
APPL I ED SC I ENCES AND ENG INEER ING

A printed luminescent flier inspired by plant seeds for
eco-friendly physical sensing
Kliton Cikalleshi1,2†, Albenc Nexha3†, Thomas Kister3, Marilena Ronzan1, Alessio Mondini1,
Stefano Mariani1*, Tobias Kraus3,4*, Barbara Mazzolai1*

Continuous and distributed monitoring of environmental parameters may pave the way for developing sustain-
able strategies to tackle climate challenges. State-of-the-art technologies, made with electronic systems, are
often costly, heavy, and generate e-waste. Here, we propose a new generation of self-deployable, biocompat-
ible, and luminescent artificial flying seeds for wireless, optical, and eco-friendly monitoring of environmental
parameters (i.e., temperature). Inspired by natural Acer campestre plant seeds, we developed three-dimensional
functional printed luminescent seed–like fliers, selecting polylactic acid as a biocompatible matrix and temper-
ature as a physical parameter to be monitored. The artificial seeds mimic the aerodynamic and wind dispersal
performance of the natural ones. The sensing properties are given by the integration of fluorescent lanthanide–
doped particles, whose photoluminescence properties depend on temperature. The luminescent artificial flying
seeds can be optically read from a distance using eye-safe near-infrared wavelengths, thus acting as a deploy-
able sensor for distributed monitoring of topsoil environmental temperatures.

Copyright © 2023

The Authors, some

rights reserved;

exclusive licensee

American Association

for the Advancement

of Science. No claim to

original U.S. Government

Works. Distributed

under a Creative

Commons Attribution

License 4.0 (CC BY).

INTRODUCTION
Wireless sensor networks connect multiple dispersed sensors to
monitor and record distributed environmental parameters such as
temperature, humidity and pollutants in air, seawater, and soil (1).
Despite being at the core of current technological developments due
to their flexibility, temporal, and spatial acquisitions at multiple
areas (1), currently available sensors are time-expensive for spatial
distribution and resource intensive as they may require wires, power
supply, and frequent servicing. New technologies that use nature-
inspired passive motion to enable, for example, wind dispersal
and distribution at microscopic (e.g., pollen and fungi) and macro-
scopic [e.g., insects and plant seeds (2, 3)] scales, can simplify de-
ployment, particularly when combined with biodegradable or
biocompatible passive sensing (4).
Recently, sensor networks bioinspired from flying plant seeds

such as dandelion (5), Tristellateia australasiae (6, 7), and Alsomitra
macrocarpa (8) have been reported, confirming the attractiveness of
these solutions. Iyer et al. (5) reported a battery-free wireless elec-
tronic device, bioinspired from natural dandelion seeds, to measure
temperature, humidity, light, pressure, magnetic fields, and acceler-
ation. However, the reported wireless sensor networks (5) rely on
electronics, which are often costly and heavy and generate e-waste
(5, 6, 9). Roger’s group (7) reported the first environmentally de-
gradable flier bioinspired from natural T. australasiae seeds for
remote and colorimetric assessments of environmental parameters
such as pH, heavy metal concentrations, and ultraviolet (UV)
exposure.
Maple seeds (genus Acer), also known as samaras, could inspire

the creation of a new generation of wind-dispersible sensors. These

seeds are carried passively by the wind and are dispersed at large
distances and in distinct areas (10). A samara is composed of a
seed section (nut or pericarp) and a single wing section. After ab-
scission from the tree, samara seeds start autorotating, causing a
constant descent speed, contrary to the one expected on its mass,
gravitational acceleration, drag, and friction forces (10–13). In this
way, the probability of being dispersed by the wind and spread is
highly enhanced. Samara seeds portray a fascinating example of
morphological computation in nature as their morphology
enables the passive autorotation mechanism of flight, i.e., no addi-
tional energy input comes from the seed (14). Samara seeds have
been built with electronic-based and not biocompatible sensor net-
works for in situ atmospheric monitoring (15, 16) and fire detec-
tion (16).
Recent breakthroughs have led to the development of biocom-

patible and biodegradable sensors which, after fulfilling their func-
tions, break down into residues that are not dangerous for the
environment. This approach avoids the dispersal of new e-waste
in a natural environment and obviates the retrieval of distributed
sensors (17–19).
Here, we propose the first functional three-dimensional (3D)

printed (20, 21), self-deployable, and biocompatible artificial
seeds, inspired by samara seeds (i.e., Acer campestre), for low-cost
and eco-friendly monitoring of a physical parameter (i.e., temper-
ature, as a proof of concept) via optical readout (i.e., photolumines-
cent readout). Compared to other artificial fliers bioinspired by
dandelion (thickness from 7.5 to 25 μm) (3), T. australasiae (thick-
ness of 140 μm) (5), or A. macrocarpa (thickness of 30 μm) seeds
(8), the A. campestre seed has a thick pericarp (3.5 ± 0.2 mm)
(fig. S1). The thick pericarp enables high signal-to-noise ratio detec-
tion and analysis of the optical signal, as required for single-step
functional integration of optical sensing using functional 3D
printing.
We apply a biomimetic and bioengineering single-step approach

for the fabrication of deployable and functional fliers. A fluorescent
sensor material is directly shaped into a bioinspired structure using
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functional 3D printing methodology (table S1) (20, 21). This ap-
proach considerably simplifies fabrication compared to the state
of the art of seed-inspired fliers for distributed environmental
sensing, usually based on a subsequent integration of the electronic
components and organic dyes (table S1). This reduction in com-
plexity can enable the use of functional 3D printed fliers where eco-
nomical or technological limitations are relevant. The fluorescent
lanthanide–doped materials that add the sensor functionality
exhibit stable photoluminescence, without photobleaching or deg-
radation, and can operate under harsh conditions (22). The photo-
luminescence of the particles is temperature dependent (23), which
renders the seeds as noncontact thermal sensor for passive sensing
of environmental temperature. Current environmental sensors are
based on organic molecules that are suitable for pH or UV sensing
(7). Regardless, in scenarios where the environmental sensors are to
sustain long periods of time (ranging from months to years) in the
sunlight, inorganic phosphors such as the lanthanide-doped parti-
cles reported here, with their inherent photostability, are preferable.
In the first step, we studied the morphology, structure, aerody-

namics, and dispersion parameters of the natural samara seeds with
the goal of identifying key principles relevant to the design and de-
velopment of the artificial seeds with the same aerodynamic and
dispersion capabilities (14). We used fused deposition modeling
as 3D printing technology to produce artificial samara seeds with
the same aerodynamic and wind-distribution features. We chose
polylactic acid (PLA) (24) because this polymer combines good
printability with thermal and mechanical stability (25) and is suit-
able for the embedding of fluorescent sensors. Bulk PLA is suffi-
ciently transparent in the visible (Vis) and the near-infrared
(NIR) range (with transmittances around 95% for film samples)
(25). Furthermore, PLA is an environmentally friendly and biocom-
patible polymer derived from renewable resources, such as corn
starch (26). It belongs to the family of aliphatic polyesters common-
ly made with α-hydroxy acids (i.e., lactic acid) (26). It is environ-
mentally degraded by hydrolysis of the ester bond (26), and the
reported biodegradation in landfills and soils ranges from 20 to
1000 μm/year depending on the environmental and macrobiotic
conditions (27) and with a mineralization rate of 10% every 150
days (28).
To produce fluorescent artificial samara seeds (hereafter I-

SeedSam), fluorescent filaments made of lanthanide-doped materi-
als and the PLA polymer were generated via a melt processing tech-
nique, followed by 3D printing. The lanthanide-doped materials are
nontoxic and exhibit the ability to convert low excitation photon
energies into high photon energies covering a wide range of wave-
lengths, spanning from UV, Vis, and NIR (29). We selected erbium
(Er3+) and ytterbium (Yb3+) in a hexagonal NaYF4 host. The refrac-
tive index of this host is 1.47 (30) and matches that of the PLA
matrix of approximately 1.48 (31), which minimizes scattering.
The sensitizer Yb3+ efficiently absorbs light from widely available
laser sources at eye-safe NIR wavelengths. The activator Er3+ con-
verts the energy into green light with two separate emission bands
around 520 and 540 nm that are suitable for ratiometric lumines-
cence temperature sensing (29).
Temperature sensing could be realized by the change of the char-

acteristics of the photoluminescence [such as bandwidth, spectral
shift, fluorescence intensity ratio (FIR), lifetime, and polarization]
when exposed to different temperatures (23). Among these, the FIR
technique is particularly reliable, as it is the least affected by light

from the surrounding environment and requires only comparative-
ly simple optical setups (23). We performed ratiometric sensing by
comparing the temperature-dependent ratio of the two green emis-
sion bands and evaluated the performance of the I-SeedSam as a
temperature sensor within the environmental range from 268 to
313 K (i.e., from −5.15° to 39.85°C). The performance of the phys-
ical sensor is accurate for applications as passive sensors for envi-
ronmental monitoring.

RESULTS
Morphometric and aerodynamic characterizations of A.
campestre seeds
Natural A. campestre seeds were collected and analyzed as a basis of
our approach in the biomimetic seed design. First, we define the
main parts of the body of the natural seed. The natural A. campestre
seed (Fig. 1A) is composed of the seed section (pericarp, labeled as
“1” within Fig. 1A) and a single wing section (labeled as “2”
within Fig. 1A).
All relevant morphometric characteristics of the natural A. cam-

pestre seeds are summarized in fig. S1. The average mass was 56 ± 11
mg (extracted from 10 seeds), while the center of mass (Cm), esti-
mated from seed sections (Fig. 1B) and analysis of the linear density,
i.e., mass per unit length (32) (Fig. 1C), was in the range of 0.252 ±
0.042 of the seed lengths (L) (32). The average value of the wing
surface (S), estimated from wing image binarization, was 173 ± 21
mm2 (Fig. 1D and fig. S2). Consequently, the wing loading [W/S;
with W (weight) = 0.549 × 10−3 ± 0.1 × 10−3 N] was 3.17 ± 1.01
N/m2.

A. campestre single wings were also histologically analyzed to in-
vestigate the properties and distribution of the internal structure
that facilitates its wind dispersal. Transversal sections of the single
fibrous wing were analyzed using white light and fluorescence mi-
croscopy. The internal structure of the wing is characterized by ex-
tensive aerenchyma interrupted by vascular formations (fig. S3).
Aerenchyma, which can be found in roots and shoots, is a plant
tissue with large intracellular spaces (33). This tissue might allow
gas exchanges under wetland conditions or, in the case of samara
seeds, to facilitate their aerial dispersion.
The lignin distribution within the natural seeds was investigated

via fluorescence microscopy using UV 355-nm excitation wave-
length. The lignin is able to absorb this excitation source and
emit within the blue wavelengths (34). The fluorescence images
reveal that the vascular vessels are composed of lignified structures
(fig. S3). Furthermore, cellulose distribution with Alcian blue dye
was also observed in the transverse sections. Cellulose was mainly
localized in the cells anchoring the vascular structure to the sur-
rounding tissues (Fig. 1E and fig. S4, A to E). In addition, binarizing
the images illustrated in Fig. 1E and fig. S4 (A to E), the porosity of
the tissues of the wing could be extracted as reported in Materials
andMethods (Fig. 1F and fig. S4, F to J). The porosity of the tissue is
at high levels reaching values in the range of 70.5 ± 5.1% (for
five samples).
The analysis of the aerodynamics of A. campestre seeds was spe-

cifically relevant for the measurements of key parameters for flight
characterization, such as laboratory descent speed (vd), rotational
velocity (Ω), wing tip speed (vt), and conic angle (β) (12, 32). On
the basis of this analysis, the average descent speed of the natural
seeds was in the range of 1.04 ± 0.11 m/s. This value of the speed
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is consistent with the value reported for another type of natural
maple seed, such as the Acer platanoides (Norway maple) seed
with higher mass and length, reaching an average descent speed
of 1.10 ± 0.24 m/s (32). The rotational velocity (Ω) was 160.5 ±
23.3 rad/s (roughly 25.5 ± 3.7 rotations/s) (movie S1). Twelve
frames and one complete rotation during a free fall of the A. cam-
pestre seed are reported in Fig. 1G). The wing tip speed (vt) resulted
in 3.94 ± 0.57 m/s, and it was calculated as (32)

vt ¼ Ω � R ð1Þ

where

R ¼ Lw þ
1
2
Lp ð2Þ

where Lw and Lp are the length of the wing and the length of the
pericarp, respectively (fig. S1). The measured conic angle β was
around 25.2° ± 3.2° (Fig. 1, H and I, and movie S2). This value
matches the results reported for the rotary seeds (10) and ranges
from an angle of 15° to 30°.
Reynolds numbers (Re) were calculated following Green (35):

Re ¼
vd � ww � ρair

νair
ð3Þ

where vd is the descent speed (1.04 ± 0.11 m/s), ww is the width of

the wing (0.0101 ± 0.0008 m), ρair is the density of the air (1.204 kg/
m3), and νair is the kinematic viscosity of the air [1.81 × 10−5

kg/(m·s)].
Drag coefficients (CD) were calculated following Yoon et al. (7):

CD ¼
m� g

2� ρair � ðvdÞ
2
� S

ð4Þ

where m is the mass (5.6 ± 1.1 × 10−5 kg), vd is the descent speed
(1.04 ± 0.11 m/s), S is the wing surface (1.73 ± 0.21 × 10−4 m2), g is
the gravitational acceleration (9.81 m/s2), ρair is the density of the air
(1.204 kg/m3).
The resulting Re and CD values were 699 ± 129 and 4.87 ± 2.58,

respectively. All morphometric and aerodynamic parameters of the
natural seeds are summarized in fig. S1 and table S2 and were then
used to design artificial seeds.

Manufacture and characterizations of the artificial A.
campestre seeds
A simplified scheme of the 3D printed process of the artificial seeds
involves (fig. S5): (i) drawing of the contours from the natural seed,
(ii) creation of a vector file, (iii) creation of a 3D CAD model, and
(iv) printing PLA or its composites to obtain the I-SeedSam in-
spired by A. campestre. We chose PLA due to its biocompatibility,

Fig. 1. A. campestre seedmorphometric and aerodynamic characterizations. (A) Picture of an A. campestre seed highlighting themain body parts: the nut or pericarp
(as 1) and wing (as 2) section. (B) Seed sectioning. Scale bar, 1 cm. (C) Linear density (in grams per millimeter) of eight seeds after sectioning. (D) Image binarization of (A)
with pericarp (1) and without pericarp (2) for the wing surface (S) and wing loading (W/S) estimation. (E) Histological analysis of the wing using Alcian blue for cellulose
distribution estimation. (F) Binarization of (E) for the wing porosity estimation. (G) Twelve frames of a free fall of an A. campestre seed, captured from the top, showing a
complete autorotation. (H) Six frames of an A. campestre free fall laterally captured. (I) Frame captured from (H) for the estimation of the coning angle (β).
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sufficient optical transmittance in the Vis, and its refractive index
that matches that of the photoluminescent particles (26).
The 3D printed artificial seed is illustrated in Fig. 2A. Infill of the

pericarp (labeled as 1 within Fig. 2A) was set at 5%, while the infill of
the wing (labeled as 2 within Fig. 2A) was set at 100%. For the wing,
we set the 100% infill considering the achieved thickness of 0.05
mm, which is the lowest resolution limit of the applied 3D printer
(Prusa i3 MK3S) (36). We varied the printing parameters to
produce artificial seeds with similar sizes and weights as those of
the natural flying seeds. Morphological details of the artificial
seeds are reported in table S2, while pictures of the artificial pericarp
and wing sections are reported in fig. S6.
The averagemass of the artificial seeds was 55 ± 5mg (number of

samples = 8), while the center of mass (Cm) estimated from seed
sections (Fig. 2B) and analysis of the linear density (Fig. 2C) was
around 0.19 ± 0.02 of the seed lengths (L) (for five samples). Both
values were in the range of the characteristics of the natural seeds
(table S2). The agreement between the Cm values is also confirmed
by the trends of the average linear densities of the natural and arti-
ficial A. campestre seeds (Fig. 2D). The average porosity of the arti-
ficial pericarp (Fig. 2E) was estimated from weight measurements,
resulting in a value in the range of 65.0 ± 0.2%, derived from the

infill set at 5%. This value is comparable to the porosity estimated
for the wing structure of the natural seed (70.5 ± 5.1%; Fig. 2F).
Then, we estimated the average values of the wing surface (S) and
the wing loadings (W/S) by wing images binarization. The wing
surface (165 ± 2 mm2) (Fig. 2G and fig. S7) and the wing loading
(3.3 ± 0.3 N/m2) agreed with the ones of the natural seeds (table S2).
From the aerodynamic point of view, the artificial seeds dis-

played an average descent speed (vd) of 1.04 ± 0.09 m/s, matching
well with the value extracted for the natural seeds (1.04 ± 0.11 m/s).
On the other hand, the rotational velocity Ω and the wing tip speed
vt were 107.1 ± 16.3 rad/s and 2.64 ± 0.41 m/s, respectively (Fig. 2H
and movie S3). The measured coning angle β was 23.3° ± 6.3°, and
the value was consistent with the ones reported for the natural A.
campestre seed (within 20.5° ± 8.3° range) (Fig. 2, I and J, and
movie S4).
Reynolds number (Re) was calculated considering vd and ww

equal to 1.04 ± 0.09 m/s and 0.0095 ± 0.0004 m, respectively, and
Eq. 3. The drag coefficient (CD) was calculated considering vd, m,
and S equal to 1.04 ± 0.09 m/s, 5.5 ± 0.5 × 10−5 kg, 1.65 ± 0.02 ×
10−4 m2, respectively, and Eq. 4. The resulting Re and CD values
were 654 ± 84 and 5.02 ± 1.39, respectively. Both Re and CD
values resulted statistically equal for natural and artificial seeds.

Fig. 2. Artificial A. campestre seed morphometric and aerodynamic characterization. (A) Picture of an artificial A. campestre seed showing the nut or pericarp (as 1)
andwing (as 2). (B) Seed sectioning. (C) Linear density (in grams permillimeter) of five artificial A. campestre seeds after sectioning. (D) Average linear density (in grams per
millimeter) trends of natural and artificial A. campestre seeds. (E) Inner and porous structure of the printed artificial pericarp. Scale bar, 2 mm. (F) Porosity comparison
between the natural acer seedwing and the artificial acer seed pericarp. (G) Image binarization of (A) with pericarp (1) andwithout pericarp (2) for thewing surface (S) and
loading (W/S) estimation. (H) Sixteen frames of a free fall of an artificial A. campestre seed, captured from the bottom, showing a complete autorotation. (I) Six frames of an
A. campestre free fall laterally captured. (J) Frame captured from (I) for the estimation of the coning angle (β) estimation.
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All aerodynamic and morphometric parameters of the artificial and
natural seeds are compared in table S2.
Figure S8 shows how morphometric and aerodynamic parame-

ters of the artificial A. campestre seeds are affected by size variation,
i.e., 0.5× and 2× compared to natural ones. The 2× type had a nearly
doubled measured descend speed at 1.82 ± 0.33 m/s, while the 0.5×
type was closer at 0.97 ± 0.09 m/s. According to these data, the bio-
inspired size seems to be a good compromise between a low descent
speed (greater dispersion with the wind) and sufficient wing and
pericarp surface for finding the flier (after perspective launches
from drones) and reading the fluorescence from the pericarp.
For the abovementioned reasons, we run wind dispersal experi-

ments outdoors (Fig. 3A) with the bioinspired artificialA. campestre
seeds. We tested the dispersal performance of the natural and arti-
ficial seeds using a weather station (Fig. 3B) to measure the wind
speed and direction (movie S5).
The wind velocity measured at the time of the release was 1 ± 0.1

m/s coming from southeast. The average distance of dispersion for
the natural and artificial seeds was statistically identical, 362 ± 48
and 370 ± 29 cm, respectively, for 20 samples each (Fig. 3, C and
D). In addition, the dispersion features of the natural and artificial
seeds were tested under a wind velocity of 0 m/s. The seeds conduct-
ed the same dispersion features, achieving 18 ± 12– and 16 ± 8–cm
average distance of dispersion, for 20 samples of natural and artifi-
cial seeds, respectively.
The main morphological and aerodynamic parameters that in-

fluence dispersion were the wing loading and the descent speed,
which had roughly the same values for natural and artificial seeds
(table S2). The obtained distances under a wind speed of 1.0 m/s
were also in good agreement with the simple ballistic model used
in dispersal studies of natural seeds (37, 38)

xp ¼ H
vw
vd

ð5Þ

where xp is the predicted distance,H is the height of release (3.5 m),
vw is thewind velocity at 3.5 m (1m/s), and vd is the descent speed of
the seed (1.04 m/s), recorded indoors. We assumed the absence of
turbulences as the wind speed remained constant for the duration of
the fall (a few seconds), and we considered the release from the box
as from a point source. We assumed the value of the dimensionless
parameter θ, which characterizes the dispersion behavior of the
seeds, to be 1, which is the value expected for heavy seeds (38).
The predicted distance of dispersal was 337 ± 67 cm (Fig. 3E),
which was a good estimation of the real mean distance for both
natural and artificial seeds, within 362 ± 48– and 370 ± 29–cm
ranges, respectively. The dispersal curves of the natural and artificial
seeds are depicted in Fig. 3F. We note that under a wind speed of 1.0
m/s, the distribution is quite narrow, especially for the artificial
seeds, as they had less variance in their morphology. Within 3 to
4 m, the natural and artificial seeds fell around 80 and 86%, respec-
tively. These data allow the prediction with a certain degree of ac-
curacy the distance and the distribution of the great majority of the
released seeds.
Drones can be used to release the artificial A. campestre seeds in

the environment (movie S6). A drone was equipped with a custom-
designed seed container with wireless release control. Seeds release
tests were carried out at two different heights [i.e., 3 and 5mwith no
wind (0 m/s) conditions]. The average distance from the take off
point was 48 ± 26 cm (number of samples = 5, one release) and

113 ± 36 cm, (number of samples = 14, three releases with five
seeds, one seed was lost), respectively. The results agree with previ-
ously reported data with the weather/release static station (16 ± 8
cm) considering the drone oscillation/reposition and the propellers
turbulence. The reported results demonstrate the suitability of the
developed drone-based dynamic system for seed release.

Preparation and characterizations of fluorescent
composites
Our results indicate that the 3D printed, PLA-based artificial seeds
can perform well as wind-deployable seeds. In the following, we in-
corporate a sensor material within the artificial seeds to enhance the
passive bulk material with temperature sensing capabilities without
degrading the aerodynamic properties and low environmental
impact. To this end, we (i) prepared PLA-based fluorescent com-
posites, (ii) created fluorescent filaments via melt processing that
are suitable to the 3D printing approach introduced above, and
(iii) produced fluorescent flying A. campestre seeds (I-SeedSam).
We filled the PLAwith lanthanide-doped powders that act as up-

converting emitters by absorbing low-energy NIR wavelengths and
convert this energy into high emitting wavelengths (29). We select-
ed Er3+ and Yb3+ in a hexagonal NaYF4 host with good crystallinity
(fig. S9A) and low vibration modes (fig. S9B) to create strong fluo-
rescence that can be detected in the field (29). The amount of the
lanthanide ions within the host was 3 mol % of Er3+ and 20mol % of
Yb3+ to prompt a dominant green emission that is eye-safe and easy
to detect using current state of the art technologies.When irradiated
at 980 nm, these materials emit at around 520 and 540 nm (green
wavelengths) and 660 nm (red wavelength) (fig. S10A). These wave-
lengths are compatible to contactless read out by drones equipped
with fLiDAR (fluorescence light detection and ranging) (39).
Sources for NIR excitation are low in cost due to their use in com-
munication and safer to the human eye than UV or Vis excitation
sources at comparable energies (29). In addition, NIR lights are less
susceptible (around fourfold) to solar irradiation than UV light
(40), used on current fliers based on organic molecules (7). The
green emissions can be detected using readily available, sensitive
red-green-blue charge-coupled device sensors.
The upconversion process involves two photons as determined

by the relationship of the intensities of the emissions and the power
of the laser applied (fig. S10B). Briefly, Yb3+ ions absorb the laser
and can populate the energy levels of Er3+ ions via energy transfer
mechanisms (41). Because of this, the Er3+ ion is excited to the
higher 4F7/2 excited level, from which consecutive nonradiative pro-
cesses can populate lower energy levels, such as 2H11/2, 4S3/2, and
4F9/2, each of them radiatively relaxing to the ground state 4I15/2
to generate emissions at 520, 540, and 660 nm, respectively
(fig. S10C).
We varied the concentration of the lanthanide-doped materials

within the PLA polymer to maximize the signal-to-noise ratio of the
fluorescence. A solvent evaporation process (fig. S11) was used to
efficiently prepare a systematic series of filling ratios in the
polymer matrix (PLA). Dispersions of powder and PLA matrix at
varying ratios were prepared in an apolar solvent. The dispersion
was deposited into a template and formed solid, nonporous
samples upon evaporation of the solvent. We obtained five round
and opaque fluorescent composite samples with diameters of 1.75
cm and thicknesses of 0.25 cm (an example of a composite is illus-
trated in fig. S12) that were characterized by fluorescence

SC I ENCE ADVANCES | R E S EARCH ART I C L E

Cikalleshi et al., Sci. Adv. 9, eadi8492 (2023) 15 November 2023 5 of 14

D
ow

nloaded from
 https://w

w
w

.science.org at Saarlaendische U
niversitaets- und L

andesbibliothek on A
ugust 01, 2024



Fig. 3. Natural and artificial A. campestre seed on-field release and dispersion tests. (A) Picture of the selected area (concrete parking lot) for the on-field test. Side of
the square area is 20 m. (B) Setup for the on-field test release consisting of a weather station for the measure of the wind speed and direction placed at 3.8 m (1), a seed
holder placed at 3.5m from the ground (2), and a goniometer andmeter for the seeds’ angle and positionmeasurements (“3”). (C) Diagram showing the 20 natural and 20
artificial seed releases and positions with no wind condition (0 m/s) and under a wind speed of 1.0 ± 0.1 m/s coming from southeast. The black arrow shows the wind
direction. (D) Diagram showing the average natural and artificial position originating from (C) with nowind condition (0 m/s) and under awind speed of 1.0 ± 0.1m/s. The
square black symbol stands for the predicted distance of dispersal in agreement with the simple ballistic model (38). (E) Picture showing the release of natural and artificial
Acer seeds. (F) Artificial and natural seed position distribution related to the experiments reported in (C) and (D).
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spectrometry. A filling ratio of 10 wt % displayed the highest inten-
sity of the green emissions of the lanthanide ions (fig. S13). The
dominant emission was centered around 540 nm, and a weak red
emission was centered around 660 nm, with the former wavelength
being around eightfold higher compared to the latter wavelength
(fig. S14). A typical picture of this composite under NIR irradiation
displays a bright green emission (fig. S14).

Production and characterizations of the fluorescent
artificial seeds
We used melt processing to prepare fluorescent filaments with an
optimal filling ratio as base material for temperature-sensing artifi-
cial seeds. The fluorescent materials and the polymeric matrix were
mixed and introduced into an extruder operating at 453 K. The hex-
agonal phase of the NaYF4 host is thermally stable (42), and no
structural degradation is expected. Thermogravimetric analysis re-
vealed that the structure is stable until 1273 K, with a weight loss of
only around 4%, starting after 873 K (fig. S15).
Five meters of 2-mm-diameter fluorescent filament were extrud-

ed using 40 g of fluorescent material and 400 g of PLA. We per-
formed quality control using a 980-nm laser during different
stages of filament extrusion. Movies were recorded at the nozzle
(movie S7) and during the collection of the filament for further
3D processing (movie S8) that illustrates the bright green emission
arising from the fluorescent materials. The emission was homoge-
neous and constant in intensity, confirming a uniform distribution
of the fluorescent materials within the filament and no degradation.
The fluorescent filaments were then used to 3D print fluorescent

artificial A. campestre seeds (I-SeedSam; Fig. 4A) via fused deposi-
tion modeling, as depicted in fig. S5. The I-SeedSam had the same
morphometric characteristics, design, and mass (56.6 ± 1.1 mg,
number of samples = 7) and the same descent speed [descent
speed (vd) = 1.06 ± 0.02 m/s], as the nonfluorescent artificial A.
campestre seeds (table S2). Because of this, we assume the same dis-
persion properties over the wind. Illumination with a 980-nm laser
triggered the Vis photoluminescence of the lanthanide-doped com-
posite. We compared the intensities of the emissions at the pericarp
(Fig. 4B) and thewing (Fig. 4C) of the I-SeedSam by recording them
with the same acquisition parameters (excitation source of 980 nm,
power density around 0.4 W/cm2, and integration time of 1 s) in
dark and daylight. The intensity of the emission at the pericarp
was approximately 10-fold higher than that of the wing (Fig. 4E).
The pericarp is approximately 1 mm in thickness, and the wing is
only 0.05 mm, which strongly affects emission from the translucent
sensor material. A comparison of the pericarp signal in dark and
day light indicated that the characteristic green characteristics
lines were still detectable, while the red emission was within the
noise level (Fig. 4F).
We investigated the stability of the printed I-SeedSam by acquir-

ing photoluminescence spectra while continuously irradiating with
980-nm laser light at a power density of 0.4 W/cm2. It is known that
lanthanide-doped materials, composed of Yb3+ ions, can degrade
via self-heating at high power densities (43). The intensities of the
emissions of the Er3+ ions after irradiating for 30 hours (Fig. 4G)
were within 99% of the original value. Exposure to a sun-light
lamp tester at approximately 1 m (equivalent to 2500 lux) for 24
hours to simulate sunlight in the field indicated no degradation
with time, as the intensities of the emissions were within 97% of
the original values (Fig. 4H).

Luminescent temperature sensing with the fluorescent
artificial seeds
The fluorescent flying seeds were tested as luminescent thermome-
ters, exploiting the temperature dependence of their photolumines-
cence (23). We extensively tested and validated the thermometric
performance of the I-SeedSam to account for their sensitivity, re-
producibility, and reliability as a function of different conditions.
We used the FIR method to quantify the thermal response. This
technique is not influenced by the optical setup, concentration of
the nanoparticles, or external illumination, e.g., by sunlight (23).
The emissions were monitored on a temperature-controlled stage
within the range from 268 to 313 K (i.e., from −5.15° to 39.85°C)
to mimic environmental temperatures. We calculated (i) the ther-
mometric parameter (∆ or FIR), (ii) the relative thermal sensitivity
(Srel), (iii) the temperature resolution (δT ), and (iv) repeatability (R)
to account for the performance of the I-SeedSam as thermometers.
Luminescence thermometry of the I-SeedSam was based on the

two green wavelengths at 520 nm (transition 2H11/2 → 4I15/2) and
540 nm (transition 4S3/2 → 4I15/2) (Fig. 5A). Their energy gap
(∆E) relies within the range of the thermally coupled levels (44)
from 200 to 2000 cm−1. Because of this, the FIR obeys a Boltzmann
law (45)

FIR ¼
I1
I2
¼ B � exp �

ΔE
kBT

� �

ð6Þ

where I1 and I2 are the integrated area of the two green emissions at
520 and 540 nm (Fig. 5B), B the pre-exponential constant, ∆E the
energy gap, kB Boltzmann’s constant, and T the absolute tempera-
ture in kelvin.
Increasing temperature from 268 to 313 K barely affected emis-

sion around 520 nm, while the intensity around 540 nm decreased
around 30% of its initial value (as illustrated Fig. 5, B and C, for the
integrated areas). The ratio among these two integrated areas
follows Eq. 4 (Fig. 5D). It is easy to extract the temperature using
the parameters B and the experimental ∆E from (45)

lnðFIRÞ ¼ lnðBÞ þ
ΔE
kBT

� �

¼ lnðBÞ þ �
C
T

� �

ð7Þ

with B and C ¼ ΔE
kB
fit from the experimental data. By plotting the

logarithmic form of FIR as a function of the inverse of the temper-
ature to the linear equation above, the values of the intercept and the
slope could be extracted from the fitting (fig. S16A). The intercept
and the slope are determined to be 0.92 ± 0.05 and 660 ± 15.7, re-
spectively. Knowing these values, we can extract the value of the pre-
exponential parameter B and the experimental energy gap∆E (con-
sidering Eq. 5), which are 2.51 and 460 cm−1, respectively.
We evaluated the thermometric performance of the I-SeedSam

in terms of Srel, δT, and R. Srel is a figure of merit that enables com-
parisons independent of the operating wavelengths, acquisition
setups, and the nature of the materials (23, 45). It indicates the
maximum change of the thermometric parameter (FIR) per
degree of temperature change as (23, 45)

Srel ¼
1
FIR
j
∂FIR
∂T
j �100% ð8Þ

After deducing the first derivative of the thermometric parame-
ter as a function of temperature, the final expression of Srel is as
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Fig. 4. Thermometric characterization of the fluorescent I-SeedSam. Digital images of (A) a fluorescent artificial A. campestre seed under daylight, highlighting the
pericarp (under 1) and thewing (under 2), (B) pericarp of the seed under NIR laser in the dark, (C) wing of the seed under NIR laser in the dark, and (D) pericarp of the seed
under NIR laser in the daylight. Photoluminescence spectra of (E) the pericarp and wing of the seed recorded in the dark and (F) the pericarp recorded in the dark and
daylight. Stability testing of the fluorescent seeds under (G) continuous NIR irradiation and (H) continuous sunlight irradiation. The photoluminescence spectra were
recorded using the optical setup described in luminescent thermometry with fluorescent artificial flying seed section. a.u., arbitrary units.
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follows:

Srel ¼ j
ΔE
kBT2

j �100% ð9Þ

The maximal values of Srel that we found were in the range of
0.92% K−1 at the lowest temperature (fig. S16B) in the same range

as reported for other types of Er3+ green-emitting ions, regardless of
the host or acquisition setups (46).
The temperature resolution δT expresses the minimum change

in temperature that a thermometer can detect (23, 45)

δT ¼
1
Srel

δΔ
Δ

ð10Þ

Fig. 5. Thermometric performance of the fluorescent I-SeedSam. (A) Selected wavelength ranges for luminescent thermometry, (B) temperature dependence of the
intensities of the selectedwavelengths, (C) evolution of the integrated areas of the selectedwavelengths as a function of temperature, (D) FIR as a function of temperature
(the line is a fit to Eq. 4), (E) repeatability (R) of detected temperatures over five cooling/heating cycles, and (F) temperatures measured determined by I-SeedSam on
topsoil (in green) and reference external infrared thermometer (in brown).

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Cikalleshi et al., Sci. Adv. 9, eadi8492 (2023) 15 November 2023 9 of 14

D
ow

nloaded from
 https://w

w
w

.science.org at Saarlaendische U
niversitaets- und L

andesbibliothek on A
ugust 01, 2024



where δΔΔ is the uncertainty of the determination of the thermomet-
ric parameter related to the detector applied (in this example, 0.5%)
(45). The calculated temperature resolution was the range of 0.54 K
for the lowest temperature and increased with temperature
(fig. S16C).
The repeatability (R) indicates the ability of a thermometer to

provide the same temperature measurements under the same iden-
tical conditions (23, 45)

R ¼ 1 �
max jΔc � Δi j

Δc
ð11Þ

where∆c is the mean thermometric parameter and∆i is the value of
each measurement of the thermometric parameter under the
cooling/heating cycles. The value of R for five repeated measure-
ments was around 98 ± 2% (Fig. 5E), indicating good repeatability.
Last, we emulated an environmental scenario in which the fluo-

rescent artificial seeds fall on soil and measure its surface tempera-
ture (a fluorescent I-SeedSam on topsoil is illustrated in fig. S17). A
fluorescent I-SeedSam was placed on top of a freshly collected soil
sample within a custom-built optical setup. The soil was collected at
low temperature in the morning (276 K, 2.85°C) that slowly in-
creased in the laboratory that had a controlled room temperature
of 294 K (20.85°C) and reached room temperature after 8 hours.
The laser source was oriented perpendicular to the pericarp part
of the fluorescent seed. Excitation with 980-nm laser induced pho-
toluminescence that was recorded during the whole duration of the
experiment (a total of 12 hours). The intensity ratios were then con-
verted to temperatures using the calibration curve from FIR
(Fig. 5D). The temperature matched that of the soil within 0.3 K
(Fig. 5F) in a temperature range of 12 K.

DISCUSSION
In summary, we demonstrated a strategy toward environmental
physical sensing (e.g., temperature monitoring, as a proof of
concept) using bioinspired flying seeds composed of fluorescent
materials. We characterized and mimicked the properties of the
natural A. campestre flying seeds and used 3D printing technologies
to produce their artificial counterpart, with similar morphometric,
aerodynamic, and wind dispersal characteristics. The artificial seeds
were functional 3D printed in PLA: a biocompatible, compostable,
recyclable, and slowly (bio)degradingmaterial. The biodegradation/
mineralization rate in soil is around 10% every 150 days according
to an estimation reported elsewhere (28). This enables a sensing
period of at least 4 years in the field, which is consistent with the
envisioned use case scenarios. It is possible to use the processes de-
scribed here or other related functional 3D printing methods and to
mimic the design of the fluorescent I-SeedSams, using matrices that
degrade faster, e.g. PLA/cellulose (47), cellulose acetate (48), and
porous cellulose acetate (49).
Fluorescent lanthanide–doped materials, with temperature-de-

pendent photoluminescence, were incorporated via melt processing
before 3D printing. We created seeds with Er3+- and Yb3+-doped
hexagonal NaYF4 as fluorescent materials that absorb NIR laser
light and emit bright green emissions around 520 and 540 nm.
The ratios of the emission intensities at the two wavelengths were
ratiometrically analyzed to infer the environmental temperature.
We successfully evaluated environmental scenarios such as

continuous NIR or sunlight irradiation and topsoil temperature
monitoring. In this way, we were able to advance the current state
of the art using passive and biocompatible environmental sensors
based on artificial fliers.
Although restricted to the development of fluorescent artificial

A. campestre seeds, our single-step functional 3D printing approach
is highly flexible. In perspective, other types of fliers (bioinspired or
not) could be easily printed in mass production.
In the not too distant future, these fluorescent artificial seed–like

fliers could be released by drones equipped with fLiDAR technology
for remote and distributed monitoring of chemical-physical param-
eters (50). Although currently tested in thermal sensing, in the
future, it is easy to imagine the incorporation of fluorescent particles
sensitive to other environmental key parameters (e.g. humidity,
CO2, or pollutants) (22) for a multiparametric wireless environ-
mental analysis (50).

MATERIALS AND METHODS
From fluorescent lanthanide powders to fluorescent
filaments
Chemicals
Lanthanide-doped microparticle powders were purchased from
Sigma-Aldrich. The lanthanide ions (Er3+ and Yb3+) are doped
within hexagonal NaYF4 hosts. The ratio of the dopants was 3
mol % of Er3+ and 20 mol % of Yb3+. The particle diameters
ranged from 1 to 5 μm (d50), as determined by the supplier. PLA
(natural and transparent, molecular weight of ~16,000 g/mol, melt
temperature of 441 K, and density of 1.24 g/ml) polymer was pur-
chased as pellets from BASF. The crystalline structure of the lumi-
nescent powders was characterized via x-ray powder diffraction
using a D8 Advance diffractometer equipped with a copper
source CuKα radiation (λ = 1.54060 Å, 40 kV, 40 mA) operating
within the 2θ range from 10° to 80°. The phonon energies of the
microparticles were characterized by Raman spectroscopy using a
Renishaw inVia microscope with a 532-nm unpolarized light
within the wave number range of 100 to 2000 cm−1. Thermal gravi-
metric analysis of the luminescent powders was conducted in a
Jupiter STA 449 F3 operated at a heating rate of 10 K/min under
air and using Al2O3 as a reference material. The photoluminescence
spectra were recorded using a FS5 spectrofluorometer from Edin-
burgh Instruments, equipped with an external NIR laser source op-
erating at 980-nm wavelength. The emission spectra were acquired
within the wavelength range from 400 to 800 nm with a resolution
of 2 nm and an integration time of 0.5 s.
Preparation of fluorescent composites
The fluorescent composites were composed of the PLA, and the
fluorescent materials were produced by solvent processing
method. The concentration of the fluorescent materials within the
polymer matrix was varied with the goal of optimizing the optical
properties. Briefly, PLA (1 g) as pellets was dissolved in chloroform
(around 10 ml) aided by vortexing and ultrasonication. Lanthanide-
doped powders were added at different concentrations to the
organic PLA solution. After continuous stirring, homogeneous dis-
persions were obtained. Then, around 2ml of each composition was
deposited into a Teflon template. The solutions were allowed to dry
at room temperature to yield fluorescent sensor composites. The
photoluminescence spectra of the composites were recorded using
the same parameters described in the “From fluorescent lanthanide
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powders to fluorescent filaments” section for the powders. Photo-
graphs (fig. S14) of the fluorescent composites were acquired with a
Nikon D3400 digital camera operating in manual mode with a 5.6
aperture, an exposure time of 1/20 s, and a sensor sensitivity setting
of ISO 100.
Preparation of fluorescent filaments
Filaments were produced via melt processing by mechanically
mixing PLA powder with 10 wt % of lanthanide microparticles in
a speed mixer (Hauschild SpeedMixer DAC 150.3 SP) operating
under 1000 rpm for 60 s. Per each batch, 40 g of fluorescent mate-
rials and 400 g of PLAwere mixed. Themixture was introduced into
a fully segmented and corotating twin-screw extruder (Process 11
Parallel from Thermo Fisher Scientific), equipped with a 2-mm-di-
ameter nozzle. Fluorescent filaments were extruded at a screw speed
of 159 rpm and a torque force of 94 Nm, with all heating zones op-
erating at 453 K. Movies (movies S7 and S8) during the production
process of the fluorescent filaments were recorded using an iPhone
14 Pro smartphone.

From natural flying seeds to 3D printed fluorescent
flying seeds
Morphometric and histological characterizations of the
natural A. campestre seeds
A. campestre seeds were collected from an Acer plant in the rural
area of Florence (Italy). Morphometric analysis of the seeds was
carried out using a digital caliper (RS PRO 150 mm Digital
Caliper 0.0005 in, 0.01 mm, Metric & Imperial, United Kingdom)
with a resolution of ±0.01 mm and a digital microscope (KH-8700,
Hirox, Japan). The mass of the seeds was measured out with an an-
alytical balance (KERN ABS-N, Germany) with a resolution of
±0.0001 g. The experimental data were collected from a pool of
10 independent seeds.
The key morphological parameters for the flight performance of

the seeds are (i) center of mass (Cm), (ii) wing surface (S), and (iii)
wing loading (W/S) (32). For the determination of the center of
mass (Cm), seeds were cut every 3 mm alongside their longitudinal
axis with a lancet, and the resulting sections were weighted with an
analytical balance (KERN ABS-N, Germany). The experimental
data were collected from a pool of eight independent seeds. The
mean curve of the linear density as function of the length was com-
puted. The wing surface (S) was estimated from pictures of A. cam-
pestre seeds (10 seeds) captured with a camera (1280 × 800 pixels) of
a Samsung A40 (South Korea) smartphone. Using ImageJ, the
imagewas binarized, and thewing surface Swas evaluated by count-
ing the black pixels within a scale bar of 2 cm. Thewing loading (W/
S) was estimated considering the weight value (W ) of the seeds and
the wing surface (S).
The histological analysis of the wings of the A. campestre seeds

was carried out by embedding the 5-mm cuts of the wings in par-
affin and cutting them into 10-μm sections with a microtome (Leica
microtome SM2010R), as described elsewhere (51). Alcian blue
stain was used to analyze the cellulose localization within the trans-
verse sections, while lignin distribution was detected by its auto-
fluorescence in the UV (355 nm) range and by monitoring the
emissions in the blue. The sections were observed with a white
light epifluorescence microscope (Nikon Eclipse Ni-U, Japan),
and the images were captured with the software NIS-Elements.
By analyzing different areas of the wing with scanning electron

microscopy, we were able to obtain detailed images of the level of

the porosity of the tissues. An estimation of the wing porosity (Pw)
in the thicker section was carried out by binarizing a scanning elec-
tron microscopy image with ImageJ software (52). The porosity of
the wing (Pw) was estimated by counting the black (Nblack pix) and
white (Nwhite pix) pixels, representing the voids and the material, re-
spectively.

Pw ¼
Nblack pix

Nblack pix þ Nwhite pix
ð12Þ

Determination of the aerodynamic performance of the
natural A. campestre seeds in laboratory
The analysis of aerodynamics of natural seeds under laboratory con-
ditions consisted of the measurements of key parameters that char-
acterize the flight, such as (i) descent speed (vd), (ii) rotational
velocity (Ω), (iii) wing tip speed (vt), and (iv) conic angle (β) (12,
32). To determine the descent speed (vd), the A. campestre seeds
were released from rest in a still air setting from a height of 2.95
m and allowed to fall freely. Tests were conducted in a laboratory
without active ventilation. The flight of the seed was recorded by
a camera of a Xiaomi Redmi Note 5 (China) with a resolution of
1920 × 1080 pixels. The mean vd was calculated considering the
time elapsed between the frame of the release and the frame in
which the seed touches the ground. Each individual seed was
tested three times (10 A. campestre seeds, each dropped three
times, giving 30 drops in total).
The protocol described above was also applied for the measure-

ment of the rotational velocity (Ω) and wing tip speed (vt). In this
case, a camera of an Apple iPhone 12 Pro Max (USA) was used to
record movies of a free fall at 240 frames/s (4.17 ms between frames)
with a resolution of 1280 × 800 pixels. The angle variations (∆°) in
the last second of free fall weremeasured by the frames with a digital
goniometer software (ImageJ). The same protocol was also applied
for the estimation of the coning angle β that depends on the balanc-
ing of the centrifugal force, acting on the distributed mass of the
seed, the distributed weight of the seed, and the aerodynamic
force that causes the driving moment around flapping x axis (12).
On-field release and dispersion as a function of wind
(meteorologic station)
The on-field aerodynamic performance of natural A. campestre
seeds was investigated. This test was conducted on a paved square
located in Mercato Fiori e Piante della Toscana, (MEFIT), via Salvo
D’Acquisto, 10/12, 51017 Pescia PT. The natural seeds (20 samples)
were placed in a box that was lifted on a pole to a height of 3.5 m.
The box was built of a magnetic door on the bottom side and tied
with a magnetic rope that was pulled to release the seeds. Natural
seeds were released simultaneously to be affected by the same
wind conditions. A wind station Eurochron EFWS 2900 with a res-
olution of 0.1 m/s was used to measure the wind speed and its di-
rection. The distance of each seed from the pole on theXY planewas
measured with 20 m and the formed angle with a goniometer. The
data were used to build a dispersal curve and amap of the seeds. The
data were fitted to a simple ballistic model, and the fitting parame-
ters were assessed.
3D printing process of the artificial A. campestre seeds
For the design of the artificial samara seed, a top view picture of a
natural A. campestre seed was coupled with the size analysis per-
formed in the “Morphometric and histological characterizations
of the natural A. campestre seeds” section. A vector file of the
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contours was extracted from the picturewith Affinity Designer (trial
version) and imported in the 3D CAD modeling software Siemens
NX, where the design of the artificial samara was developed. For the
fabrication, a fused deposition modeling process was used. The
CAD model was converted in STL format and sliced with PrusaS-
licer. The density of the internal infill chosen for the bulky part of
the samara seed was 5%, and the printing speed was set at 20 mm/s.
The 3D printer used was a Prusa i3 MKS (Prusa, Czech Republic),
and the filament material for the printing was Prusament PLA
Blend Royal Blue or Galaxy Purple (Prusa, Czech Republic). A
nozzle with a diameter of 0.25 mm was used to obtain fine details
and a wing thickness of 0.05 mm. The real porosity of the 3D
printed seed pericarp (infill 5%) was evaluated by printing a
version of the seed with a 100% infill and comparing the masses.
The design, fabrication, morphological, and aerodynamic charac-
terization of the artificial samara seeds was an iterative optimization
process. It continued until the morphological and aerodynamic pa-
rameters obtained were comparable to the natural seeds. 3D printed
artificial seeds with twice (2×) and half (0.5×) the naturally occur-
ring size were printed using the same design and material and char-
acterized as described in the previous paragraph “Determination of
the aerodynamic performance of the natural A. campestre seeds in
laboratory”. The fluorescent artificial Acer Campestre seeds were
produced using the same 3D printing process but using the fluores-
cent filaments made of PLA described in the “Preparation of fluo-
rescent filaments” section.
Morphometric and aerodynamic characterizations of the
artificial A. campestre seeds
Morphometric and aerodynamic characterizations of the artificial
A. campestre seeds are conducted within the laboratories and on-
field using the meteorologic station (as described in the previous
sections). On-field release experiments with artificial A. campestre
seeds were also carried out in a private olive grove in Pietrabuona,
Pescia (Italy). The drone (DJI mini, DJI, China, 249 g of mass) was
equipped with a wireless and homemade release system in Teflon
(movie S6). The tests were carried out at 3 and 5 m in height with
no wind conditions (0 m/s). The distance of each seed from the take
off point on the XY plane was measured with a yardstick. The data
were used to build a map of the distribution of the seeds.

Luminescent temperature sensing with fluorescent
artificial flying seeds
The performance of the artificial flying seeds as luminescent ther-
mometers was evaluated by monitoring the photoluminescence of
the lanthanide-doped materials as a function of temperature. The
artificial flying seeds were exposed to temperatures from 268 to
313 K on a cooling/heating stage (Linkam Scientific Instruments,
THMS 600). The photoluminescence spectra were recorded using
a FS5 Edinburgh Instruments spectrofluorometer, equipped with
an external NIR laser source. The seeds were lying flat on the
stage, with the NIR laser irradiating the pericarp of the seeds with
a power density of approximately 0.4 W/cm2. Their photolumines-
cence was monitored within the wavelength range from 400 to 800
nm, using a resolution of 2 nm and an integration time of 0.5 s while
heating or cooling at a rate of 1 K/s. The repeatability of the temper-
ature-dependent response was tested by submitting the seeds to
cooling and heating cycles (five in total) and recording the photo-
luminescence spectra during each cycle.

The readout of the fluorescent seeds from a distance was evalu-
ated in a custom-built optical setup that emulates the situation in
the field. The beam from an NIR laser operating at 980-nm wave-
length (RLP-980-300 from Roithner Lasertechnik GmbH) was
focused on the fluorescent seeds at normal incidence using a colli-
mating lens (74-VIS fromOcean Optics) to reach a power density of
around 0.4 W/cm2. The emitted fluorescence was collected using a
400-μm-diameter fiber (QP400-2-SRIBX from Ocean Optics)
coupled with a high-resolution spectrometer (HB2000+ from
Ocean Optics). The excitation light was removed using a 750-nm
shortpass dichroic filter (FESHO750 from Thorlabs).
The fluorescent seeds were placed flat on a stage. The excitation

source was aligned perpendicular to the seeds at approximately 100
cm. The fluorescence signal was collected by the fiber at an angle of
60° and a distance of 20 cm and entered the spectrometer, where it
was continuously recorded at an integration time of 1 s. The stability
of the fluorescence emission was evaluated by continuously irradi-
ating the seeds with the NIR laser for 30 hours and measuring the
emissions at constant temperature. Environmental conditions were
mimicked by exposing the seeds to the light of a sunlight testing
lamp at 10,000 lux (TL 50 from Beurer GmbH) at a distance of
100 cm. Photoluminescence was recorded as a function of time
during 24 hours. The effect of soil was evaluated by placing the
seeds on flat topsoil and freshly collected and without vegetation.
The intensity of the fluorescence signal was monitored as a function
of the temperature of the soil during a day within a laboratory room
under air conditioner, without applying any external heating or
cooling. The temperature of the soil was separately monitored
using an infrared surface thermometer (IR 900 30-S from Voltcraft,
Germany), pointing toward the position of the seeds on the topsoil,
at a resolution of 0.1 K. Photographs of the fluorescent seeds were
acquired with a Nikon D3400 digital camera, as described for the
fluorescent composites.
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Figs. S1 to S17
Tables S1 and S2
Legends for movies S1 to S8
References

Other Supplementary Material for this
manuscript includes the following:
Movies S1 to S8

REFERENCES AND NOTES
1. R. Ouni, K. Saleem, Framework for sustainable wireless sensor network based environ-

mental monitoring. Sustainability 14, 8356 (2022).
2. L. Cecchini, S. Mariani, M. Ronzan, A. Mondini, N. M. Pugno, B. Mazzolai, 4D printing of

humidity-driven seed inspired soft robots. Adv. Sci. 10, 2205146 (2023).
3. D. Luo, A. Maheshwari, A. Danielescu, J. Li, Y. Yang, Y. Tao, L. Sun, D. K. Patel, G. Wang,

S. Yang, T. Zhang, L. Yao, Autonomous self-burying seed carriers for aerial seeding. Nature
614, 463–470 (2023).

4. M. Seale, N. Nakayama, From passive to informed: Mechanical mechanisms of seed dis-
persal. New Phytol. 225, 653–658 (2020).

5. V. Iyer, H. Gaensbauer, T. L. Daniel, S. Gollakota, Wind dispersal of battery-free wireless
devices. Nature 603, 427–433 (2022).

6. B. H. Kim, K. Li, J. T. Kim, Y. Park, H. Jang, X. Wang, Z. Xie, S. M. Won, H. J. Yoon, G. Lee,
W. J. Jang, K. H. Lee, T. S. Chung, Y. H. Jung, S. Y. Heo, Y. Lee, J. Kim, T. Cai, Y. Kim,
P. Prasopsukh, Y. Yu, X. Yu, R. Avila, H. Luan, H. Song, F. Zhu, Y. Zhao, L. Chen, S. H. Han,

S C I ENCE ADVANCES | R E S EARCH ART I C L E

Cikalleshi et al., Sci. Adv. 9, eadi8492 (2023) 15 November 2023 12 of 14

D
ow

nloaded from
 https://w

w
w

.science.org at Saarlaendische U
niversitaets- und L

andesbibliothek on A
ugust 01, 2024



J. Kim, S. J. Oh, H. Lee, C. H. Lee, Y. Huang, L. P. Chamorro, Y. Zhang, J. A. Rogers, Three-
dimensional electronic microfliers inspired by wind-dispersed seeds. Nature 597,
503–510 (2021).

7. H. J. Yoon, G. Lee, J. T. Kim, J. Y. Yoo, H. Luan, S. Cheng, S. Kang, H. L. T. Huynh, H. Kim, J. Park,
J. Kim, S. S. Kwak, H. Ryu, J. Kim, Y. S. Choi, H. Y. Ahn, J. Choi, S. Oh, Y. H. Jung, M. Park, W. Bai,
Y. Huang, L. P. Chamorro, Y. Park, J. A. Rogers, Biodegradable, three-dimensional colori-
metric fliers for environmental monitoring. Sci. Adv. 8, eade3201 (2022).

8. F. Wiesemüller, Z. Meng, Y. Hu, A. Farinha, Y. Govdeli, P. H. Nguyen, G. Nyström, M. Kovǎ,
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