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Abstract. Plants have evolved diverse strategies to survive and thrive in competitive natural environments. Their
behaviours and mechanisms provide a rich source of inspiration for the design of innovative robots and have at-
tracted growing attention from the robotics community over the past decades. Corresponding to the typical plant
life cycle, this review introduces a new framework that categorizes plant-inspired robots into two main groups,
i.e. robots inspired by on-plant and off-plant behaviours. Theoretically, all plant-inspired robots can be covered
in this categorization framework. On-plant behaviours refer to movements exhibited by plants as monolithic
living systems, and four categories of robots inspired by corresponding on-plant behaviours, including growth,
gripping, trapping, and other specialized behaviours, are discussed. Off-plant behaviours involve movements of
both parent plants and detached parts for seed dispersal. Robots inspired by three types of off-plant behaviours
(wind dispersal, ballistic dispersal, and humidity-driven self-locomotion of seeds) are reviewed in detail. Fur-
thermore, two conceptual research directions are proposed for the long-term development of the plant-inspired
robots: (1) natural plant optimization re-inspired by robotics based on synthetic biology and (2) the develop-
ment of exoplanet robots inspired by plant survival strategies. Due to their unique advantages, such as structural
compliance, low cost, eco-friendliness, environmental adaptability, and responsiveness to stimuli, plant-inspired
robots show application values in agriculture, biomedicine, environmental monitoring, and beyond. More ad-
vanced plant-inspired robots are expected to emerge in the upcoming future along with expanding knowledge of
plant biology and growing research interest, which enables this review to be continuously refined and expanded.

1 Introduction

Plants, categorized within the kingdom Plantae among eu-
karyotes (Cavalier-Smith, 1998), occupy about 80 % of the
biomass across all taxa on Earth (Bar-On et al., 2018). They
feature the ability to transfer solar energy into chemical en-
ergy stored in carbohydrates through photosynthesis, adopt-
ing only water and carbon dioxide as substrates and releasing
oxygens at the same time in this procedure. Plants thus serve
as the material and energetic foundation of the entire terres-
trial ecosystem on the global level (Chapin et al., 2011). In

order to survive and thrive in the extremely complex, unpre-
dictably dangerous, ever-changing, and highly competitive
natural environments, plants have developed diverse strate-
gies over approximately 460 million years of evolution (Koch
et al., 2009) to effectively interact with and adapt to the am-
bient environments. They exhibit optimized structural archi-
tectures which are constructed with just four basic building
blocks: cellulose, hemicellulose, lignin, and pectin (Gibson,
2012).

At the macroscopic level, hierarchically arranged ligni-
fied tissues (e.g. xylem) enable plants to achieve enhanced
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mechanical performance (Gao et al., 2022; Kretschmann,
2010) while efficiently acquiring resources such as light
and water. Trees are representative examples that withstand
both substantial static loads (e.g. branch weight) and signif-
icant dynamic stresses (e.g. wind) by developing adaptive
growth strategies, such as the formation of reaction wood.
These macroscopic structures provide valuable inspiration
for structural design in both engineering (Niklas, 1992) and
scientific research (Dixit and Stefañska, 2023; Ma et al.,
2025; Bastola et al., 2021). At the microscopic level, intri-
cate microstructures and surface patterns endow certain plant
surfaces with functional properties (Wijerathne et al., 2025;
Koch et al., 2009), such as superhydrophobicity (Yoo et al.,
2022; Feng et al., 2002), super-wettability (Wen et al., 2015),
reversible attachment (Fiorello et al., 2021; Fiorello et al.,
2020), and directional liquid transport (Chen et al., 2016;
Chen et al., 2018; Meng et al., 2014). These features con-
tribute to plant survival and strengthen their ecological com-
petitiveness. Moreover, such microstructures have inspired
the development of smart surfaces with tailored function-
alities to achieve improved performance across diverse ap-
plication domains (Li et al., 2023b; Pimpale et al., 2025),
including anti-icing technologies for aeroplanes (Lv et al.,
2014), self-cleaning medical devices (Chen et al., 2025a),
and water-harvesting strategies in arid regions (Pan et al.,
2016; Jalali et al., 2022), among others.

In addition, plants typically exhibit topological (Godin and
Caraglio, 1998; Mandelbrot, 1983) and modular (Xu et al.,
2006) architectures, whereby growth is realized through
the repetition of basic modules across multiple hierarchical
levels and spatial gradients. These characteristics underpin
plants’ remarkable regenerative capacity (Birnbaum and Al-
varado, 2008), enabling them to recover functional integrity
after partial damage (Fenner, 2000). This regenerative ability
constitutes an adaptive survival strategy against environmen-
tal disturbances. The structural topology and modularity of
plants have also attracted broad interest across diverse disci-
plines, including biology, architecture, geometry, mathemat-
ics, computer science, and art. Notably, plants communicate
both above ground (Shen et al., 2023) and below ground
(Guerrieri and Rasmann, 2024) via chemical and physical
signals (Bolnick et al., 2018), either directly with neighbour-
ing plants or indirectly through symbionts such as mycor-
rhiza, endophytic fungi (Shen et al., 2023), and dodder (Shar-
ifi and Ryu, 2021; Ochola et al., 2021), to exchange informa-
tion on environmental threats and resource availability.

Anchored to the ground or attached to hosts, plants can-
not relocate or escape from external threats. Their behaviours
are generally slow, subtle, and highly localized, making them
distinct from animals, which can move freely and respond
rapidly. Therefore, animals have received greater attention
than plants in robotics research (Hedley, 2025; Chen et al.,
2025b). Nevertheless, plants have evolved diverse survival
strategies, ranging from slow to rapid and even furious mo-
tions (Forterre, 2013), across different life stages in response

to environmental changes and stimuli. Beyond the generally
slow growth of plants, some species exhibit rapid actions for
purposes such as trapping prey (Forterre et al., 2005; Sachse
et al., 2020; Miranda et al., 2021), pollination (Findlay and
Findlay, 1975; Zhang et al., 2022a), seed dispersal (Kaya-
han, 2024; Hayashi et al., 2009), and self-protection (Ahmad
et al., 2012; Volkov et al., 2010). These motions, whether
slow or rapid, primarily result from water absorption and
transport (Mazzolai, 2016). The diverse survival strategies,
adaptive behaviours, and corresponding structures of plants
provide a rich source of inspiration for the development of
advanced robots.

In recent years, increasing attention has been paid to plants
in the field of robotics (Xu et al., 2021; Rabaux and Jérôme,
2025; Chen et al., 2025b). Compared with animal-inspired
robots, plant-inspired robots exhibit unique characteristics
such as growth-driven development (Hawkes et al., 2017;
Del Dottore et al., 2024; Mao et al., 2024), environmental
adaptability (Luo et al., 2023; Fiorello et al., 2024), and mor-
phological diversity (Ren et al., 2021; Jeong et al., 2024).
These features confer functional advantages, including green
energy harvesting (Yan et al., 2022), high flexibility in con-
fined spaces (Hawkes et al., 2017; Del Dottore et al., 2024;
Mao et al., 2024), low-cost mass deployment (Luo et al.,
2023; Fiorello et al., 2024), biodegradability (Luo et al.,
2023; Fiorello et al., 2024), and physical intelligence (Feng
et al., 2025; Speck et al., 2023; Segundo-Ortin and Calvo,
2022). These advantages make plant-inspired robots particu-
larly suitable for applications in open and wild natural envi-
ronments where direct interaction with the environment is re-
quired. Moreover, by transmitting force, motion, and energy
through elastic deformations of flexural parts, both whole
plants and their detached parts function as compliant mecha-
nisms (Howell, 2012; Liang et al., 2021). Due to the unique
advantages, including flexibility, monolithic structures, low
or no assembling complexity, reduced mass, and low cost,
compliant mechanisms are ideal structural solutions for repli-
cating plant behaviours in both science and engineering fields
(Poppinga et al., 2020, 2016).

Plant-inspired robots have been reviewed and summarized
in the literature. However, some reviews about these multi-
disciplinary studies focus mainly on the technical (Ren et al.,
2021; Xu et al., 2021) or material (Chen et al., 2023b) per-
spectives, while others address either a limited number of
representative examples (Speck et al., 2023; Speck et al.,
2022) or specific organisms of plants (Chen et al., 2025b)
in a fragmented manner. A systemic review of plant-inspired
robots from the perspective of typical plant life cycles is still
missing. In addition, the rapidly increasing number of plant-
inspired robots reported in recent years calls for such a sys-
tematic review.

In this review, we analyse and categorize plant-inspired
robots reported in the literature into two branches, robots
inspired by on-plant behaviours and robots inspired by off-
plant behaviours, based on the typical life cycle of plants
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Figure 1. Life cycle of plants and categorization of plant-inspired robots according to on- and off-plant behaviours.

(Walbot and Evans, 2003). On- and off-plant behaviours are
defined as follows:

– On-plant behaviours refer to motions performed by in-
tact plants as monolithic living systems, typically occur-
ring during stages such as germination, growth, flower-
ing, and fruiting.

– Off-plant behaviours encompass the motions of seeds
after detachment, along with seed-dispersal-related mo-
tions. These behaviours occur only in the seeding stage.

The essence of all these plant behaviours lies in their
strategic adaptions to environmental conditions, enabled by
specific structural morphologies that support survival and re-
production. In robotics research, such adaptability of plants
has been successfully replicated to develop diverse plant-
inspired robots exhibiting functions such as tip-based exten-
sion, object gripping, flying, shooting, and self-locomotion.
This remarkable environmental adaptability of plants will
also inspire the design and development of new robots capa-
ble of dynamically interacting with the physical world. The
overall plant life cycle and the corresponding categorization

of plant-inspired robots are illustrated in Fig. 1. In princi-
ple, all plant-inspired robots can be encompassed within this
classification framework.

The remainder of this review is organized as follows.
Section 2 introduces plant-inspired robots developed that
mimic on-plant behaviours, structured into four sub-sections.
Robots inspired by the off-plant behaviours are analysed and
presented in Sect. 3. Section 4 outlines two conceptual devel-
opment directions of plant-inspired robots in the long-term
future. In the last section, conclusions are drawn.

2 Robots inspired by on-plant behaviours

A plant generally functions as a monolithic mechanism
throughout most of its lifetime until the seeding stage, as
indicated in Fig. 1. Its primary functions are achieved ei-
ther through growth, which is driven by cell proliferation
and osmotic actuation (Forterre, 2013; Cosgrove, 2005), or
through elastic deformations of flexural structures. On-plant
behaviours refer to movements and responses exhibited by
each plant as a whole organism. Typical examples include
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Figure 2. The schematic figure of tip-based growth of plant roots
and vines and application inspirations in aeroengine maintenance.

growth, gripping, and trapping behaviours, as well as other
motion strategies. A detailed discussion on these behaviours
and their corresponding plant-inspired robots is provided in
the following sub-sections, and they are summarized in the
summary sub-section.

2.1 Robots inspired by growth behaviours

All plants grow in order to secure sufficient environmental
space and survival resources such as light, water, nutrients,
and pollinators. Typically, plant roots and vines elongate ex-
clusively at their tips, where new materials are added with-
out displacing the previously formed body. This tip-based
growth strategy benefits plants by minimizing the energy
consumption during body extension in a complex natural en-
vironment due to the dramatically reduced friction and in-
ertial resistance (Bianchi et al., 2023; Blumenschein et al.,
2020). It provides the design inspiration of continuous vine-
and root-like robots capable of navigating constrained and
unstructured environments for detection and operation (Blu-
menschein et al., 2020; Coad et al., 2020), a task that remains
challenging for many other robotic systems. The tip-based
growth of plant roots and vines, along with its application in-
spiration in aeroengine maintenance, is schematically illus-
trated in Fig. 2.

Plants achieve tip-based extension by polymerizing cell
wall components, primarily cellulose, at the growing tip to
build solid structures (Gu and Nielsen, 2013; Hausladen
et al., 2022). Inspired by this principle, vine- and root-like
robots extend their bodies by continuously adding materials
at the tips, using various approaches. A representative ex-
ample is the everting vine robot, which achieves tip-based
extension through pressure-driven eversion of flexible, thin-
wall vessels (Blumenschein et al., 2020). Its typical structure
consists of a pressurized hollow support body with a thin skin
that progressively turns inside-out under the pressure actu-
ation, subsequently building new body material at the tip.

The actuation pressure can be pneumatic (Li et al., 2021b;
Hawkes et al., 2017) or hydraulic (Luong et al., 2019), de-
pending on the application scenarios. Similarly to natural
vines and roots of plants, these robots typically represent
flexibility in two folds: (1) compliance of the structural ma-
terials and (2) functional adaptability responding to complex
environmental conditions.

Navigation performance of the everting vine robot in con-
fined and tortuous environments relies on accurate steering
control of the tip over long distances. This is achieved by
bending the cylindrical body toward the desired direction
through asymmetric tip elongation (Hawkes et al., 2017).
Reported structural solutions for steering include electro-
magnets (Li et al., 2021b), Velcro straps (Bianchi et al.,
2023), latches (Hawkes et al., 2017), and pneumatic artifi-
cial muscles (Greer et al., 2019; Greer et al., 2018; Kübler
et al., 2024) and tendons (Berthet-Rayne et al., 2021; Na-
clerio et al., 2021; Do et al., 2020). Similarly to the environ-
mental adaptability of plants, pressure-actuated everting vine
robots can navigate in air (Coad et al., 2020), water (Luong
et al., 2019), or soil (Naclerio et al., 2021). In subterranean
conditions, however, large drag forces pose one of the ma-
jor challenges for everting vine robots. Instead of adopting
circumnutation strategies like plant roots (Del Dottore et al.,
2018; Wooten and Walker, 2018), Naclerio et al. proposed
a novel solution of tip-based airflow method to reduce drag,
based on the physics of granular intrusion (Naclerio et al.,
2021).

Addictive manufacturing technology provides an alter-
native solution for tip-based extension. 3D printers, based
on common techniques such as photopolymerization (Haus-
laden et al., 2022) and fused deposition modelling (FDM)
(Del Dottore et al., 2024; Sadeghi et al., 2017), can be em-
bedded at the robot tip to facilitate continuous tip-based
growth. For instance, Hausladen et al. (2022) and Kayser
et al. (2018) utilized UV-curing resin for photopolymeriza-
tion in their studies, while Sadeghi et al. (2017) and Dot-
tore et al. (2024) realized tip-based extension using polylac-
tic acid (PLA) filament as structural material for the FDM
method. Moreover, the introduction of fibre-reinforced com-
posites (FRCs) into tip-extension robots has further enhanced
their mechanical properties (Kayser et al., 2018). Directional
steering in 3D-printed tip-extension robots is achieved by
creating an asymmetry along the tubular axis through dif-
ferential material deposition. However, due to the integra-
tion of electronic components within the printing module,
waterproofing must be carefully addressed before deploying
such robots underwater, in contrast to prior demonstrations in
air (Del Dottore et al., 2024; Hausladen et al., 2022; Kayser
et al., 2018) and in soil (Sadeghi et al., 2017).

In addition, vine- and root-like robots with growth ca-
pability can also be realized through a tunable stiffness
mechanism. Mao et al. developed a millimetre-scale tip-
extension robot that achieved tip-based elongation by al-
ternately adjusting the stiffness of two mutually contained
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structural pipes under programmable magnetic fields (Mao
et al., 2024). In the tip-extension robotic arm developed by
Yan et al. (2019), tip-based growth was achieved by well-
designed purely mechanical mechanisms which converted
fluidized segment chain into a rigid structure. The bending
direction of the robot was controlled via a steering gear. Tun-
able stiffness endowed such robots with intrinsic retractabil-
ity, a feature absent in plants and difficult to achieve in tip-
extension robots based on 3D printing technologies.

Plants can detect and respond to environmental stimulus.
Similarly, sensing capability is fundamental for tip-extension
robots to navigate complex environments and successfully
accomplish tasks. Various sensors are integrated into these
robots to provide information for steering control, with cam-
eras frequently used for real-time visual imaging (Coad et al.,
2020; Maur et al., 2021). Assisted by sensors and steering
control algorithm (El-Hussieny et al., 2020; Greer et al.,
2020), tip-extension robots can detect and respond to exter-
nal stimulus such as light, gravity, humidity, temperature, and
mechanical loads (Sadeghi et al., 2016; Del Dottore et al.,
2024), thereby enabling tropic-like movements. In addition
to commercial sensors, customized sensing solutions have
been developed for better integration with vine- and root-
like robots. For example, gravity and acceleration percep-
tion can be achieved using liquid metal circuits (Chen et al.,
2024), which allow self-regulation of soft robots without tra-
ditional electronics. Furthermore, the ability to sense inter-
actions with surrounding objects is essential for root-/vine-
inspired robots. Lucarotti et al. demonstrated a method to
distinguish bending shapes and detect interaction forces in
a soft robot by applying two capacitive tactile elements (Lu-
carotti et al., 2015).

Tip-extension robots inspired by the growth behaviours
of plant vines and roots are particularly suitable for nav-
igating and exploring constrained, tortuous, and cluttered
environments. Reported applications include transluminal
surgery (Mao et al., 2024; Berthet-Rayne et al., 2021), search
and rescue (Maur et al., 2021), environmental monitoring
(Sadeghi et al., 2016; Naclerio et al., 2021), and space ex-
ploration (Naclerio et al., 2021). Tip-extension robots based
on 3D-printing technologies demonstrate enhanced mechan-
ical strength and durability and can further enable on-site au-
tonomous construction of complex structures (Kayser et al.,
2018; Del Dottore et al., 2024).

2.2 Robots inspired by gripping behaviours

Tendrils act as powerful tools for some climbing plants (Dar-
win, 1875a), such as Cucumis sativus (cucumber) (Gerbode
et al., 2012), Mandevilla cf. splendens (Naselli et al., 2024),
Passiflora discophora (Klimm et al., 2024), and Dioscorea
bulbifera (Cheng et al., 2021), to anchor themselves and
support their weight while they grow in the wild and un-
structured environments (Meder et al., 2022). Once the ten-
drils attach to an object, they quickly curl round and form a

Figure 3. The schematic figure of plant tendrils and their engi-
neering inspirations with demonstrative application cases (applying
torque and force).

spring-like structure with two opposite-handed helices (Ger-
bode et al., 2012; Goriely and Tabor, 1998), dragging up the
stems. For parasitic climbing plants, such as Cuscuta (Hege-
nauer et al., 2016; Kaiser et al., 2015), they coil around the
host plants using slender twining stems to secure attachment,
occupy the living space, and absorb nutrients via haustoria.
In tendrils, the fibre ribbon is composed of specialized long
cells with cell-wall lignification capability, and it is typically
in a bi-layer structure. As one layer of the ribbon shrinks rel-
ative to the other via cell-wall lignification along the entire
length of the tendril, the tendril coils (Gerbode et al., 2012).
Although tendrils share the same growth behaviours as intro-
duced in Sect. 2.1, we particularly focus on their gripping be-
haviours in the form of bending and spiral twisting motions
in this section. Plant tendrils and their engineering inspira-
tions with demonstrative application cases are schematically
presented in Fig. 3.

Inspired by the coiling motions of plant tendrils for grip-
ping, numerous tendril-like robots have been developed. The
characteristic bi-layer fibre ribbon of natural tendrils offers
a simple yet effective structural method to achieve coil-
ing, and most tendril-like robots reported in the literature
adopt this bi-layer architecture for actuation. Various shape-
morphing modes (e.g. bending, coiling, and spring twist-
ing) can be pre-programmed into bi-layer composites dur-
ing design and fabrication (Cheng et al., 2021; Farhan et al.,
2023; Qing et al., 2024) and are realized through stress dif-
ferentials and anisotropic extrusion between layers under
external stimuli. The available actuation principles vary a
great deal in literature, and they include liquid–gas-phase
transition (Guo et al., 2024), solid–liquid-phase transition
(Meder et al., 2022), thermal expansion (Farhan et al., 2023),
moisture-induced swelling (Cheng et al., 2021), hydraulic
(Qing et al., 2024) and pneumatic pressure (Knospler et al.,
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2024), ion electrosorption (Must et al., 2019), magnetic stim-
ulation (Li et al., 2025), and photo-responsive deformation
(Wang et al., 2016; Li et al., 2025). These designs are gener-
ally soft and monolithic. Alternatively, tendril-like robots can
be constructed with identical modular units connected in se-
ries to coil and grasp objects (Naselli et al., 2024; Yang et al.,
2020). Deformations of individual modules collectively con-
tribute to the final system-level morphology.

A single plant tendril is able to realize multiple deforma-
tion modes. Pursuing this multi-shape morphing capability,
Li et al. developed a tendril-like robot which exhibited re-
versible bending or spiraling motions under an electric/mag-
netic/light coupling actuation (Li et al., 2025). Taking light
with different wavelength bands as stimuli, Wang et al. cre-
ated a soft tendril-like actuator capable of reversible bending
or chiral twisting (Wang et al., 2016). These designs dramat-
ically increase the dexterity of artificial tendrils in complex
environments.

In addition to diverse deformation modes, the stiffness of
natural tendrils increases dramatically when it turns from
fresh to senescent due to the lignification of cell walls, re-
sulting in greater strength and enhanced attachment (Klimm
et al., 2024). To mimic this stiffening phenomenon, Meder
et al. introduced a solid–liquid-phase transition into their bi-
layered tendril-like soft robot, creating stress differentials be-
tween the two structural layers (Meder et al., 2022). Driven
by electric heating, the thermoplastic core melted, which in-
duced the robot to coil. Upon cooling, the core re-solidified,
and the robot stiffened to achieve tighter gripping. Similarly,
Guo et al. employed a heat-powered liquid–gas-phase transi-
tion to simultaneously achieve self-adaptive coiling and sta-
ble grasping of objects in uncrewed aerial vehicle (UAV)
manipulation (Guo et al., 2024). Qing et al. utilized fluidic
pressure in a bi-layered actuator to achieve rapid coiling
and shape locking (Qing et al., 2024). Notably, the stiffness-
hardening feature in some artificial tendrils is reversible
(Qing et al., 2024; Guo et al., 2024), thereby improving
operational flexibility and efficiency, whereas lignification-
induced stiffening in nature is irreversible.

Plant tendrils are highly sensitive to touch and exhibit
thigmotropic responses (Braam, 2005; Zhang et al., 2024b).
Upon attachment, tendrils start to coil. This sensing-driven
behaviour is particularly advantageous for tendril-inspired
robots in practical operations. Yang et al. embedded a fibre-
optic twisting sensor into their tendril-inspired robotic grip-
per to provide critical sensing data, including twining angle,
external disturbance, and physical parameters of the target
object (Yang et al., 2020), to facilitate high-precision manip-
ulation. Similarly, Naselli et al. integrated tactile sensors into
a modular tendril-like robot (Naselli et al., 2024). Based on
well-designed sensor structures and signal-processing strate-
gies, minimized sensing and control effort is achieved in de-
tecting environmental contacts. Beyond structural and func-
tional mimicry, Hong et al. developed a kirigami-based grip-
per with programmable and controllable tendril-like grasp-

ing trajectories (Hong et al., 2023), allowing precise manip-
ulation of diverse objects. This study highlights new perspec-
tives on the advantages of tendril-inspired mechanisms in the
field of robotics.

Characterized by efficient shape-morphing capabilities
and diverse deformation modes, tendril-like robots have
demonstrated potential in deep-sea exploration (Hong et al.,
2023), adaptive gripping under various conditions (Guo
et al., 2024; Li et al., 2025; Yang et al., 2020), and reha-
bilitation assistive devices (Cheng et al., 2021). Moreover,
they can serve as actuation components in the construction
of integrated robotic systems with advanced functionalities.

2.3 Robots inspired by trapping behaviours

Most plants exhibit slow and often imperceptible behaviours,
such as tip-based growth and tendril coiling, as discussed
above. However, in scenarios where the plants interact with
animals (mainly insects), plants have to act as rapidly as,
or even faster than, animals to ensure successful and effi-
cient outcomes. For instance, certain carnivorous plants (e.g.
Dionaea muscipula, Aldrovanda vesiculosa L., and Utric-
ularia) can act rapidly on the microsecond level to ac-
tively trap and capture insects using their specialized leaves,
thereby obtaining essential mineral nutrients.

Dionaea muscipula, also widely known as Venus flytrap,
is a typical example of plants with specialized prey-trapping
capabilities (Darwin, 1875b). Upon conditional stimulation
of mechanosensitive hairs located on the inner surface of the
lobes, the trap closes within about 100 ms (Forterre et al.,
2005). It is noteworthy that the successful closure usually re-
quires two successive stimuli within about 30 s (Burri et al.,
2020). This short-term signal memory and biological timing
relies on changes in cytosolic Ca2+ concentration in cells
(Suda et al., 2020), without the involvement of a nervous
system as in animals. In order to realize repetitive trapping
and reversible operation (Durak et al., 2022), the lobes un-
dergo a rapid closing and slow reopening cycle (Zeng et al.,
2025) where active cells are involved. The rapid trapping is
achieved through snap-buckling of the curved lobes (Forterre
et al., 2005) which can be reasonably interpreted as bi-stable
compliant mechanisms allowing fast transition between open
and closed states. Active cells are not direct actuators for the
rapid closure due to their intrinsic slow nature of swelling
and shrinking mechanisms (Joyeux, 2011), but they mediate
reopening of the lobes by selectively transporting K+ or Cl−

between cell walls, in accordance with the chemical princi-
ple of osmotic pressure equilibration (Joyeux, 2011). This
ion transport gradually establishes a hydraulic pressure dif-
ference between the inner and outer epidermis, causing the
lobes to bend backward and reopen (Sachse et al., 2020).

From the energy aspect, the variation in strain energy con-
tained in the trap lobes during rapid closure is presented in
Fig. 4. The open and closed states of the curved lobes corre-
spond to two local minima of strain energy, which are un-
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Figure 4. Variation in strain energy contained in the trap lobes dur-
ing rapid closure (Zeng et al., 2025; Sachse et al., 2020).

equal in magnitude. The relatively lower strain energy at
the closed state facilitates rapid closure, whereas the higher
strain energy of the open state accounts for the longer reopen-
ing period due to the slow accumulation of a larger stored
strain energy (Zeng et al., 2025).

The Venus flytrap and its rapid trapping behaviours have
attracted increasing attention in the robotic filed (Gong et al.,
2025; Esser et al., 2020; Wang et al., 2023). Robotic flytrap
designs reported in the literature can be broadly classified
into two categories based on their underlying principles to
achieve gripping: (1) structural bi-stability and (2) responsive
material morphologies under external stimuli.

In the first category, bi-stable mechanisms are adopted to
replicate the rapid closure behaviours of Venus flytraps on
the millisecond scale. Compliant mechanisms are particu-
larly suitable due to their advantages of monolithic, sim-
ple structures and the ability to store elastic energy. Lam-
inated carbon-fibre-reinforced prepreg (CFRP) shells are
commonly adopted in such designs (Zhang et al., 2023; Kim
et al., 2014; Zhang et al., 2016; Zhang et al., 2022; Kim et al.,
2011). Thanks to the rapid snap-buckling transition of curva-
ture between two stable states (Wu et al., 2024), these mech-
anisms can naturally grasp the targeted objects. For example,
Lin et al. developed a soft gripper based on bi-stable com-
pliant mechanisms in finger-like shapes (Lin et al., 2021).
This gripper is capable of rapidly detecting and capturing
fast-moving objects such as a thrown baseball. Its flexibility
originates from both the inherent compliance of the CFRP
materials and its capability to adapt to the kinematic charac-
teristics of target objects.

Bi-stability can also be realized through origami-based
mechanisms (Wang et al., 2024a), which are regarded as
a sub-branch of compliant mechanisms (Greenberg et al.,
2011). Zhang et al. (2023) employed an origami-based bi-

stable mechanism as their structural solution for flytrap-
inspired gripper, enabling rapid transitions between sta-
ble states for efficient gripping. The tensegrity structure
also shows bi-stability. Zhang et al. (2024a) leveraged
this bi-stable feature to develop a tensegrity-based flytrap-
inspired gripper, which achieved rapid gripping through
snap-buckling while demonstrating high adaptability, speed,
and stability. To activate these mechanisms, external actua-
tors are required to supply energy and trigger snap-through
across the energy barrier between the two stable states. In
addition to the fast responsive gripping, the pre-stored elas-
tic energy in bi-stable mechanisms also enhances the output
forces and load capacity of flytrap-inspired grippers (Wang
et al., 2020). Reported actuation methods include pneumatic
chambers (Wang et al., 2020; Yang et al., 2023b), elec-
tromagnets (Zhang et al., 2016), and shape memory alloys
(Zhang et al., 2023; Kim et al., 2014).

To date, only bi-stable mechanisms, either fully com-
pliant or rigid–flexible hybrids, have been adopted in the
design of flytrap-inspired grippers. In contrast, there ex-
ist various multi-stable mechanisms with more than two
stable states (Oh and Kota, 2009; Chen et al., 2011) and
diverse, fast stable-state-transferring modes (Liang et al.,
2025). These mechanisms offer novel structural solutions for
next-generation flytrap-inspired robots, enabling rapid snap-
ping among multiple stable states and thereby supporting ad-
vanced functions such as trapping, gripping, or even comput-
ing capabilities.

In the second group of artificial flytraps, the lobe clo-
sure is primarily driven by the stimulus-responsive mor-
phology of materials. The materials or structures are nor-
mally tailored in flytrap-like shapes. Stimulated by exter-
nal disturbance, the artificial lobes bend inwards and subse-
quently grasp the objects. A wide range of actuation methods
has been reported, including pneumatic pressure (Li et al.,
2021a; Tauber et al., 2022), thermal expansion (Duan et al.,
2024), light-induced deformation (Lim et al., 2017; Wani
et al., 2017), and electro-ionic bending (Shahinpoor, 2011;
Li et al., 2023a). In terms of materials, hydrogels are particu-
larly attractive for bio-inspired robotics due to their softness,
stimulus-responsiveness, programmability, and transparency
(Park et al., 2024). For instance, Athas et al. developed an
enzyme-triggered artificial flytrap based on a hybrid hydro-
gel (Athas et al., 2016). Exposure to an enzyme led to the
cleavage of gelatin chains, which in turn induced asymmet-
ric swelling in the multi-layered hydrogel, resulting in in-
ward bending and the grasping of objects. Wei et al. utilized
a tailored thermally responsive hydrogel in their study (Wei
et al., 2022). Upon touch, the multi-layered actuator bent nat-
urally because the generated heat lowered the stiffness of one
layer and removed the restriction imposed on the other pre-
stretched layer.

Due to the stimulus-responsive morphology, these de-
signs intrinsically integrate sensors within the deformable
structures, thereby mimicking the inherent sensing–actuation
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coupling of Venus flytraps. However, their response time
is typically on the order of seconds, which is slower than
the rapid snap-buckling motions of bi-stable designs in the
first group. To overcome this limitation, hybrid flytrap-
inspired designs that combine bi-stable mechanisms with
the stimulus-responsiveness of smart materials are expected.
Owing to their adaptability in shape, structural softness, and
rapid gripping capability, flytrap-inspired robotic grippers
hold promise for applications such as space debris capture
(Zhang et al., 2023; Liu et al., 2022b), fruit harvesting (Gong
et al., 2025), rehabilitation assistance (Duanmu et al., 2025),
and industrial part sorting.

Closely related to the Venus flytrap, Aldrovanda vesicu-
losa L. (waterwheel plant) is a rootless aquatic herb capable
of capturing small aquatic invertebrates with traps similar in
shape to those of Venus flytraps (Poppinga and Joyeux, 2011;
Joyeux, 2011). Unlike the bi-stable buckling of curved lobes
in Venus flytraps, rapid snapping in Aldrovanda is achieved
through kinematic amplification of the bending deformation
of the midrib (Poppinga and Joyeux, 2011). This mecha-
nism is considered a structural adaptation for underwater op-
eration, enabling rapid trapping with reduced fluid distur-
bance and minimal energy dissipation (Poppinga and Joyeux,
2011). Utricularia (bladderworts) represent another genus of
aquatic carnivorous plants with ultrafast trapping capabili-
ties. They are distinguished by their unique trapping method.
The active cells pump water out of the bladder-like trap to
create hydrostatic pressure difference between the inside and
outside of the traps. Driven by the pressure difference, the
trap rapidly ingests the prey along with the surrounding wa-
ter once the lid opens in response to a stimulation signal de-
tected by the sensitive hair. In both species, rapid trapping is
repeatable. The closed traps are automatically reset by active
cells through water transport across cell membranes (Shin
et al., 2024).

These carnivorous plants vividly demonstrate the rich di-
versity of plant mechanisms and structures that enable rapid
motions, even faster than animals in some cases. They con-
tinuously inspire the development of advanced robots with
strong environmental adaptability and rapid responsiveness
to dynamic external stimuli. However, to the best of authors’
knowledge, robotic designs mimicking the rapid trapping be-
haviours and structural principles of Aldrovanda vesiculas
and Utricularia have not yet been reported and remain to be
explored. By contrast, Nepenthes, a well-known genus of car-
nivorous plant (Bauer et al., 2015), relies on a passive trap-
ping mechanism without rapid movements (Mithöfer, 2022).
Therefore, corresponding bio-inspired designs are not in-
cluded in this review.

2.4 Robots inspired by other on-plant behaviours

In addition to the three remarkable on-plant behaviours dis-
cussed in the previous sub-sections, various other on-plant
behaviours observed across different species and life stages

have also inspired the development of robotic systems with
specialized functions. This sub-section reviews and summa-
rizes these additional plant-inspired robotic designs.

Flowers are pivotal reproductive structures in the life cy-
cle of flowering plants. Blooming is a morphological pro-
cess in which folded petals gradually grow and unfold in a
certain order and over a varying period of time depending
on the species. The radial symmetry and dynamic bloom-
ing patterns of flowers have inspired the design of artificial
flower-like robotic systems. Gao et al. developed a flower-
like robotic gripper composed of a silicon-based polymer
embedded with ferro-magnetic particles (Gao et al., 2016).
Actuated by an external magnetic field, the gripper exhibited
rapid responsiveness, adaptability, and controllability in both
air and liquid environments. Pan et al. introduced a stimulus-
responsive bi-layered hydrogel–elastomer micro-actuator ca-
pable of reversible bending under humidity and light (Pan
et al., 2021). Using these hybrid actuators as petals, they fab-
ricated an artificial flower which could grasp and release ob-
jects in a claw-like manner, controlled by environmental light
irradiation and environmental humidity. Zhang et al. (2022b)
demonstrated a flower-inspired robotic gripper with bi-stable
CFRP petals, Gao et al., 2022). Gripping and releasing were
enabled by pneumatically actuated snap-through transitions
between the two stable states of the compliant petals.

Jeong et al. developed a flower-like paper robot for au-
tonomous water quality monitoring (Jeong et al., 2024).
Heavy metal contamination was detected and visually indi-
cated through a flower-blooming-like motion driven by selec-
tive microfluidic transition logic. This system offered a low-
cost, eco-friendly, effective, easily recognizable, and energy-
independent solution suitable for large-scale deployment in
resource-limited environments. Peeketi et al. mimicked the
blooming of the Calla lily, characterized by its single spathe,
using a tapered actuator composed of a splay-nematic liquid
crystal polymer network (Peeketi et al., 2023). This actuator
could transform from a flat film into a conical structure in
response to elevated temperature. Pan et al. replicated flower
blooming using shape memory alloy actuators which were
remotely controlled by smartphones or computers (Pan et al.,
2018).

Certain plants exhibit leaf-folding movements either at
night (nyctinasty) (Minorsky, 2019; Muraoka and Ueda,
2024) or in response to mechanical stimuli (thigmonasty)
(Braam, 2005). Mimosa pudica (sensitive plant) is a well-
known example of plants with these nastic movements, ex-
hibiting fast leaf-folding responses (Ahmad et al., 2012).
Upon external stimuli, M. pudica closes its leaves as a self-
defensive behaviour to deter predators and avoid or minimize
other potential damage (Naglich and LeDuc, 2024). These re-
versible motions are driven by turgor pressure changes within
pulvini cells. Aishan et al. directly exploited this stimulus-
responsive action of M. pudica to control the opening and
closing of a micro-valve (Aishan et al., 2022). In their ex-
periments, both intact and excised branches provided suffi-
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cient force to operate the valve in a regulated manner. In-
spired by this leaf-folding behaviour, Mader et al. developed
a hinge-free compliant actuator powered by pneumatic pres-
sure (Mader et al., 2020). By integrating multiple pneumatic
actuation cells in series, they constructed an artificial midrib
that effectively enabled wing hoisting of a facade shading
system.

Some plants dynamically reorient their flowers or leaves
toward the Sun, a phenomenon known as heliotropism
(Atamian et al., 2016). For example, young sunflower plants
track the Sun from east to west during the day and reorient to-
ward the east at night. This solar-tracking behaviour is regu-
lated by antiphasic elongation of stem tissues on the east and
west sides (Atamian et al., 2016). Inspired by this behaviour,
Cezan et al. reproduced light-responsive Sun-tracking and
leaf-opening behaviours using an origami/kirigami paper
robot (Cezan et al., 2020). Due to faster water evaporation on
the illuminated side, the hydrogel muscles shrank asymmet-
rically, which induced stem bending and leaf opening toward
the light source. This bio-inspired robotic device demon-
strates potential for solar energy harvesting (Aishan et al.,
2022), along with embedded sensing and intelligent func-
tionalities (Cezan et al., 2020).

In the germination stage, the seed embryo develops into a
seedling as programmed by its genetic information, through
a coordinated process involving physical, chemical, and bi-
ological factors. The sprouts not only undergo pronounced
morphological changes in shape and size but also generate
substantial forces capable of displacing obstacles such as soil
and gravel. The chemical energy stored in the seed is con-
verted into metabolic energy, which in turn drives these me-
chanical growth forces (Nietzel et al., 2020). Harnessing the
actuation output, both displacement and force during ger-
mination, Murakami et al. developed a rotational robot and
a robotic gripper powered by germinating seedlings (Mu-
rakami et al., 2024). The seedlings embedded in these de-
vices provided operational forces, demonstrating the feasi-
bility of creating eco-friendly robots that utilize living plants
as both actuators and environmental sensors.

Once stimulated by a nectar-gathering insect, the flower
of Stylidium spp. (trigger plants) rapidly flips its floral col-
umn from the anterior petal to the posterior, briefly striking
the insect to transfer pollen without harm (Joyeux, 2011).
After this rapid motion, the insect is released. This strategy
greatly improves pollination efficiency. Inspired by this pow-
erful actuation mechanism, Zhang et al. (2022a) developed
a mechanical meta-structure composed of a curved compli-
ant beam constrained by a tunable spring (Wang et al., 2022).
By controlling spring deformation, the structure could switch
between mono-stable and bi-stable states. Exploiting its tun-
able force–displacement relationship, the system achieved
rapid release of attached objects by snap-buckling in the bi-
stable configuration and recovered its adhesive capability by
reverting to the mono-stable state.

Pollen grains of plants exhibit nanospike-like morphology
and spacious inner cavities, with a wide variety of shapes and
sizes across species (Sun et al., 2020; Mundargi et al., 2015).
They are among the most resistant biological structures, ca-
pable of withstanding extreme environments and remaining
preserved for millions of years (Maric et al., 2020). Draw-
ing inspiration from these unique morphological features,
Lee et al. developed a 3D-printed multi-functional hydro-
gel micro-robot for targeted active drug delivery and control-
lable attachment to biological tissues in medical areas (Lee
et al., 2023). Due to its delicate spatial architecture and in-
novative fabrication approach, this microrobot demonstrates
decoupled stimulus-responsiveness, including magnetically
actuated locomotion, temperature-responsive controllable at-
tachment, and pH-responsive on-demand cargo release.

2.5 Summary

On-plant behaviours, defined as motions exhibited by plants
as monolithic living systems, occur during most stages of
the plant life cycle, including germination, growth, flower-
ing, and fruiting stages, except for the seeding stage. Robots
inspired by these behaviours, as reported in the literature, are
discussed and categorized in previous sub-sections, corre-
sponding to growth, gripping, trapping, and other specialized
on-plant behaviours. The diversity of on-plant behaviours has
also given rise to the diversity of plant-inspired robots in their
functions and applications. For clarity, the key features of
on-plant behaviours, representative plant examples, and cor-
responding plant-inspired robots are summarized and com-
paratively illustrated in Table 1.

Plants also present many other striking behaviours in na-
ture, several of which are highlighted below. Selaginella lep-
idophylla (resurrection plant) can curl into a compact nest–
ball shape upon dehydration (Rafsanjani et al., 2015). This
morphological adaptation helps the plant to prevent photo-
inhibitory and thermal damage in arid environments. The
growing shoots of climbing plants display circumnutation,
enabling them to encounter and attach to supports for climb-
ing despite lacking visual organs (Agostinelli et al., 2020;
Raja et al., 2020). After a pollen grain lands on the tip of
a flower pistil, the pollen tube, which is on the micrometre
scale, can grow and navigate up to 30 cm toward the egg cell
located deep within the pistil (Higashiyama, 2017). To the
best of the authors’ knowledge, robots inspired by these be-
haviours or their associated structures have not yet been re-
ported in the literature. Future studies may explore such in-
spirations to develop more advanced robotic systems based
on diverse on-plant behaviours.

3 Robots inspired by off-plant behaviours

At the end of a parent plant’s life cycle, seed dispersal is a
critical stage that ensures the transfer of genetic material to
the next generation. For most of their lifetime, plants act as
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monolithic living systems with highly localized activities, as
illustrated in Fig. 1. In the dispersal stage, however, specific
structures of the plants – particularly mature seeds – are able
to travel away from the parent, enabling regeneration in new
sites. Plant activities in this period include primary disper-
sal and secondary dispersal behaviours (Vander Wall et al.,
2005), which are collectively defined as off-plant behaviours
herein. In order to reduce competition among offspring for
survival resources and expand their ecological territory of
the species, plants tend to disperse the seeds as far as pos-
sible. They have evolved various strategies to obtain suffi-
cient kinematic energy to maximize seed dispersal distance.
These strategies generally fall into two categories, depending
on whether external vectors are involved: (1) allochory and
(2) autochory (Netto et al., 2022).

In allochory, seeds can be dispersed over distances of up to
several kilometres by external dispersal agents such as wind,
animals, or water, which are termed as anemochory (Vittoz
and Engler, 2007), zoochory (Iluz, 2010), and hydrochory
(Hyslop and Trowsdale, 2012), respectively. In contrast, au-
tochory refers to seed dispersal without the assistance from
external vectors, typically resulting in shorter dispersal dis-
tance (Vittoz and Engler, 2007). Autochory can be further
sorted into four groups. In ballochory, seeds are violently
ejected by rapid release of accumulated strain energy in the
form of fruit explosion (Niwa, 2024). In herpochory, seeds
actively move across the soil surface powered by environ-
mental humidity changes (Vittoz and Engler, 2007). In baro-
chory, mature seeds or fruits simply fall from the plant under
the influence of gravity (Griz and Machado, 2001). In the last
type, blastochory, the plant stem creeps along the ground to
deposit seeds farther from the parent plant (Vittoz and En-
gler, 2007).

In this review, we focus specifically on three seed dis-
persal strategies: wind-aided dispersal (anemochory), ex-
plosive dispersal (ballochory), and autonomous on-ground
movements of dispersed seeds (herpochory). In these cases,
seeds and/or parent plants exhibit distinctive dynamic off-
plant behaviours in various forms. For emphasizing their dy-
namic characteristics, these three seed dispersal strategies
are schematically illustrated in Fig. 5 using three representa-
tive plant examples. Furthermore, they are correspondingly
symbolized with three types of soldiers (i.e. paratroopers, ar-
tillery soldiers, and infantry soldiers, respectively) by anal-
ogy to facilitate intuitive understanding. These seed disper-
sal strategies offer both conceptual and structural inspiration
for the development of advanced plant-inspired robots, which
are introduced in the following sub-sections and are summa-
rized in the last summary sub-section.

3.1 Robots inspired by wind dispersal behaviours

Airflows are ubiquitous on Earth, and plants have evolved di-
verse mechanisms to make full use of them for long-distance
seed dispersal, sometimes spanning several kilometres from

the parent plant (Greene, 2005; Cummins et al., 2018; Maz-
zolai et al., 2021). For successful wind-aided dispersal, effec-
tive aerodynamic shapes are prerequisites for the lightweight
seeds (Nathan et al., 2011). Among anemochory seeds, two
common types are winged seeds and pappose seeds (Minami
and Azuma, 2003). Winged seeds, also known as samaras,
are characterized by flattened fibrous wings whose number
and shapes vary substantially across species (Le et al., 2024).
A common aerodynamic mechanism is that these wings re-
duce terminal velocity, thereby extending potential disper-
sal distance by wind. Winged seeds are typically found in
woody flowering trees (Liu et al., 2025), such as Acer spp.
(maples) and Pterocarya stenoptera (Chinese wingnuts), and
in some climbing plants, such as Tristellateia australasiae
(Australian gold vines) and Alsomitra macrocarpa (Javan cu-
cumbers) (Viola and Nakayama, 2022). Releasing seeds from
elevated positions further enhances wind dispersal efficiency.

A pappose seed typically consists of an achene (contain-
ing the genetic material) and a bundle of bristly filaments that
form a pappus acting as a drag-enhancing parachute (An-
dersen, 1993; Cummins et al., 2018). Compared with other
types of anemochory seeds (Mariani et al., 2024), the pap-
pus generates high drag, enabling the slowest vertical de-
scending flight of the seed (Azuma, 2007). This prolonged
suspension provides greater opportunity for lateral wind cur-
rents to transport the seeds over long distances (Iyer et al.,
2022). Pappose seeds are commonly found in Compositae,
Poaceae, Apocynaceae, and Salicaceae families (Mazzolai
et al., 2021). Dandelions (Taraxacum officinale agg.) repre-
sent highly successful examples of the pappose seeds due to
their effective wind-aided dispersal. A dandelion is presented
in Fig. 5a as an example of anemochory plants. Owing to
their aerodynamic performance, wind-dispersed seeds can be
analogized to paratroopers. It is noteworthy that the bristly
filaments can also collect rain droplets to promote germina-
tion in addition to wind-aided dispersal (Hale et al., 2010).

The passive flight behaviours of wind-dispersal seeds
have attracted significant research attention. Inspired by both
winged and pappose seeds from various species, robotic
fliers with diverse structural configurations have been de-
veloped. For example, Kim et al. (Kim et al., 2021) and
Yoon et al. (Yoon et al., 2022) independently designed three-
wing 3D robotic fliers inspired by Tristellateia seeds. Kim
et al. demonstrated the scalability of their fliers across a
broad range of dimensions and achieved controllable rota-
tional kinematics during descent. In contrast, Yoon et al. em-
phasized the critical role of geometric configurations in opti-
mizing the aerodynamic performance of fliers. A series of
fliers with assorted 3D geometries were proposed and as-
sessed. Both designs showed potential as wind-aided carriers
for deploying electronic and colorimetric sensors in environ-
mental monitoring applications.

Cikalleshi et al. (2023) and Nexha et al. (2025) directly
mimicked the aerodynamic shapes of natural seeds, Acer
campestre seeds and Ailanthus altissima seeds, respectively,
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Figure 5. Representative plant examples of the three seed dispersal strategies highlighted in this review. (a) Dandelion: wind-aided dispersal
(anemochory), symbolized as a paratrooper; (b) soybean: explosive dispersal (ballochory), symbolized as an artillery soldier; (c) wild oat:
autonomous on-ground movement after dispersal (herpochory), symbolized as an infantry soldier.

in their winged robotic fliers. Their designs successfully
reproduced aerodynamic and wind-dispersal characteristics
comparable to those of natural seeds. In both studies, func-
tional nanoparticles were integrated into the fliers for sensing
and indicating the environmental parameters. The flier devel-
oped by Cikalleshi et al. employed temperature-sensitive lu-
minescent particles to indicate topsoil temperature via near-
infrared light emission. In contrast, the flier designed by
Nexha et al. could detect and show the environmental hu-
midity by changing the colour of the fluorescence emission
after wind-aided deployment.

Inspired by the dandelion seeds, Iyer et al. developed
scalable and flexible porous micro-fliers which were fabri-
cated from polyimide thin films using a laser-cutting tech-
nique (Iyer et al., 2022). These fliers exhibited low termi-
nal velocities and stable aerodynamic performance. Pow-
ered by lightweight solar cells, their integrated circuits on
the flier were capable of collecting environmental data and
transmitting them wirelessly. Likewise, Mariani et al. de-
signed a biodegradable porous parachute flier inspired by
the plumed seeds of Tragopogon pratensis, featuring a 3D-
printed micrometric-thick pappus (Mariani et al., 2024). This
design successfully reproduced the aerodynamics and slow
descent of natural seeds, while allowing the integration of
colorimetric environmental indicators with minimal influ-
ence on aerodynamic performance. In order to further ad-
vance passive flight capability, Kim et al. developed a hybrid
flyer system that sequentially combined a parachuting flier
(inspired by dandelion seeds) with an autorotating flier (in-

spired by maple seeds) (Kim et al., 2024). By integrating the
advantages of both dispersal strategies, this design increased
payload capacity while further reducing descent speed.

Due to aerodynamic effects, even slight changes in the
shape of a flier can significantly alter its falling behaviours.
Researchers have therefore sought to regulate the descent
velocity and dispersal distance of artificial fliers by alter-
ing their shapes. Drawing inspiration from the flight mech-
anism of dandelion seeds, Chen et al. (2023a) and Yang et al.
(2023a) proposed two light-driven shape-morphing micro-
fliers, respectively. Unlike the natural seeds, the morphology
of their pappi could be remotely controlled by light irradia-
tion during passive flight. This feature thus enabled manual
tuning of terminal velocity, drag coefficient, and wind thresh-
old for dispersal. However, these designs required contin-
uous light exposure, resulting in high energy consumption.
To address this limitation, Johson et al. (2023) and Yang
et al. (2024) incorporated bi-stable compliant mechanisms
into their fliers which were also inspired by the passive seed
flight. Aerodynamic modes and dispersal distances were con-
trolled through rapid snap-buckling of the bi-stable structure,
which only required a one-time energy input. Johson et al.
triggered the stable-state transformation of their origami-
based bi-stable mechanism via a low-power electromagnet
actuator integrated on the flier (Johnson et al., 2023). Pow-
ered by an integrated solar energy harvesting circuit, sens-
ing and data transmission were also available. In contrast,
Yang et al. (2024), achieved rapid wing deformation though
a bi-stable mechanism which was actuated by one-shot UV
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light illumination. The need for continuous light irradiation
to maintain desired flight morphologies was eliminated.

Winged seeds naturally enter stable autorotation during
descent. Inspired by their aerodynamic stability, Bai et al.
designed a samara-inspired robot equipped with two rotors
(Bai et al., 2022). This bio-inspired drone achieved hovering
flight with significantly lower power consumption than con-
ventional benchmark multi-rotor drones. Exceeding the aero-
dynamic performance of natural winged seeds, the revolving-
wing drone could be controlled to reach targeted positions in
space.

Plant-inspired robotic fliers exhibit multiple advantages,
including low cost, bio-degradability, eco-friendliness, and
minimal need for human intervention. They serve as suitable
platforms for aerial deployment of lightweight payloads such
as seeds, wireless electronic devices, colorimetric indicators,
and fertilizers, particularly in large areas and hard-to-reach
locations. Representative applications include post-fire refor-
estation (Kelly et al., 2020), precision agriculture, and envi-
ronmental monitoring (Cikalleshi et al., 2023; Yoon et al.,
2022; Nexha et al., 2025). In the future, they could poten-
tially be utilized as solar sails and robotic spacecraft for space
exploration (Chen et al., 2023a).

3.2 Robots inspired by explosive dispersal behaviours

In addition to the assistance of external dispersal agents,
some plants are able to achieve long-distance dispersal by
launching the seeds with high initial velocities. In contrast
to wind-dispersal seeds, explosively dispersed seeds can be
analogized to artillery soldiers (as illustrated in Fig. 5b),
which propel projectiles over a distance. Such seed-dispersal
ranges can reach up to tens of metres (Hinds et al., 1963; Pop-
pinga et al., 2019; Swaine and Beer, 1977). However, because
water transport within cells and tissues is relatively slow,
turgor-driven movements and hygroscopic motions alone are
insufficient to directly propel seeds at a high speed (Geit-
mann, 2016; Galstyan and Hay, 2018). To overcome this lim-
itation, plants employ a “slow energy accumulation–fast re-
lease” strategy, enabling explosive seed discharge. The accu-
mulation and storage of strain energy are accomplished via
turgor-driven movements of living cells and/or hygroscopic
motions of dead tissues within fruits. The pre-stored strain
energy is then rapidly released through structural instabil-
ity, typically snap-buckling or explosive fracture (Galstyan
and Hay, 2018). It should be noted that these explosive be-
haviours are irreversible.

Some plants, such as Glycine max (soybean) (Liu et al.,
2022a), Hamamelis mollis (Chinese witch-hazel) (Poppinga
et al., 2019), and Bauhinia variegata (orchid tree) (Galstyan
and Hay, 2018), gradually accumulate stress in their ligni-
fied tissues through asymmetric shrinkage of bi-layer struc-
tures during dehydration (Elbaum and Abraham, 2014). In
other species, such as Cardamine hirsuta (popping cress)
(Pérez-Antón et al., 2022; Cullen and Hay, 2024) and Im-

patiens capensis (orange jewelweed) (Hayashi et al., 2009),
strain energy is primarily accumulated as considerable os-
motic pressure in the pod tissues. Asymmetric lignin depo-
sition within pod cell walls is also indispensable in this pro-
cess (Pérez-Antón et al., 2022). When the plant fruits become
fully mature, sufficient strain energy is stored in the valves,
and the energy barrier is finely tuned to a perfect level where
explosion can be triggered by minimal environmental distur-
bances (Jiang et al., 2023), such as a light breeze, raindrops,
or animal contact. The seeds are then violently ejected away
at high velocities, as the pre-stored strain energy is converted
into the kinetic and potential energy of seeds. The presence
of curved or twisted pod valves after seed release further
evidences the storage and release of elastic energy in these
ballistic fruits (Armon et al., 2011; Elbaum and Abraham,
2014).

By contrast, plants such as Ecballium elaterium (squirt-
ing cucumber) (Wang et al., 2024b) and Arceuthobium spp.
(dwarf mistletoe) (Mathiasen et al., 2008) achieve explosive
seed dispersal through the build-up of high hydrostatic pres-
sure. During fruit development, hydrostatic pressure in the
glue-like substance mixed with seeds gradually increases,
stretching the fruit wall and thereby accumulating strain en-
ergy (Wang et al., 2024b). When the internal pressure reaches
a critical threshold, the fruit wall fractures along the abscis-
sion zone. The fruit wall then contracts rapidly, hurling the
seed upward with high velocity and acceleration (Wang et al.,
2024b; Galstyan and Hay, 2018).

Bi-stable compliant mechanisms are ideal structural so-
lutions to replicate the instability of explosive seed disper-
sal because of their advantages, including structural mono-
lithism, inherent elastic energy storage, and rapid snap-
through responses. However, the energy barrier between
two stable states is generally high, requiring substantial en-
ergy input to trigger the transition between two stable states
(Liang et al., 2022). Inspired by the explosive seed disper-
sal behaviour of Impatiens pods, Zhang et al. (2025) pro-
posed a bi-stable robotic gripper with in situ energy bar-
rier modulation, which overcame the limitation of fixed en-
ergy barriers in conventional systems. The bi-stability of the
robotic gripper was realized through an elastic curved beam
whose curvature could be dynamically adjusted by a motor-
driven mechanism. Building on the same concept, Jiang et al.
achieved a tunable energy barrier using an origami-based bi-
stable mechanism (Jiang et al., 2023). These designs enable
the energy barrier to be lowered to very low levels, efficiently
mimicking the high sensitivity of mature Impatiens pods to
external disturbances. The resulting robotic grippers com-
bine sensitivity to low triggering forces, rapid response, and
grasping stability.

Typically, the energy barrier required for triggering ex-
plosion in ballistic fruits gradually decreases in the matur-
ing stage (Jiang et al., 2023). Qing et al. achieved this time-
dependent autonomous energy barrier elimination function
based on a compliant metashell constructed from viscoelas-
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tic materials (Qing et al., 2025). Once elastic energy was pre-
stored, the metashell autonomously released the energy in the
form of delayed snapping and jumping after a programmable
period of time. The metashell was further demonstrated as an
artificial ballistic pod capable of autonomous explosive seed
dispersal after a programmable delay.

Inspired by the pressure-induced fluidic squirting mecha-
nism of squirting cucumbers, Liu et al. developed thermo-
triggered squirting capsules for medical nanoparticle deliv-
ery (Liu et al., 2010). Upon heating, the thermo-responsive
hydrogel shells of these capsules dramatically shrunk and
ejected nanoparticles rapidly through sudden rupture. Sim-
ilarly, Wang et al. designed a light-driven hydrogel launcher
by mimicking the explosive dispersal behaviour of squirting
cucumbers (Wang et al., 2024b). In this device, internal gas
pressure was generated by rapid liquid vaporization triggered
by the photothermal response of an embedded graphene sus-
pension. Once the accumulated strain energy was released,
the launcher achieved controlled ejection at high velocity.

Instead of launching all seeds simultaneously, a mature
pod of Oxalis corniculata (woodsorrel) automatically ejects
its seeds sequentially when it is mechanically disturbed. The
elastic energy stored in the fruit is gradually transformed into
the kinetic energy of the seeds. Inspired by this chained ex-
plosive behaviour, Li et al. developed a plant-inspired ejec-
tion device which employed bi-layered elastic materials as
actuating units to sequentially launch projectiles (Li et al.,
2020).

Robotic devices inspired by explosive seed dispersal be-
haviours have potential applications in smart seeding for
agriculture (Wang et al., 2024b; Qing et al., 2025), drug de-
livery in medical areas (Li et al., 2020; Liu et al., 2010),
robotic grippers (Zhang et al., 2025; Jiang et al., 2023), and
advanced rapid-response robotics.

3.3 Robots inspired by self-locomotion behaviours of
seeds

After dispersal and landing on the ground, seeds of some
plants can automatically creep across and drill into the soil,
enhancing the germination success of the next generation.
This motion is driven by the hygrosensitive morphology of
the highly cellulosic seed awns in response to environmen-
tal humidity changes (Vittoz and Engler, 2007). The wild oat
(Avena fatua) illustrated in Fig. 5c is a typical example with
seeds capable of crawling and even jumping (Lindtner et al.,
2021), powered by daily humidity cycles. Compared with
the two previously discussed dispersal mechanisms, seeds
motions in this herpochory manner are generally slow and
limited to short distances of several centimetres. The self-
propelling seeds of these plants can be analogically regarded
as infantry soldiers. Other representative herpochorous plants
include Triticum turgidum ssp. dicoccoides (wild wheat) (El-
baum et al., 2007), Pelargonium (Ha et al., 2020; Ronzan

et al., 2025), and Erodium (Ronzan et al., 2025; Evangelista
et al., 2011).

Despite inter-specific and inter-generic differences among
these herpochorous plants, their seed awns share a common
bi-layer structure (Elbaum and Abraham, 2014). Although
the awns are dead tissues, they exhibit remarkable hygro-
scopic performance. This is because the surface of cellulose
microfibrils in the awns is rich in hydroxyl groups, and they
can easily form hydrogen bonds with water molecules, lead-
ing to the hygroscopic feature (Etale et al., 2023). Owing to
the differences in hygroscopic properties between the active
and passive layers, together with variations in cellulose mi-
crofibril orientation, the awns are able to achieve diverse de-
formation configurations, such as bending, twisting, and coil-
ing, in response to humidity fluctuations (Elbaum and Abra-
ham, 2014). These deformations are reversible and recur over
successive hydration–dehydration cycles. The propulsion di-
rection of the seeds is determined by the tilt of the silicified
hairs covering them (Elbaum et al., 2007). From an energy
perspective, the seeds harvest environmental energy in the
form of humidity gradients and transfer it into kinematic en-
ergy through the awns.

Therefore, seeds in the herpochory group can be reason-
ably regarded as monolithic bio-robots which integrate hy-
groscopic actuators, environmental energy harvesting, and
autonomous morphology for locomotion. Inspired by these
remarkable seed dispersal behaviours and corresponding
structures, plant-inspired robots with humidity-responsive
capabilities have been reported in literature. Fiorello et al. de-
veloped a self-dispersing robot, HybriBot, by grafting a pair
of awns from a wild oat seed onto a 3D-printed biodegrad-
able capsule (Fiorello et al., 2024). Driven by humidity
changes, this robot successfully mimicked the locomotion
and functional behaviours of natural oat seeds across various
soil conditions. Rather than using natural awns directly as
hygroscopic actuators, Cecchini et al. fabricated a seed-like
robot via 4D-printing techniques using hygroscopic poly-
mers (Cecchini et al., 2023). Both shapes and humidity-
responsive morphology features of Pelargonium appendic-
ulatum (L.f.) seeds were replicated.

Luo et al. significantly enhanced the self-drilling perfor-
mance of Erodium seeds by adding two extra tails to an
Erodium-seed-like robot which was fabricated from wood
veneer (Luo et al., 2023). Exceeding the load capability of
natural Erodium seeds, this artificial robotic carrier could
carry various objects, including biofertilizers and plant seeds
in different sizes and weights. Kay et al. also utilized wood
veneer as both structural and actuating materials to fabri-
cate a self-propelling robot driven by humidity changes (Kay
et al., 2020). Instead of directly mimicking natural seed struc-
tures, they designed a four-legged configuration for self-
propulsion. By sequentially changing the humidity of each
leg in a specific order, they demonstrated a multi-stage actu-
ation method to achieve crawling, rather than changing the
humidity of all legs simultaneously.
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In addition to humidity changes, Pan et al. incorporated
light as a combined stimulus and energy source in their
biomimetic robots based on bi-layered hydrogel–elastomer
structures (Pan et al., 2021). Diverse motions, including grab-
bing, crawling, and jumping, were achieved in response to
both humidity and light changes. In contrast, Fu et al. de-
veloped an evaporation-powered self-rolling robot, Hydroll-
bot, which operated under constant humidity, eliminating the
need for humidity fluctuations (Fu et al., 2022). It achieved
spontaneous, continuous, and rapid self-rolling locomotion
along programmable trajectories.

Although the structural configurations and locomotion
modes of humidity-driven robots vary considerably, their ac-
tuators universally rely on asymmetric hygroscopic defor-
mation of bi-layer composites. Applications of these plant-
inspired humidity-driven robots include seed sowing and
fertilization for reforestation and precision agriculture (Luo
et al., 2020; Fiorello et al., 2024), drug delivery in biomedical
engineering (Pan et al., 2021; Fu et al., 2022), and low-cost,
eco-friendly, and large-scale deployment of sensors for envi-
ronmental sampling and monitoring (Luo et al., 2020).

3.4 Summary

Off-plant behaviours involve the movements of both parent
plants and their detached parts for seed dispersal, which oc-
cur exclusively during the seeding stage of the plant life cy-
cle. This section focuses on three seed dispersal strategies:
wind-aided dispersal (anemochory), explosive dispersal (bal-
lochory), and autonomous on-ground movement of dispersed
seeds (herpochory). These dynamic plant motions, occur-
ring at different velocities and scales, have inspired robotic
designs for diverse functions and applications. For clarity,
the key features of these off-plant behaviours, representative
plant examples, and corresponding robotic designs are sum-
marized and comparatively presented in Table 2.

4 Future conceptual directions

As discussed in the previous sections, a wide variety of plant-
inspired robots have been developed, drawing inspiration
from the diverse survival behaviours and structural adapta-
tions of plants across different species and life stages. How-
ever, the structural configurations and functional character-
istics of these plant-inspired robots remain quite limited and
cannot yet match the vast diversity of plants in nature. This
gap is gradually narrowing, driven by increasing research at-
tention devoted to plant survival strategies (Mazzolai et al.,
2020; Chen et al., 2025b), expanding knowledge about plant
biology (Vanneste et al., 2025), and the continual discovery
of new plant species (Shi et al., 2025). In the upcoming fu-
ture, more advanced plant-inspired robots with novel func-
tions are expected to emerge to address challenges across
both engineering applications and scientific research.

Beyond conventional plant-inspired robots that directly
replicate plant behaviours and structures, we propose two
forward-looking conceptual research directions for the long-
term development of plant-inspired robots: (1) natural plant
optimization re-inspired by robotics based on synthetic biol-
ogy, and (2) the development of exoplanet robots inspired by
plant survival strategies. These two concepts are schemati-
cally illustrated in Fig. 6.

4.1 Plant optimization re-inspired by robotics

Plants and robots can mutually inspire each other in their
evolutionary and developmental trajectories. Plants exhibit
highly diversified survival strategies and behaviours based
on their intricate biological structures, which provide a vast
reservoir of inspiration for designing robots to address chal-
lenges in the human world. Conversely, the continuous ad-
vancement of robotics with expanding theoretical frame-
works and developing methodologies could re-inspire the
optimization of plants through human-guided interventions.
Based on the advances in synthetic biology (Khalil and
Collins, 2010), it has become conceivable to endow plants
with enhanced traits, optimized structures, and tailored func-
tionalities. Moreover, developments across related fields,
such as gene editing, computational biology, bio-materials,
and robotics, collectively establish a solid foundation for pur-
suing this multidisciplinary vision that bridges the biological
and artificial realms.

For example, the effective three-awn configuration of the
Erodium-seed-inspired self-drilling robot developed by Luo
et al. (Luo et al., 2023) may, in turn, re-inspire the optimiza-
tion of natural Erodium seeds via gene-editing approaches to
enhance the self-burying efficiency and ultimately increase
the germination rates. In addition, the wing-like structures
of samaras could be further optimized through gene-editing
technologies guided by computational simulations to achieve
lighter weight, prolonged descent time, enhanced aerody-
namic performances, and other desired traits that do not ex-
ist in nature. These optimizations could increase the dis-
persal distance of the winged seeds, thereby expanding the
geographical range of the plant species. They can also be
designed with various forms of active wing morphing to
enhance flight adaptability (Ameduri and Concilio, 2023).
These examples presented here illustrate only a fraction of
the many possible research conceptions. More plant opti-
mization projects re-inspired by robotics are expected to be
proposed and implemented.

Plant evolution is an ongoing process that never ceases.
This concept of plant optimization re-inspired by robotics
based on synthetic biology can be regarded as a form of
guided and accelerated evolution where human intelligence
is involved under appropriate bioethical principles. In the fu-
ture, plants with optimized strategies and behaviours, and
even entirely new plants, will be developed.
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Figure 6. Conceptual directions of the plant-inspired robots based on corresponding technologies.

4.2 Exoplanet robots inspired by plant survival
strategies

The diverse plant behaviours introduced in the previous sec-
tions are specific manifestations of their survival adaptations
to environmental changes and stimuli. Such adaptive strate-
gies are not only effective on Earth but may also be applica-
ble to exoplanets with unique environmental conditions in
the universe. By integrating advances in materials science
(Geim and Novoselov, 2007; Ahmed, 2015; Dorcheh and
Abbasi, 2008) and structural designs, plant-inspired robots
that leverage these adaptive principles could be developed
to perform on- and off-plant behaviours, similar to those in-
troduced in previous sections, under extraterrestrial environ-
ments.

For instance, plant-inspired robots with specialized be-
haviours could be employed for exploration and naviga-
tion on Mars. In certain regions of Mars, surface temper-
atures drop below the deposition point of carbon dioxide,
resulting in the formation of carbon dioxide frost or snow
(Leighton and Murray, 1966). The extreme temperature dif-
ference in these regions (Sagan and Mullen, 1972; Leovy,
2001) enables the carbon dioxide to deposit at night and to
sublimate during the daytime diurnally, a phenomenon that
has been directly observed (Khuller et al., 2021). The en-
ergy released during this phase transition of carbon dioxide
driven by environmental temperature changes can be har-
nessed to actuate plant-inspired robots constructed from spe-
cially designed bi-layer structures. Asymmetric deformation
between the two structural layers, induced by carbon diox-
ide deposition and sublimation, can produce specific mor-
phological changes. This morphological principle is analo-
gous to humidity-driven morphology of plants with bi-layer
structures. Building on this principle, plant-inspired robots
with tailored structures are expected to achieve diverse be-
haviours, such as crawling, drilling, jumping, or even ex-
plosion, on Mars. Moreover, dandelion-like robotic fliers
equipped with fairy pappi made from lightweight, radiation-
resistant materials could exploit Martian airflow to achieve
passive flight under extreme thermal and atmospheric condi-
tions (Lapotre et al., 2016; White, 1979).

These plant-inspired robots, carried and dispersed by
drones or rover probes, are suitable candidates for the large-
scale, low-cost autonomous deployment of sensors and mi-
crochips on Mars to collect and monitor environmental pa-
rameters. Furthermore, when deployed in large numbers,
plant-inspired robots could contribute to surface terraforming
of Mars by mechanically disturbing the surface soil driven by
carbon dioxide phase transition. Such an approach would re-
duce the reliance on heavy and complex mechanical systems.

In summary, plant-inspired robots can be designed follow-
ing the survival strategies of plants for exploration on ex-
oplanets. Their adaptive behaviours can be tailored, target-
ing specific environmental conditions on different exoplan-
ets. Powered by the environmental energy, diverse tasks can
be achieved. These robots exhibit multiple advantages, in-
cluding low cost, structural simplicity, easy deployment, no-
table payload capacity, effective environmental adaptation,
and autonomous operation. They could act as pioneering sys-
tems for the exploration and utilization of extraterrestrial en-
vironments. Their development could ultimately offer novel
paradigms and practical solutions for the investigation of ex-
oplanets.

5 Conclusions

Plants have evolved diverse survival strategies and be-
haviours to obtain sufficient resources in the competitive na-
ture over billions of years, providing inexhaustible inspira-
tion for the development of plant-inspired robots. In recent
decades, increasing attention has been devoted to plants, and
a variety of plant-inspired robots have been reported in lit-
erature. This review introduces a new perspective by cat-
egorizing plant-inspired robots into two main groups, i.e.
robots inspired by on-plant and off-plant behaviours, accord-
ing to the typical plant life cycle. The first group includes
plant-inspired robots related to four types of off-plant be-
haviours: growth, gripping, trapping, and other specialized
behaviours, which are discussed in four sub-sections. In the
second group, robots inspired by three types of off-plant be-
haviours (wind dispersal, ballistic dispersal, and humidity-
driven self-locomotion behaviour of plant seeds) are pre-
sented across three sub-sections in detail. This categoriza-
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tion framework, based on plant life cycle, is both system-
atic and expandable. Theoretically, all plant-inspired robots
can be covered within this framework. This review offers a
robust foundation that can be continuously refined and ex-
panded with future advances in plant-inspired robotics.

In addition, two conceptual directions are proposed for the
long-term development of the plant-inspired robots. Firstly,
the performance and efficiency of natural plants can be fur-
ther enhanced and optimized due to the re-inspirations from
robotics based on synthetic biology. This concept provides
a new perspective to review the mutual reinforcement be-
tween plants and robots. Plant evolution can be promoted
and guided based on the knowledge gained from robotics and
human intelligence. Secondly, plant-inspired robots designed
following the survival strategies of plants on Earth hold great
potential for exoplanet exploration. Leveraging their adaptive
morphologies and powered by energy harvested from local
environments, these robots could support the development
and utilization of extraterrestrial environments. Deployed in
large numbers over wide areas, they can serve as low-cost,
autonomous pioneers for diverse scientific missions, offering
a novel mode of space exploration.

By replicating the behaviours, corresponding structures,
and underlying survival strategies of plants, plant-inspired
robots provide innovative and effective solutions across dif-
ferent application fields, including medicine, smart agricul-
ture, and industry. More advanced and diversified plant-
inspired robots are expected to emerge in the upcoming fu-
ture along with expanding knowledge of plant biology and
growing research interest.
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