105 μm. The surface approach distance was fixed at
15 μm, with surface approach velocity of 500 nm s−1, applying 100 nm
of pre-test compression (see Supporting Information). During the mea-
surement the temperature was kept at constant humidity RH = 50% and
temperature T = 25 °C. Moreover, the variation of Young’s Modulus of the
hygroscopic material in relation to RH using a tensile test was investigated
(see Section S3, Supporting Information).

Morphology of Artificial Structures: Thickness measurements of the 3D
printed PCL and the electrospun fiber layer were performed using an opti-
cal profilometer (Leica DCM3D, Leica Microsystems, Germany). The fiber
layer thickness was evaluated after a localized deposition on flat aluminum
substrate, then gently scratched and finally cut using razor blade. SEM im-
ages (Zeiss EVO LS10, Germany) were obtained with 10 kV accelerating
voltage, after gold sputtering. Optical microscopy was done by Hirox KA
8700 (Japan) digital microscope.

Statistical Analysis: The normality of data distribution was tested
with the Shapiro–Wilk test; normally-distributed data were analyzed with
ANOVA followed by LSD post hoc with Bonferroni correction and ex-
pressed as average ± standard error. Non-normally distributed data were
analyzed with the Kruskal–Wallis test followed by pairwise Wilcox post hoc
test with Holm correction and expressed as median ±95% confidence in-
terval. Each experiment had been performed in triplicate (n = 3), if not
differently indicated.

Supporting Information
Supporting Information is available from the Wiley Online Library or from
the author.
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Section S1. Pelargonium appendiculatum seed characterization 

Pelargonium appendiculatum seeds were purchased from Greenmarket di Barbone Valerio, 

Bergamo, Italy. We first proceeded with a morphometric characterization, including analysis of 

geometrical components and relative weight analysis, as reported in Fig. S1. Weight measurements, 

either dry or wet, was conducted according to the following protocol: for the drying process, the 

samples were put in in a climatic chamber at 30 °C with RH = 30% overnight, whereas to obtain the 

wet weight, the samples were soaked in deionized water for 4h. 

For what concerns histological protocol, we have followed Carlquist’s ethylenediamine softening 

and paraffin embedding method (1): it consists of softening small bark tissue samples in 4% 

ethylene-diamine for three to four days, followed by rinsing in water, dehydration using ethanol and 

tertiary butanol, and embedding in high-grade paraffin with a 59 °C–61°C melting point. Then, to 

favor their consolidation, the paraffin blocks are stored in the refrigerator for 3-4 days before 

cutting. Transverse sections of 10μm thickness were cut, from their respective paraffin blocks, 

using a microtome (Leica SM2010R). Following the successful sectioning, the samples were placed 

on glass slides and deparaffinized using a sequence of xylene, ethanol, and pure water (1). 

For SEM imaging, the samples are mounted onto aluminum stubs and coated with a 15 nm gold 

layer using a sputter coater (Quorum Q150R ES, United Kingdom). SEM imaging was carried out 

with EVO LS 10 (Zeiss, Germany) at a tension of 5KV.  Bright field and fluorescence microscopy 

was conducted with a Nikon Eclipse Ni-U, Japan. Fig. S2 and Fig. S3 report bright 

field/fluorescence and SEM microscopy analysis, respectively, of the awn and the lever. Fig. S4 

report bright field/fluorescence microscopy section analysis of Erodium malacoides seed. 

 

Fig. S1. Morphometric analysis of Pelargonium appendiculatum seed. The seed is divided into 

three main components (capsule, awn and lever) and the relative geometrical measurement are 

reported in the table.  



 
 Fig. S2. Histological analysis of Pelargonium appendiculatum awn and lever by bright field and 

fluorescence microscopy. Transversal sections of the lever (a, b, c, d) and awn section (e, f, ,h, g). 

a) Lever bright-field image of a transversal section. b) Fluorescent image of (A) with lignin 

autofluorescence, excitation at 488nm, and staining of cellulose with fluorescent brightener 28. c-d) 

Lever transversal section with cellulose stained with Alcian blue. e) White image of a transversal 

section of the awn in the active region. f) Fluorescent image of (E) with lignin autofluorescence, 

excitation at 488nm, and staining of cellulose with fluorescent brightener 28. g-h) Transversal section 

of the awn with cellulose stained with Alcian blue. Scalebar is 500µm for (a, b, c, e, f, g). Scalebar is 

50µm for (d, h). 

 

 

 

 

 

 

 
 

Fig. S3. Histological analysis of Pelargonium appendiculatum awn and lever by SEM. SEM 

sections of the Pelargonium appendiculatum awn lever a) and in the awn section b) c) and d) are 

zooms taken from image a) while e) and f) are zoom taken from image b). Scalebars is 100 µm for 

a) and b), 10 µm for c) and e) and 20 µm for d) and f). 

 

 



 
Fig. S4. Histological analysis of Erodium malacoides awn and lever by bright field and 

fluorescence microscopy. Transversal sections of the lever (a, b, c, d) and awn (e, f, g, h). a) White 

image of a transversal section of the lever. b) Fluorescent image of A with lignin autofluorescence, 

excitation at 355 and 488nm. c) Transversal section of the lever stained with cellulose with Alcian 

blue. d) Magnification of image c. e) White image of a transversal section of the awn. f) Fluorescent 

image of E with lignin autofluorescence and staining of cellulose with fluorescent brightener 28, 

excitation at 355 and 488nm. g) transversal section of the awn in the active region with cellulose 

stained with Alcian blue. h) Magnification of image G. Bars= 500µm (a, b, c, e, f, g), 50µm (d, h). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



Section S2. Biomechanical modeling 

In 2020, Ha et al. (2) explained the overall awn deformation of P. appendiculatum considering 

theory of laminated composite plates, where only the thickness participates in deformation among 

geometrical parameters. 

The deformation tendencies of the plates depends on the stress generated by hygroscopic expansion 

and a simple constitutive relation can be expressed as: 
 

𝝈 =∑𝑫𝒊 (𝝐 − 𝝐𝒉𝒊)

𝑖

 

 

where where i represents the i-th layer, 𝐃𝐢 the material stiffness and 𝛜𝐡  the hygroscopic strain 

associated to the i-th layer, modeling the hygroscopic driving effect as detailed below, 𝛔 is the 

stress and 𝛜 the strain. 

 

Considering the z as the direction along the thickness of the seed, it is possible to describe the total 

strain at distance z from the bottom plane (𝑧0 = 0)  as 𝝐(𝑧) = 𝝐𝟎 + 𝜿𝑧 under Kirchoff assumption, 

where 𝝐𝟎 is the bottom plane strain and 𝜿 the curvature. The constitutive relation leads to the matrix 

equation of forces and moments: 

 

𝐅 = 𝐀𝜖0 + 𝐁 𝜅 

 

 𝐌 = 𝐁𝜖0 + 𝐂 𝜅 

 

 

where 𝑭 is the force matrix, M the moment matrix, A the extensional stiffness, B the coupling 

stiffness and C the bending stiffness defined as: 

 

𝐀 =∑𝐃k(zk+1 − zk)

n

k=1

 

𝐁 =
1

2
∑𝐃k(zk+1

2 − zk
2)

n

k=1

 

𝐂 =
1

3
∑𝐃k(zk+1

3 − zk
3)

n

k=1

 

 

where k is the k-th layer definition and D is the stiffness matrix defined as: 

 

𝐃 =  𝐑 𝐇−𝟏𝑹−𝟏

(

  
 

E11
1 − ν12ν21

E11 ν21
1 − ν12ν21

0

E22 ν12
1 − ν12ν21

  
E22

1 − ν12ν21
0

0   0 G12)

  
 

 

 

 

where 1 and 2 represents respectively parallel and normal direction of the fibres, E is the Young’s 

modulus, ν is the Poisson's ratio, G is the shear modulus and H and R are respectively 

transformation matrix and Reuter's matrix, where the cellulose microfibril angle is in relation to the 

cellulose helix axis θ (MFAH): 

 

 



𝐇  =  (

cos2(θ) sin2(θ) 2sin(θ)cos(θ)

sin2(θ) cos2(θ) −2sin(θ)cos(θ)

−sin(θ)cos(θ) sin(θ)cos(θ) cos2(θ) − sin2(θ)

) 

 

𝐑  =  (
1 0 0
0 1 0
0 0 2

) 

 

 

Since F and M are induced by hygroscopic swelling, the total strain can be modelled according to 

the definition of hygroscopic expansion coefficient (CHE), that represents the amount of strain 

generated per percentage unit of relative humidity.  

So, the hygroscopic stress can be expressed as 𝝐𝒉 = 𝜶 ΔΦ =  𝜶 (Φ − Φ0), where 𝜶 is the linear 

coefficient of hygroscopic expansion, Φ is the relative humidity and Φ0 is the value of relative 

humidity at which the mechanical system shows a curvature 𝜿 = 0. To calibrate the considered model, 

Φ0 must be evaluated experimentally (as a working parameter accounting for, e.g., residual stresses 

and structural imperfections resulting from fabrication). The vectorial CHE is described as: 

 

𝜶 = ( 

𝛼𝑥𝑥
𝛼𝑦𝑦
𝛼𝑥𝑦

) =  𝑹𝑯−𝟏𝑹−𝟏  ( 

𝛼11
𝛼22
𝛼12
) 

 

 

So, it is possible to represent F and M considering the definition of hygroscopic strain and 

supposing that it is the only (internal) force acting on the structure: 

 

 

𝐅 = ∫ 𝐃
h

0

𝜶 Δϕ dz 

𝐌 = ∫ 𝐃
ℎ

0

𝜶 Δ𝜙 z 𝑑𝑧 

 

where h is the whole thickness of the n-th layer and Δ𝜙 is the relative humidity (RH) variation. 

Since material properties are independent of z-axis (neglecting the discontinuity points or 

considering piecewise-continuous functions such that 𝑑𝑫/𝑑𝑧 = 0 and d𝛂/dz = 0), we can express F 

and M as: 

 

𝐅 = ∑𝐃𝑘𝜶𝒌

𝑛

𝑘=1

Δ𝜙(𝑧𝑘+1 − 𝑧𝑘) 

𝐌 =
1

2
∑𝐃𝑘𝜶𝒌

𝑛

𝑘=1

Δ𝜙(𝑧𝑘+1
2 − 𝑧𝑘

2) 

 

Now, the strain and the curvature vector are obtained considering the definition of F and M: 

 

(
𝝐𝟎
𝜿
) = (

𝐀 𝐁
𝐁 𝐂

)
−1

(
𝐅
𝐌
) 

 



The curvature vector  𝜿 = (𝜅𝑥𝑥 𝜅𝑦𝑦 𝜅𝑥𝑦)
𝑻

 can be transformed in the matrix form: 

 

𝒃 = (
𝜅𝑥𝑥 𝜅𝑥𝑦
𝜅𝑥𝑦 𝜅𝑦𝑦 

)
 

 

 
From the Kirchoff’s theory of thin plates, the maximum eigenvalue of the curvature tensor b represents the 

principal curvature 𝜅0, which determines the helix of shape. The radius R and the pitch P of the helix are 

finally calculated as: 

 

𝑅 =
1

κ0
 

 

𝑃 =
2π 𝑡𝑎𝑛(Ψ)

𝜅0
 

 

where the tilt angle Ψ is the angle between the cellulose helix axis and the cell’s long axis. 

Since the structure is subjected to bending and twisting moment, the combined effect give rise to 

the typical coiled structure described above.  

 

It is now possible to evaluate the force and moment generated by the structure considering the 

theory of mechanical springs subjected to large deformations (3). Considering the hygroscopic 

actuator as a homogeneous helical cylindrical spring with rectangular cross-section, it is possible to 

calculate the extensional force F and the moment M0 in closed form. It is shown from the theory of 

elasticity that the change in a bar or wire curvature as the spring deflects from an initial pitch angle 

β0 to a different pitch angle 𝛽 is: 

 

Δ𝜅 =  
cos2 𝛽

𝑅 
− 
cos2 𝛽0
𝑅0 

        (𝐼) 

 

Δ𝜃 =  
sin β cos β

𝑅 
− 
sin β0 cos β0

𝑅0 
       (𝐼𝐼) 

 

where Δ𝜅 is the change in curvature of the wire, Δ𝜃 is the angle twist per unit length, 𝛽 is the pitch 

angle defined from geometrical consideration as: 

 

𝛽 = arctan (
𝑃

4𝑅
) = arctan (

𝜋 tanΨ

2
) 

 

The moment 𝑀0 and the load F are acting on the spring simultaneousely, so the bending and 

twisting moment 𝑚𝑏 and 𝑚𝑡 acting on the wire will be: 

 

𝑚𝑏 = 𝑀0 𝑐𝑜𝑠𝛽 − 𝐹𝑅 𝑠𝑖𝑛𝛽      (𝐼𝐼𝐼) 
 

𝑚𝑡 = 𝑀0 𝑠𝑖𝑛𝛽 + 𝑃𝑅 𝑐𝑜𝑠𝛽       (𝐼𝑉) 
 

The change in curvature of the wire due to the bending moment is equal to the moment divided by 

the flexural rigidity EI, where E is the Young’s modulus and I is the moment of inertia of 

rectangular cross section: 

 



Δ𝜅 =  
𝑚𝑏
𝐸𝐼
=  
12 𝑚𝑏
𝐸 𝑏 ℎ3

        (𝑉) 

 

where b is the width and h the thickness. Moreover, the change in twist angle per unit length due to 

twisiting moment is equal to moment divided torsional rigidity of rectangular cross section 𝐺𝑘𝑠𝑏ℎ
3, 

where G is the shear modulus, 𝑘𝑠 the shape factor as a function of b/h: 

 

Δ𝜃 =  
𝑚𝑡

𝐺 𝑘𝑠𝑏 ℎ3
      (𝑉𝐼) 

 

Combining Eq. (I, II, III, IV, V, VI), we finally obtain: 

 

𝐹(ϕ) =
𝐺𝑘𝑠𝑏ℎ

3 cos β

𝑅(𝜙)
(
sin β cos β

𝑅(𝜙)
−
sin β0 cos β0

𝑅0
) −

𝐸 𝑏ℎ3 sin β

12 𝑅(𝜙)
(
cos2 β

𝑅(𝜙)
−
cos2 β0
𝑅0

) 

 

M0(ϕ) = Gksbh
3 sin β (

sin β cos β

R(ϕ)
−
sin β0 cos β0

R0
) +

Ebh3cos β

12
(
cos2 β

R(ϕ)
−
cos2 β0
R0

)   

 

Note that in this case we assume that the material can be simplified as a homogeneous structure by 

means of rule of mixtures, where the material properties of the composite are evaluated considering 

the volume fraction of the fiber layer with respect to the substrate layer. 

 

Knowing the kinematic variation of the geometrical features involved in hygroscopic coiling 

process (radius and pitch as function of RH) it is finally possible to estimate in a closed-form 

solution the dynamic parameters that we used to design the artificial seed. 

Moreover, considering that the extension phenomenon in helical springs is limited by maximum 

torsional stress, we can calculate the maximum force that can be generated by structure without 

yielding.  

 

As reported in literature (4), the maximum allowable torsional stress τ𝑀𝑎𝑥 for nonferrous alloy in 

helical compression spring is 35% of tensile strength  𝜎𝑀𝑎𝑥. Shape factor of helical compression 

spring is directly related to b/h aspect ratio. In our case b/h ~ 5 and so, 𝑘𝑠 = 0.291 (3), obtaining: 

 

𝑃 ≤ 𝑃𝑀𝑎𝑥 =
𝑘𝑠𝑏

2ℎ τ𝑀𝑎𝑥
𝑅

= 0.35 × 0.291 ×
𝑏2ℎ σ𝑀𝑎𝑥

𝑅
 

 

 

Water diffusion in hygroscopic layer is mediated by Fick’s laws of diffusion. To predict 

experimental results, we consider one dimensional problem of diffusion along the thickness z. The 

choice of this variable is related to the one-dimensional assumption in kinematic model. We now 

consider the problem of constant concentration source (constant flux in water aerosol for the 

experimental case) Δϕ located at the top of cap layer 𝑧0 = 0, with initial concentration at time 𝑡0 

equal to ϕ0 . Considering the boundary conditions (experimental conditions), the one-dimensional 

diffusion equation admit solution and it is equal to: 

 

ϕ(𝑧, 𝑡) = Δϕ 𝑒𝑟𝑓𝑐 (
𝑧

2√𝐷𝑡
)  + ϕ0  

 

where D is the diffusion coefficient and t the diffusion time. 

 



 

 

 
 

Fig. S5. Modeling parameters. (a) Schematic representation of equivalent trilayer decomposition 

of Pelargonium appendiculatum’s awn. (b) Relative expansion direction of cellulose microfibrils.  

 

 

Section S3. Kinematic and Static measurements  
We refer as kinematic test the evaluation of macroscopic geometrical features that allows to 

describe coiling deformation, as a superposition of bending and torsion. We calculate relative 

humidity variation of pitch and radius in climatic chamber (CTC256, Memmert GmbH), fixing 

temperature T = 30°C. The choice of temperature value was chosen to guarantee the maximum 

humidity dynamics of the machine, that ranges from 30% to 90%. Experimental values of RH and T 

are provided in Fig.S6.  

 

After comparing kinematics with modelling results, we were able to determine the diffusivity of 

active fiber layer. The procedure consists in: increasing abruptly humidity level using a water 

aerosol, as reported in Fig.S8B; collect visual data with camera; analyse data with software ImageJ 

in order to determine diffusion time comparing video results with kinematic analysis provided 

before. 

 

Finally, we refer as dynamic analysis the evaluation of extensional force and moment in sample. 

Fig.S7 shows the experimental setup used in these measurements. The experimental setup is 

composed by optical bench suspended on a foam passive isolator, on which it is fixed 10g sensitive 

load cell (Futek LSB200). To reduce buckling and perturbation on the measurement, the load cell 

was covered with sandpaper (coarse grit 150). Load cell calibration was provided in Fig.S8A, using 

as reference the sample measured with microbalance (Sartorius, Practum 224-1x). Both in 

extensional force and torque measurements samples were first grounded and then we apply water 

aerosol. For extensional force measurements, we razor blade cut the awn region of the seed and then 

we fixed them on measurement plates using hot glue, as reported in Fig. S7B,D. For torque 

measurement we evaluated the force at the end of the lever, and considering the angle of incidence 

equal to 90°, we extrapolate the moment as 𝑀0 ≅ 𝐹𝑀𝑒𝑎𝑠𝑢𝑟𝑒𝑑 𝑟𝐿𝑒𝑣𝑒𝑟  . All the measurement were 

monitored by a humidity and temperature sensor. Force measurements are filtered using moving 

average filter, with a sample window equal to 100. 

 

      A B 



 
Fig. S6. Temperature and relative humidity variation used for kinematic characterization. 

 

 

 

     
 

        
 

Fig. S7. Experimental setup for extensional force and moment measurements. a) Torque 

measurement b) Extensional force sample disposition. c) General setup for torque measurement. d) 

General setup for measurement of extensional force 
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C D 



 
 

Fig. S8. Parameters involved in dynamic measurement. a) Calibration curve of Load Cell. b) 

Dynamic variation of temperature and humidity due to water aerosol used for extensional force and 

moment characterization.  

 

 

Section S4. Materials characterization 

Cellulose nanocrystals were bough from Nanografi (https://nanografi.com/popular-

products/cellulose-nanocrystal-nanocrystalline-cellulose-cnc/). They are produced by sulfuric acid 

hydrolysis without any binder. The dry powder (4% wt. moisture) is composed by 10-20 nm wide, 

300-900 nm length 1D nanocrystals, with cellulose crystallinity of 92%. We dispersed the 

commercial powder in a DIW solution 5% wt. For fiber analysis we used optical microscope images 

elaborated with ImageJ software. To better understand the diameter distribution and orientation of 

fibers, we electrospun 1 Round Trip Cycle (RTC), 5RTC and 10RTC on Kapton tape. Then, 

following standard procedure reported in the literature (5), we put samples in the oven at 40 °C 

overnight to allow complete desorption of water component. Finally, we evaluated fiber orientation 

on 10RTC sample, transforming the image in frequency domain by means of 2D FFT and then 

analysed the distribution with an oval profile (ImageJ https://imagej.nih.gov/ij/plugins/oval-

profile.html).  

Tensile stress for the evaluation of Young’s modulus of PEO/CNC fibers as a function of relative 

humidity was provided in climatic chamber (T = 30 °C). We realized an ad hoc experimental setup, 

which consist in microtranslational stage combined with microcontroller, to extend samples and 

evaluate relative precision with micrometric resolution. Dumbell specimen of PEO/CNC fiber layer 

was produced using electrospinning and consequently laser cut. Relative dimensions of specimen 

were length = 30mm width = 5mm and thickness = 70μm. Force measurements were provided by 

Futek LSB201 10lb load cell, in tensile mode. Load cell was previously calibrated. According with 

tensile stress provided by ZwickRoell Z100, we increased strain by 0.05 mm and we evaluated the 

relative force, considering as idle force F = 0.100 N. The test was repeated for different values of 

humidity. We tested the effect of oxygen plasma on FDM printed PCL samples, considering 3 

different levels of plasma power. Increasing power up to 150W, the samples started to melt due to 

local increase of temperature and to low melting point of PCL (60°C).  

We then provided a contact angle measurement to understand the effectiveness of the treatment. 

Experimental conditions are provided in data section. 
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Fig. S9. Electrospun fibers on Kapton layer a) 1RTC deposited fibers. b) 5RTC deposited fibers. 

c) 10RTC deposited fibers. Scalebars are 500 µm. d) Single coaxial fiber. Scalebar is 20 µm. 

  

                       
 

 
 

Fig. S10. Diameter and orientation evaluation of fibers a) Grayscale conversion of 10RTC 

sample. Scalebar is 500 µm. b) 2D FFT transform of Fig.S10A c) Manual evaluation of fiber 

diameter, with gaussian fit. d) Oval profile evaluation of fiber orientation. 
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Fig. S11. Dynamic nanoindentation coaxial PEO/CNC electrospun fibers. a) Storage modulus 

PEO/CNC fiber layer. b) Loss modulus PEO/CNC fiber layer. c)  Loss factor PEO/CNC fiber layer. 

d) Loss modulus PCL layer. e) Storage modulus PCL layer. f) Loss factor PCL layer. 
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Fig. S12. Tensile test of PEO/CNC fiber layer as function of RH. a) Schematic of experimental 

setup. b) PEO/CNC dumbbell specimen. c) Load cell calibration. 
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Fig. S13. Oxygen plasma on PCL substrates. a) Contact angle measurements on PCL samples. b)  

Water droplet on untreated PCL sample. c) Water droplet on 150W oxygen plasma treated PCL 

sample. 
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Fig. S14. Dynamic nanoindentation of FDM PCL layer. a) Storage modulus PCL layer. b) Loss 

modulus PCL layer. c) Loss factor PCL layer. 
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Fig. S15. Fabrication of bilayered hygroscopic actuator a) FDM print of PCL beams. b) Fixing 

samples on aluminium substrate to prevent detachment during electrospinning process. c)  

Adaptation of substrates on cylindrical mandrel for electrospinning. d) Samples processed after 

electrospinning. Samples are oriented in different dispositions to modify selectively the tilt angle. 
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Section S5. Artificial seed design and processing 

The seed design was provided to mimicking geometrical features and mechanical performances of 

the natural seed. Note that during the design process we took into consideration the relative 

variation of design dimensions due to FDM processing. We set as printing offset 75μm to reach 

100μm real thickness and width 1.3 mm to obtain 1.5 mm during the printing process. This was 

observed because we used a 200μm nozzle for the realization of passive substrate and so, we 

worked under the machine resolution. The repeatability of printing process was investigated with 

statistical analysis. As it possible to observe in Fig.S17, the awn component of artificial seed was 

set to 15° with respect to capsule direction because of longitudinal expansion of PEO/CNC fibers. 

Note also that we select as printing direction 70°, mimicking the MFAH role in natural seed. Seed 

.stl was provided in data section. Motion tracking of seed’s capsule was evaluated with Kinovea 

software. Capsule was targeted with red colour to better improve contrast and consequently to 

increase accuracy in motion prediction. Since the dynamic evolution of the system is mediated by 

humidity cycles, we reported data as a function of RH. Speed, y-axis position, x-axis position data 

are filtered with a moving average filter, sample window equal to 10. 

To evaluate the energy density in natural and artificial samples, we use the definition of work and 

the integration by substitution considering as changing variable relative humidity ϕ(𝑡): 
 

W = ∫ M
θf

θi

dθ + ∫ F
δf

δi

dl ≈  ∑ Mi  (θi+1 − θi) + Fi (NCoili+1Pi+1 − NCoiliPi)

ϕf−1

i=ϕ0

 

 

where M is the moment, F the extensional force, θ the uncoiling angle, NCoil the number of  

windings and P the pitch. 

 

 
Fig. S16. Schematic representation of the 4D printing processing. (1) Design of the seed with 

CAD software for .stl production. (2) FDM printing of PCL on aluminum foil paper. (3) Adapting 

tape on artificial capsule and lever section. (4) Surface activation through oxygen plasma of 

artificial awn. (5) Hygroscopic functionalization of the artificial awn through coaxial 

electrospinning of PEO/CNC. (6) Blade cut of the structure from aluminum-foil paper. (7) 4D 

deformation in a climatic chamber through 5-times humidity cycles. (8) Example of 4D printed 

artificial seed. Scalebar is 5 mm.  



  

 
 

           
 

Fig. S17. Design parameter for artificial seed. a) Design of the awn. b) Design of linking 

elements between capsule and lever, considering material deformation and expansion during FDM 

process. c) Capsule design according to natural seed capsule, selecting contour plot and change 

relative dimension to guarantee same aspect ratio with respect to P. appendiculatum. 

 

                   

         
 

Fig. S18. Fabrication of artificial seed a) FDM print of PCL inactive layer. b) Fixing samples on 

aluminium substrate to prevent detachment during electrospinning process and to isolate passive 

regions (capsule and lever). c)  Adaptation of substrates on cylindrical mandrel for electrospinning. 

d) Samples processed after electrospinning. 
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Fig. S19. Pictures of deformation during consecutive humidity cycles for training of the 

material.    
 

 

 

 

     

        
 

 

Fig. S20. Thickness evaluation of artificial seed awn. a) Topography of PEO/CNC fiber layer, 

obtained with optical profilometry. b) Topography of PCL awn, obtained with optical profilometry. 
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Fig. S21. Examples of samples produced. a) Optical visualization of four different artificial seed.  

b) Geometrical comparison between natural and artificial seed. 

 

 

   
 

Fig. S22. Experimental setup for extensional force and moment measurements in artificial 

seed. a) Extensional force measurement. b) Torque measurement 
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Fig. S23. Soil exploration tracking of artificial seed’s capsule. a) Motion tracking provided 

elaborating Movie S5 with Kinovea software. b) Motion tracking representation in 2D Cartesian 

coordinate system.  
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Fig. S24. Experimental evaluation of absolute speed and relative position based on motion 

tracking. a) South-East artificial seed behaviour. b) North-East artificial seed behaviour.  
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 Natural Seed Artificial Seed 

 Ridge Layer Cap Layer Passive Layer Active Layer 

Geometrical parameters 

Length (mm) 18.54±3.1 30.3±1.1 

Width (μm) 428±38 1523±54 

Thickness (μm) 59.66±9.82 39.77±6.86 100.75 ± 4.62 72.93 ± 6.47 

Tilt Angle (°) 15±5 (2,6) 15±3 

MFAH (°) 70-80 (2,6) Equal to Tilt Angle 

Material Properties 

Young’s Modulus (GPa) 0.780±0.286 1.478±0.249 0.49±0.039 0.254±0.016 

Poisson’s coefficient 0.33 (7) 0.33 (7) 0.442 (8) 0.36 (9) 

CHE (%strain/%RH) 0.06 ± 0.02 (10) 0.20 ± 0.04 (10) 0 0.1 ± 0.03 (2,11) 

Dynamic parameters 

Weight (mg) 5.2±0.2 21.6±0.4 (12.6±0.6) 

Diffusion Constant  

(m2 /s) 
2.34±0.70 × 10−11 4.69±0.48 × 10−11 

Maximum Force (mN) 5.06±1.06 2.40±0.58 

Model Force (mN) 5.65 2.03 

Maximum Torque (μN m) 20.66±2.51 30.42±5.06 

Model Torque (μN m) 57.70 33.35 

 

Table S1. Summary of geometrical, material, mechanical data and results involved in 

extrapolation of bioinspired elements for design of artificial seed.  
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