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Abstract
Smart agriculture tools as well as advanced studies on agrochemicals and plant biostimulants aim
to improve crop productivity and more efficient use of resources without sacrificing sustainability.
Recently, multiple advanced sensors for agricultural applications have been developed, however
much less advancement is reported in the field of precise delivery of agriculture chemicals. The
organic electronic ion pump (OEIP) enables electrophoretically-controlled delivery of ionic
molecules in the plant tissue, however it needs external power-supplies complicating its application
in the field. Here, we demonstrate that an OEIP can be powered by wind-driven leaf motion
through contact electrification between a natural leaf and an artificial leaf. This plant-hybrid
triboelectric nanogenerator (TENG) directly charges the OEIP, enabling proton delivery into a pH
indicator solution, which triggers visible color changes as a proof-of-concept. The successful
delivery of up to 44 nmol of protons was revealed by pH measurements after 17 h autonomous
operation in air flow moving the plant and artificial leaves. Several control tests indicated that the
proton delivery was powered uniquely by the charges generated during leaf fluttering. The
OEIP-TENG combination opens the potential for targeted and self-powered long-term delivery of
relevant chemicals in plants, with the possibility of enhancing growth and resistance to abiotic
stressors.

1. Introduction

Precision agriculture holds great potential to feed
a growing global population via optimization of
resources management. Leveraging advanced sens-
ing technologies and analytics, farmers might be able
to get detailed and real-time information on the
plant health status, thus leading to increased prof-
itability and more efficient use of resources [1, 2].
Recently, a variety of advanced and low cost sensors
for crop health, soil status, and environmental condi-
tions have been developed [3, 4]. The acquired sensor
data should be converted into actionable responses
to enable fine-tuning of various agricultural opera-
tions, such as watering and application of fertilizers or

plant biostimulants [5, 6]. However, the field of smart
delivery devices for agrochemicals has only started
to emerge recently. The most common conventional
methods for chemicals delivery, i.e. soil application
and foliar spraying, suffer from very low efficiency
and can potentially lead to phyto- and environmental
toxicity [6–8]. Novel approaches for the delivery of
chemicals are evolving. For example, nanoparticle
encapsulation aims to release nutrients/pesticides in
a slow, controlled manner [7, 9, 10]. The smart
nanocarrier systems possess the potential for con-
trolled release of fertilizers and pesticides in response
to customized environmental triggers [11, 12]. The
organic electronic ion pump (OEIP), on the other
hand, enables fine tuning and dynamic control of the
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molecule delivery due to its electrophoretic principle
[13–20]. TheOEIP consists of a delivery channel filled
with an ion exchange membrane (i.e. polyelectrolyte
of opposite charge to the delivered ions) connected
to the source reservoir. Under application of an elec-
tric field, ions from the OEIP source reservoir are
delivered to target tissues [20, 21]. Ion flux depends
on both the concentration gradient and the electric
field, as described by the Nernst–Planck equation.
In electrophoretic drug delivery, the flux, or number
of molecules delivered, is directly related to the cur-
rent, which is proportional to the applied voltage. As
voltage increases, so does the current, driving more
charged molecules across the medium per unit of
time. Therefore, higher voltages increase the number
of molecules that can be delivered in each time period
as long as devices are operated below the limiting cur-
rent range [21, 22]. The delivery of counter-ions is
selective as the transport of co-ions from the target is
highly reduced due to the high-fixed charge concen-
tration of the polyelectrolyte. As the delivery is elec-
tronically controlled, it can be precisely modulated
and triggered by sensor inputs. Particularly in plant
biology, the OEIP was demonstrated to bioelectron-
ically control plant stress response and plant growth
via delivery of phytohormones such as abscisic acid,
auxin and cytokinin [18–20, 23]. However, the OEIP
requires an external power supply, which is a major
issue for its application in agriculture, where low-
cost and portable systems are required. Recently, it
was demonstrated that the OEIP delivery can be self-
powered via piezoelectric energy harvester, that con-
verts body motion in the biomedical applications
[24]. Especially OEIPs used with plants would bene-
fit fromenergy-autonomywithout relying on external
energy sources, reducing dependence on external
power grids or batteries. With advances in sensors,
energy-autonomy and automation, OEIPs could har-
vest energy from the environment (e.g. rainfall, wind)
and automatically trigger the electrophoretic delivery
of molecules based on environmental conditions at
favorable times for plant absorption.

To unlock portable and on-demand OEIP applic-
ations at the plant level, a portable, multisource and
versatile energy source is needed. Here, we employed
the mechanism of contact, or tribo-electrification,
occurring on the surface of plant leaves in combin-
ation with tailored artificial leaves as a point-of-use
energy source for small electronics, e.g. sensors, in
remote environments as presented in detail in pre-
vious studies [25–28]. Energy conversion is achieved
by translating the mechanical energy from passive
motion like fluttering of leaves into transient contacts
between the plant leaf and an artificial leaf made of
silicone elastomers with an internal transparent elec-
trode. The contact events lead to the formation of
static surface charges by the triboelectric effect, and it
was shown that the combination of silicone and plant

leaves enhance the charge formation [28]. Separation
after contact promotes the induction of the charges
into the plant tissue acting as ion-conductive elec-
trode and into the transparent electrode in the arti-
ficial leaf. [25–28] The charges can then be harvested
from the plant tissue and the artificial leaf. Here, our
analysis focuses on driving anOEIPswith such energy
harvesters directly, without further energy storage
and control elements.

We applied the artificial leaves on Ficus altissima
robusta and converted wind energy into electricity to
prove the feasibility to directly power the OEIP. The
functionality of the OEIP powered by the artificial
leaves was demonstrated by delivering protons into a
pH indicator solution of methyl red causing a quant-
itative color change as function of the delivered pro-
ton concentration from yellow (pH above 7) to red
(pH below 6.2). This pH indicator allows qualitat-
ive monitoring of the experiments by the naked eye
and a straightforward quantification of the delivered
protons.

2. Materials andmethods

2.1. Plants preparation and artificial leaf
fabrication
Two small plants of Ficus altissima robustawere selec-
ted to host the artificial leaves due to their large
and mechanically stable leaves and petioles. The
artificial leaves were prepared following the pro-
cedures described earlier [25]. In short, a silicone
layer (500 µm) was glued onto an indium tin oxide
(ITO) coated polyethylene terephthalate (PET) sheet
(200 µm) and laser cut into the desired shape. The
artificial leaf shape was chosen based on the Ficus leaf
size and shape. One artificial leaf per plant was fixed
on the petiole using parafilm. Then, a 0.6 mm gold-
coated pin electrode was inserted in the plant stem,
to harvest charges in the plant tissue and a cable was
attached to the ITO electrode to harvest charges cre-
ated on the artificial leaf as described earlier [25]. To
rectify the AC signal generated by the leaf motion
into a DC signal to drive the OEIPs, a standard diode
bridge (MB4S, Vishay) was used and the OEIP was
directly connected to the + and − outputs. No fur-
ther electrical components were required for proof-
of-concept operation.

2.2. OEIP fabrication
The capillary OEIPs were prepared as previ-
ously described [29], however in this study capil-
laries of smaller inner diameter were applied
(25/150 µm ID/OD). Shortly, the capillar-
ies were sequentially flushed with KOH, 3-
(trimethoxysilyl)propyl methacrylate (10 wt% in
toluene) and ethanol. Afterwards, the capillar-
ies were filled with polyelectrolyte mix containing
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monomer AMPS (50% wt% in DI water, Sigma-
Aldrich), cross-linker polyethylene glycol diacrylate
(molecular weight 575 g mol−1, 2 wt%, Sigma-
Aldrich), the two photoinitiators: 2-hydroxy-4′-(2-
hydroxyethoxy)-2-methylpropiophenone (Irgacure
2959; 0.5 wt%, Sigma-Aldrich) and Lithium phenyl-
2,4,6-trimethylbenzoylphosphinate (LAP, 0.5 wt%,
Sigma-Aldrich). The monomers in the capillaries
were photo-polymerized for 138 min using a pho-
toexposure box with blue light DULUX L BLUE 18
(Osram, Sweden). The capillaries were trimmed into
∼1 cm long sections that were attached to tubing,
that serve as the reservoir for the source electrolyte.

2.3. OEIPmediated H+ delivery
The OEIP reservoirs were filled with 0.1 M aqueous
HCl. The delivery tip was immersed in the target
electrolyte (30 µl) that consisted of the pH indic-
ator methyl red (2.5 mM; Sigma-Aldrich) and 0.01M
KCl (Sigma-Aldrich). The OEIP was loaded with H+

ions by applying constant current of 100 nA with a
Keithley 2602 source-meter, using two Ag/AgCl elec-
trodes. Once the device was loaded, the artificial
leaves were attached as described above to supply the
voltage for the OEIP-mediated H+ delivery. The H+

delivery triggered color changes of the pH indicator
from yellow to red at pH below 6.2. Every experiment
was typically repeated 3 times thus yielding 3 data-
points for analysis.

2.4. Quantification of H+ and K+ concentration in
the target electrolyte
The delivered H+ concentration was determined
using pHmeter (Orion 211, Thermofisher)with aH+

or K+ half-cell Ion Selective Electrode (Mini 4.6; NT
Sensors, Spain) and a reference electrode (Ag/AgCl).
The measured [H+] concentrations were adjusted to
account for dilution and volumes losses duringmeas-
urements. To analyze the colorimetric changes in the
methyl red due to the H+ delivery, the photometric
spectrum of the target solution was acquired using
Nanophotometer NP80 (Implen, Sweden). The pH
meter was calibrated each day before the measure-
ment, enabling quantitative assessments. The spec-
trophotometer was also calibrated but due to a fast
bleaching of the methyl red after H+ delivery, these
results could be analyzed only in a qualitative man-
ner. The potassium ion-selective electrode lacks cal-
ibration, thus results were only treated as indication
that K+ were delivered.

3. Results & discussion

The artificial leaf was realized in a three-layer struc-
ture consisting of a 200 µm PET base layer, fol-
lowed by a∼0.1 µm ITO layer acting as internal elec-
trode, coated with a 500 µm silicone layer as reported
earlier [28]. The key characteristic for energy harvest-
ing is the silicone layer, as the material is known to

enhance the creation of surface charges during tran-
sient, wind-driven contacts with plant leaves [28].
Charges are induced into the internal electrode when
leaves separate during flapping motion.

The artificial leaves were fixed on plants of Ficus
robusta altissima and exposed to continuous air flow
supplied from a laboratory fan, simulating wind
(figure 1), to generate power for the OEIP-mediated
H+ delivery. Every wind-driven contact of the artifi-
cial leaf produces charges on both surfaces, the sur-
face of the natural and artificial leaf, while every sep-
aration leads to charge separation and electrostatic
induction of the charges of opposite polarity in the
artificial leaf electrode and inner ion-conductive tis-
sue, respectively, thus creating an alternating current
[25]. To harvest these charges, an electrode was con-
nected to the artificial leaf and a 0.6 mm gold-coated
pin electrode was inserted into the tissue of the plant
at the stem. The two electrodes produce alternating
current signal and were thus connected to a bridge
rectifier external to the tissue to generate a direct cur-
rent driving the OEIP.

Figure 2(a) gives an overview of the charges gen-
erated by an artificial leaf with a Ficus robusta at two
different wind speeds (voltage and current signals
under same conditions are given in supplementary
figure 1). The mean amplitude of the charge peaks
is 16.7 ± 4.8 nC at 2.4 m s−1 and 27.0 ± 4.5 nC at
3.3 m s−1, respectively. Moreover, an 69% increase of
the frequency of the peaks is observed (∼100 peaks
2.4 m s−1 and 169 peaks at 3.3 m s−1) due to aug-
mented vibrations at higher wind speeds. The sig-
nal amplitude and frequency are expectedly wind
speed dependent as also previously shown for similar
systems [25, 27].

Figure 2(b) presents the characteristic rectified
current and voltage output of two artificial leaves used
for powering OEIPs, each consisting of the plant with
a single artificial leaf each under the experimental
conditions: a wind speed of 3.3 m s−1, a temperat-
ure of 21 ◦C, and 17.2% relative humidity, details are
given in supplementary figure 2. These are realistic
conditions that would likely occur also in an outdoor
environment. The daily mean wind speeds in Europe
are typically below 3–4 m s−1 especially on lower
heights (e.g. 10 m above ground level) and leaves
show significant motion already at 1 m s−1 [27].
In previous work, a mechanical-to-electrical energy
conversion efficiency of up to 0.14% has been repor-
ted for a similar triboelectric system using contact
between leaf and silicone elastomer [26]. Factors like
the effective contact area, the impact force, the envir-
onment (e.g. wind speed and humidity) affect the
energy conversion efficiency thus we kept the envir-
onmental conditions constant to focus our experi-
ments on the proof-of-concept of driving the OEIP.

It was observed that the current and voltage out-
put remained comparable between the two plants.
For the plant with artificial leaf 1, the median of
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Figure 1. Overview of the organic electronic ion pump (OEIP) powered by the plant-hybrid triboelectric generator harvesting
energy from the leaf motion in wind. The operation is divided into three panels: (left panel) conversion of the wind energy into
electricity using plant and artificial leaf motion; (middle panel) rectification of the AC output of the energy harvesting to promote
efficient delivery to target electrolyte; and (right panel) proof-of-concept delivery of protons to the pH indicator target through
the use of OEIP.

the instantaneous current peaks is 164 nA and the
median of the voltage peaks is 12 V. To obtain an
estimate of the peak power, we multiplied the medi-
ans (Ppeak = Vpeak, median × Ipeak, median) resulting in
1.97 µW. For the plant with artificial leaf 2, the
instantaneous current peaks have amedian of 120 nA,
the voltage peaks of 26 V (peak power estimate of
3.12 µW), as given in figure 2(b). The average power
was estimated instead using the root mean square
(RMS) of current and voltage signals resulting in
0.21 µW and 0.59 µW for plants with artificial leaf 1
and 2, respectively. Further analysis of power outputs
of similar plant-hybrid harvesters as function of wind
speed, artificial leaf design, contact area, has been
reported earlier [25, 27]. The observed variations of
the estimated peak power within less than an order of
magnitude are expected due to the natural differences
in the plant structure, the leaf size and shape, and the
complex dynamic conditions when actuated in wind.

As the alternating contact and separation motion
creates an AC voltage, typical for triboelectric gener-
ators (see inset in figure 1), the signal was rectified
using a standard diode bridge rectifier as the neg-
ative voltage peaks would otherwise drive cations in
the OEIP backflow, i.e., deliver from the target to the
source electrolyte. As such, cation delivery (here: H+)
from the source electrolyte to the target electrolyte at

each positive voltage peak is expected and accordingly
observed as described later.

The rectified current is then used to power the
OEIP via Ag/AgCl electrodes as connections. To char-
acterize and verify the functionality of the assembled
OEIP devices, the resistancewhendeliveringH+ from
the source electrolyte to the methyl red target was
measured. For applied constant current of 100 nA,
the devices had stable voltage characteristics with
an average voltage between 0.4 and 0.7 V therefore
confirming the device operation and H+ delivery
(figure 2(c)).

Next, the OEIPs were powered for several hours
in continuous operation using the artificial leaf as the
only power source at an air flow of∼3.3 m s−1. After
7 h of operation (figure 3(a); orange squares) and
OEIPH+ delivery, a red cloud close to the delivery tip
started to become visible, signifying that protons have
been delivered through the capillary and triggered a
local pH decrease in the target solution (photos in
figure 3(a)).

The concentration of the delivered H+ ions was
analyzed with a pH meter (figure 3(b)) and (a) spec-
trophotometer in parallel in order to determine the
triggered colorimetric changes. The ratio of the yel-
low to red absorption peak is given in figure 3(a). It
was observed that after the delivery, the protonated
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Figure 2. Charge formation and characteristics of plant-hybrid generators for powering the OEIPs. (a) Charges generated by an
artificial leaf installed on a Ficus robusta at two different wind speeds (Amean indicates the mean amplitude of the charge peaks),
current and voltage signals are given in supplementary figure 1. (b) Rectified current and voltage signals of the two plants with
artificial leaves 1 and 2 used to power the OIEPs and (c) box plots summarizing peak current and voltage signals. The boxplot top
and bottom edges indicate the 75th and 25th percentile, respectively; the midline in the box identifies the median; the error bars
indicate the minimum and maximum values while the ‘+’ symbols represent the outliers. (c) Voltage characteristics of OEIPs
when sourcing constant current of 100 nA during the delivery of H+ to methyl red target electrolyte; different colors indicate
same devices characterized after different experiments.

Figure 3. Artificial leaf triboelectric nanogenerator powers OEIP-mediated H+ delivery (wind speed of 3.3 m s−1, T= 21◦C, RH
17.2%). (a) Analysis of the colorimetric changes of the pH indicator after the experiments as the ratio of the absorbance bands at
550 nm (red) and 430 nm (yellow). At the bottom, pictures of the solutions at the end of the delivery for each class. (b) Number
of moles of delivered H+ to methyl red pH indicator determined using pH meter. The dashed line indicates the theoretical
delivery estimated using the extrapolated charges generated in 17 h by the plant-hybrid generators (average of artificial leaf 1 and
2). In both graphs, each symbol represents a single sample; typically, three experiments were carried out for each experimental
condition.

methyl red bleaches quickly (supplementary figure 3),
thus spectrometric analysis serves only as a qualitative
indication. Yet, the H+ concentration measured with
the pHmeter gave stable and quantitative indications.
After 17 h of continuous wind energy conversion

and charge transfer to the OEIPs, significant color
changes were observed, turning the solutions from
yellow to pink/red. Moreover, the pH measurements
(pink squares) indicated delivery of up to 44 nmol of
H+ confirming the operability of the OEIP with the
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artificial leaf. The amount of the delivered H+ during
7 h triboelectric nanogenerator (TENG)-operation
was too low to affect the resulting pH and absorption
spectrum of the target solution.

The electrophoretic velocity v= µE of the
delivered molecules is proportional to the electric
field with the strength E= V/d, where V is the
voltage, d the distance between the electrodes, and
µ is the electrophoretic ion mobility (depends on
the molecule’s charge, size, and the medium). As the
voltage increases, the electric field strength increases,
leading to a proportional increase in the speed of
molecular movement. Assuming a mobility of pro-
tons in water of 3.6 × 10−7 m2 V s−1 (at 25 ◦C), an
RMS voltage of 5.5 and 19 V (artificial leaf 1 and 2,
respectively), and an electrode distance of 0.02m, this
results in v of 10−4 and 3.4× 10−4ms−1, respectively.

To estimate the system efficiency, we have determ-
ined the charge delivered by both plants (with artifi-
cial leaf 1 and 2, respectively) as integral of current–
time plot (figure 2(a)) over the 1000 s and extrapolat-
ing results to 17 h delivery. This results in 0.0012 C
and 0.001 C (plants with artificial leaf 1 and 2,
respectively). In the ideal case, each generated charge
could enable the OEIP-mediated delivery of one H+.
Dividing the extrapolated charge by the Faraday con-
stant, 96 485 C mol−1, theoretically, 12.4 nmol and
10.4 nmol delivery could be expected during 17 h of
TENG operation for plants with artificial leaf 1 and
2, respectively (dashed line in figure 3(b)). Indeed,
wemeasured that the TENG-poweredOEIP delivered
17.8 ± 23.5 nmol of H+ ions, matching well the the-
oretical values. The system delivered even more H+

(44 nmol in one case) than predicted indicating that
extrapolation and restrictions in current sampling
frequency may not fully capture current peaks, omit-
ting charges available for ion transfer. Furthermore,
alternating current peaks may facilitate enhanced
H+ delivery even at zero-current intervals, driven
by the steep H+ concentration gradient between
the target electrolyte and the H+-loaded OEIP
membrane.

The variation in the obtained results could be
related to natural differences in leaf sizes and shapes,
which lead to variations in the harvested energy [30],
for example, due to a variation in the effective con-
tact area resulting in slightly differing delivery char-
acteristics, while remaining acceptably reproducible
for our proof-of-concept study. Elevating charge gen-
eration by maximizing factors such as contact area
through artificial leaf design [27] could be strategies
to further improve the systems.

To verify whether the delivery of protons was
a result of the current produced by the artificial
leaves, several control experiments were performed.
The contribution of a potential H+ diffusion leak-
age from the source electrolyte was evaluated by set-
ting up the system in the same manner but discon-
necting it from the energy harvester (yellow triangles

in figures 3(a) and (b)). After 17 h, the target solu-
tions were still yellow, and the pH was 8 as in the
untreated methyl red, indicating that no protons had
been delivered through a leakage.

A second control experiment was performed
to determine whether electric field-enhanced water
splitting contributed to the H+ increase, as the artifi-
cial leafmay generate sufficient voltages, of up to 40V,
which could lead to side reactions [21]. To test this
hypothesis, the OEIPs were connected to the artifi-
cial leaf exposed to air flow, but the source electro-
lyte was KCl instead of HCl. If water splitting was
indeed taking place, then the resulting protons would
be generated in the KCl solution and turn the target
solution pink. Yet, when the OIEPs were operated for
17 h with KCl as source electrolyte neither a color-
imetric change, nor a pH change of the methyl red
target were observed confirming that H+ generation
through water electrolysis did not occur under these
conditions. Instead, in two independent experiments
the K+ delivery was confirmed via K+ ion select-
ive electrode that showed the voltage increase from
48 mV to 68 and 72 mV.

A third control experiment was performed to
evaluate a potential effect of noise caused by radiofre-
quency radiation (RF). The reason behind this con-
trol is that plants may act as receiving antennas that
can absorb and harvest RF energy from the envir-
onment. Using a similar circuitry, as in our experi-
ments, it has been reported to be able to charge capa-
citors independent of exposure to wind [26]. Thus, a
subset of experiments was replicated inside a Faraday
cage (current and voltage characteristics are repor-
ted in supplementary figure 4), while the remaining
experiments were carried out without shielding the
plant from the RF noise of the laboratory environ-
ment. The results given in supplementary figure 5
(and indicated with the tag ‘wind only’) show that
the number of protons delivered in air flow in the
Faraday cage is very similar compared to the exper-
iments conducted in air flow outside the electric field
shielded zone. As a further proof, OEIP devices were
connected to a plant that was not exposed to an air
stream (no leaf movement), outside of a Faraday cage
and with all the electrical equipment in the laborat-
ory that could cause RF noise switched on. The tar-
get solutions, indicated with the label ‘RF only’, did
not show any color change even after 17 h, thus the
delivery of protons is considered insignificant or very
low. As such, the evaluation of the influence of RF on
the outcome excluded a significant contribution of RF
energy under the experimental conditions.

These results confirm that the TENG-powered
OEIP enables significantly higher H+ ion deliv-
ery than all control tests described below, validat-
ing autonomous powering and ion transport with a
single leaf at a wind speed of 3.3 m s−1. As men-
tioned above, the ion delivery depends on power out-
put and charge quantity, which is a function of the
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artificial leaf ’s energy conversion efficiency, and para-
meters like wind speed, effective contact area, and
environmental conditions. A detailed comparison of
the power output of plant-hybrid energy harvesters,
based on the same mechanism, with other energy
harvesters and the energy consumption of electron-
ics can be found in the literature [26, 27]. In com-
bination with the OEIP, only a bending-operated
piezo electric energy harvester has been used before
in a biomedical context (output voltage of 170 V,
short circuit current 1.9 µA, peak power 300 µW)
[23]. Importantly, our system can directly convert
wind-induced passive leaf fluttering into electricity
using relatively simple materials, unlike bending-
driven harvesters. Even when achieving only 2–3 µW
peak power, this is enough to power the OEIP with a
single leaf. Moreover, our system is less complex and
does not use an energy storage and control circuit but
uses the charges directly.

The molecular delivery through the OEIP is fully
driven by wind and is tailored to activate the deliv-
ery unit during sufficient wind which means on the
other hand that delivery in still air is limited. This
could be overcome by energy storage solutions and
microcontrollers with additional power consump-
tion, but other factors should be considered as well,
e.g. that plant transpiration, photosynthesis and other
physiologically relevant traits are affected by wind
which could create situations that may be beneficial
for simultaneous delivery of specific molecules.

A clear advantage over other wind energy harvest-
ing systems is that the plant itself provides the mech-
anical structure to convert wind into electrical energy,
reducing material costs and installation efforts. The
transparent, soft artificial leaf is a minimal addition
to the natural system and does not harm the plant or
interferes with photosynthesis, further details in [25–
28]. Moreover, the artificial leaves could be further
advanced by systems capable to convert rain drops
into electricity to further increase and diversify the
power generation capability [31].

4. Conclusions

This work demonstrates that an ionic delivery device
can be powered by harvesting the leaf motion energy
using the triboelectric effect and minimal circuitry
(only wires and a diode bridge). The OEIP effectively
transports molecules autonomously from a source to
a target electrolyte, utilizing the intermittent current
peaks that accumulate ions over time. Several con-
trol tests were performed to ensure that the deliv-
ery of protons was powered solely by the wind-driven
leaf motion. Future studies should also evaluate the
long-term outdoor performance and power metrics
of these systems.

This artificial leaf-powered OEIP system can
operate autonomously usingwind, andholds promise
for delivering advantageous molecules to plant tissue,

such as plant hormones or biostimulants, to enhance
nutrient efficiency, stress tolerance, or crop quality
and yield. Expanding this design to include addi-
tional circuit components or customized software,
as demonstrated in prior work [31], could enable to
trigger delivery under specific conditions, broaden-
ing potential application scenarios. With straightfor-
ward modifications [31], this system could be also
coupled with other environmental energy sources,
such as rain.
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