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Multimodal Locomotion of Soft Robots

Zihao Yuan, Huangwei Ji, Kai Huang, Feifei Chen,* and Guoying Gu*

Inspired by organisms that utilize multimodal locomotion strategies to adapt to
diverse environments, the development of analogous capabilities in soft robots
has garnered growing attention. This review comprehensively surveys recent
advances in multimodal locomotion within soft robotics. Typical locomotion
modes are summarized and categorized. Furthermore, the underlying mecha-
nisms enabling multimodal locomotion, encompassing both the integration of
distinct locomotion modes and transitions between them, are discussed in detail
and classified into three primary categories: active control-based, reconfiguration-
based, and environment-responsive strategies. Leveraging these mechanisms,
soft robots demonstrate enhanced adaptability for applications such as cross-
domain transition, surface adaptation, and obstacle negotiation. Finally, key
challenges in advancing the capabilities of multimodal locomotion to address

real-world applications are discussed.

1. Introduction

Throughout evolution, organisms in nature have developed
sophisticated multimodal locomotion strategies to adapt to diverse
environments.! Many species switch between distinct gaits to nav-
igate complex terrains or evade threats. For instance, octopuses
transition from crawling with arms to jet propulsion for escape.
Traditional rigid robots, constrained by fixed architectures,
struggle to replicate such capabilities. Soft robotics, leveraging
lightweight, compliant, and flexible materials, offers new
possibilities.”* While early soft robots often exhibit only a single
locomotion mode,*™ limiting their utility in unstructured envi-
ronments, recent years have witnessed growing attention toward
developing multimodal locomotion in soft robots. This signifies a
shift from single-mode operation in structured settings toward
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integrated multimodal capabilities for
deployment in diverse and unstructured sce-
narios (Figure 1), bridging soft robots closer
to real-world applicability.

The rising interest in soft locomotive
robots has led to a surge in studies aimed
at characterizing and summarizing their
capabilities. However, to the best of our
knowledge, most existing reviews focus
on an individual locomotion mode!**?
or present various modes in isolated
contexts.* I Although recent reviews
have begun to discuss multimodal or
multi-environment locomotion of soft
robots,'®'”) a systematic analysis of the
underlying mechanisms that enable mode
transitions in response to environmental
changes is still lacking. Deeper exploration
of these mechanisms is essential for
unlocking the full potential of soft robots toward practical appli-
cation scenarios.

In this review, we provide a comprehensive overview of recent
advances in multimodal locomotion of soft robots. We first sum-
marize and categorize eight typical locomotion modes.
Subsequently, we delve into the underlying mechanisms that
enable transitions between these modes, classifying them into
three primary categories: active control-based, reconfiguration-
based, and environment-responsive strategies. We then highlight
how multimodal locomotion enhances adaptability in diverse
scenarios such as cross-domain transition, surface adaptation,
and obstacle negotiation. Finally, we discuss key challenges
and propose future research directions concerning the efficient
generation of multiple locomotion modes and their seamless
transition, sensing and control, system integration, and
decision-making toward real-world applications of multimodal
soft robots.

2. Locomotion Modes

Soft robots leverage inherent material compliance to achieve dis-
tinctive locomotion capabilities. Through ingenious structural
design and actuation strategies, researchers have successfully
replicated diverse fundamental locomotion modes observed in
nature. These modes form the foundation for constructing more
complex and adaptable multimodal locomotion. This section cat-
egorizes fundamental locomotion modes in soft robotics, thereby
establishing a conceptual basis for subsequent discussions on
multimodal locomotion (Figure 2). For reference, a comparative
summary of these representative locomotion modes is provided
in Table 1, encompassing key metrics such as actuation method,
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Figure 1. Multimodal locomotion of soft robots for multi-environment
applications. Soft robots that integrate multiple locomotion modes hold
great promise for multi-environment applications by transitioning their
locomotion modes in response to environmental changes.

speed, energy efficiency, payload-to-weight ratio, and application
environment.

2.1. Crawling

Crawling, the most versatile and widely implemented locomotion
mode in soft robotics, relies on continuous body-substrate inter-
actions and axial deformations for propulsion. Unlike leg-
dependent gaits, crawling exploits the robot’s inherent compliance
to achieve motion via friction modulation, adhesion control, or
wave propagation, making it suited for unstructured terrains
and confined environments. This mode is broadly categorized into
three bio-inspired subtypes based on deformation kinematics:
inchworm-like (two-anchor), earthworm-like (peristaltic), and
snake-like (serpentine).

Inchworm-like crawling, inspired by caterpillars, employs a
cyclic two-anchor mechanism driven by sequential axial deforma-
tion. This mechanism critically relies on anisotropic friction or
adhesion, where the forward friction coefficient is lower than
backward, enabling directional propulsion during body deforma-
tion. Early robotics implementations emulated elongation/short-
ening and anisotropic friction to achieve crawling motion,
exemplified by silicone-bodied crawlers using shape memory
alloys (SMAs),!*® pneumatic actuators!'®” that achieved linear
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Figure 2. Overview of typical locomotion modes for soft robotics.
Crawling: reproduced with permission.®! Copyright 2016, 10P
Publishing. Walking: reproduced with permission.’! Copyright 2011,
National Academy of Sciences. Running: reproduced under terms of
the CC-BY license.” Copyright 2022, The Authors, published by
Springer Nature. Climbing: reproduced with permission."’ Copyright
2018, AAAS. Rolling: reproduced with permission.® Copyright 2022,
National Academy of Sciences. Jumping: reproduced with permission.**!
Copyright 2015, AAAS. Flying: reproduced with permission.’*? Copyright
2019, Springer Nature. Swimming: reproduced with permission.”?
Copyright 2021, Springer Nature.

extension and contraction. Beyond pure linear deformation, elon-
gation/shortening can also be functionally achieved by arching
and flattening the central body, while anisotropic friction at
the distal segments enables directional propulsion. Umedachi
et al. developed a caterpillar-inspired soft robot with embedded
SMA coils through sequential bending deformations and angle-
dependent friction switching.®! Similarly, Zhu et al. created a
light-driven soft robot that can crawl on land via asymmetric body
bending and photothermally induced friction modulation.*
Earthworm-like crawling draws inspiration from annelids, uti-
lizing radially symmetric contraction waves that propagate axially
along the body. This mode relies on muscular hydrostat mechan-
ics: circumferential expansion coupled with longitudinal contrac-
tion in one segment generates localized anchoring, while adjacent
segments undergo circumferential contraction and longitudinal
extension to produce forward thrust. Crucially, directional propul-
sion stems solely from wave coordination, without inherent ani-
sotropic friction. This principle is exemplified by Meshworm,*"! a
soft robot that employs antagonistic NiTi coils actuators within a
braided mesh-tube structure to generate peristaltic waves for
crawling. Recent advancements in earthworm-inspired robotics,
such as a pneumatic soft robot enhanced by wire-winding trans-
mission, demonstrate improved locomotion efficiency through
coordinated segment deformation and overlapped peristaltic wave
control, achieving speeds surpassing previous similar designs.*!
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Table 1. Summary of typical locomotion modes for soft robotics.
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Locomotion Subtype Actuation Speed Energy Payload-to-weight Application Description Ref.
mode [BLs ] efficiency ratio environment
Crawling Inchworm:-like Pneumatic 0.06 Low N/A Terrestrial Utilize a two-anchor mechanism [19]
crawling SMA 0.56 Low N/A Terrestrial, in-pipe with anisotropic friction 8]
Earthworm-like Pneumatic 0.036 Low N/A Terrestrial, in-pipe  Propagate radial or longitudinal [22]
crawling waves via muscular hydrostat
mechanics
Snake-like crawling Pneumatic 0.1 Low N/A Terrestrial Generate lateral body waves [25]
propagating axially, requiring
anisotropic friction
Walking - Pneumatic 0.008 Medium 0.44 Terrestrial Coordinate discrete leg-ground  [27]
Electro- 0.91 Medium 1.43 Terrestrial interactions through cyclic [30]
pneumatic stance-swing phases
SMA 0.05 Medium 2.61 Terrestrial 31]
Running - DEA 20.6 High 17 Terrestrial Achieve dynamic stability via  [35]
DEA+SMA 2.02 High 29 Terrestrial rapid cyclic deformation, 3¢)
featuring brief aerial phases
Magnetic 70 High N/A Terrestrial [40]
Climbing - DEA 0.75 Low N/A Wall Maintain adhesion to vertical/  [41]
DEA 0.71 Low 4 wall. inverted inverted surfaces while resisting [42]
plane gravitational detachment
Rolling - SMA 2 High N/A Terrestrial Enable continuous locomotion  [46]
DEA 459 High N/A Terrestrial via wheel-ground contact with  [4g)
rotational motion
Pneumatic 0.95 High 0.51 Terrestrial [50]
Jumping - Combustion 5.8 Low 22 Terrestrial Achieve ballistic flight via rapid  [54]
driven energy release, generating
Electric 6.01 Low 1.82 Terrestrial, impulsive momentum during [55]
obstacle stance phase
Flying Flapping wing DEA N/A Medium N/A Aerial Produce lift and drag forces via [62]
DEA N/A Medium 25 Aerial reciprocating wing motions at 63]
high frequency.
Morphing wing Motor driven N/A Medium N/A Aerial Dynamically reconfigure wing  [64]
geometry during flight
Swimming Undulation DEA 0.009 Low N/A Aquatic Generate thrust via whole-body [67]
traveling waves
Rotational Magnetic 0.23 Low N/A Aquatic Induce propulsion through [69]
propulsion externally torqued spinning at low
Reynolds numbers
Lift-induced DEA 0.69 High N/A Aquatic Use oscillating fins to generate lift  [71]
propulsion forces
Drag-induced Magnetic N/A Medium N/A Aquatic Use paddle-like appendages to  [74
g g q p ppendag;
propulsion row through water
Jet propulsion Light driven 0.067 Medium N/A Aquatic Exploit fluid momentum via cyclic  [75]

ingestion and expulsion

Notes: The qualitative assessments for energy efficiency (low, medium, and high) are based on a relative comparison among different locomotion modes within the same

actuation method. They do not represent an absolute efficiency comparison across different actuation methods. BLs ™', body length per second. N/A, not available.

Snake-like crawling relies on propagating lateral body waves to
generate directional thrust through controlled frictional asymme-
try. Unlike peristalsis, it necessitates anisotropic friction: forward
transverse friction must exceed backward axial friction to convert
lateral undulations into net propulsion. This mechanism is dem-
onstrated in a soft robotic snake composed of fluidic elastomeric
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actuators,® which achieves autonomous undulatory locomotion
through traveling sinusoidal curvature waves and passive wheels
that enforce frictional anisotropy. Callie et al. also developed a
modular soft snake robot capable of implementing gait cycles
to mimic lateral undulation.”? Friction modulation strategies
in snake-inspired crawlers have been further explored through
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kirigami skins for dynamic texture-based friction modulation
during elongation***! and anisotropic surfaces patterned with
directional friction materials.”*®!

2.2. Walking

Walking in soft robotics leverages discrete, cyclic leg-substrate
interactions to achieve propulsion, contrasting with continuous
body-substrate contact in crawling. This mode relies on two core
mechanisms: 1) sequential stance-swing phases of deformable
legs generating discrete ground reaction forces and 2) spatiotem-
poral synchronization of leg motions ensuring continuous for-
ward thrust. The evolution of soft robotics walking locomotion
stems from material innovations enabling compliant legged sys-
tems. Shepherd et al. pioneered this domain with a pneumati-
cally actuated quadrupedal soft robot capable of legged gait
generation through asymmetric chambers to induce bending.®!
Subsequent work achieved autonomy with integrated onboard
compressors, valves, and control system, creating fully unteth-
ered platforms.””) Van Laake et al. developed fluidic relaxation
oscillators for reprogrammable leg actuation sequences, enabling
electronic-free gait control in quadrupedal walkers.?®! Pneumatic
innovations extended to precharged actuators employing
mechanical energy storage,*® while recent electro-pneumatic
designs combine ultralight structures with high-force output
for dynamic walking performance.*® Miniaturization efforts
achieved insect-scale autonomy, as seen in Yang et al.’s 88-mg
crawler utilizing catalytic artificial muscles for discrete leg
actuation cycles.”"! Light-driven implementations emerged
through liquid crystal elastomer (LCE)-based microrobots?®”
and polarization-modulated photothermal walkers,?*! both dem.-
onstrating spatiotemporal synchronization of deformable legs.
These developments collectively validate two core mechanisms,
which are realized across diverse materials from elastomeric poly-
mers to stimuli-responsive composites and expand the operational
envelope in terms of scale, autonomy, and locomotor efficiency.

2.3. Running

Soft robotic running fundamentally differs from walking by
leveraging dynamic stability through elastic energy cycling and
transient ground interactions. Rapid cyclic deformation of com-
pliant actuators stores kinetic energy during compression and
explosively releases it for propulsion, mimicking biological
tendon-muscle systems. This process generates brief aerial
phases that reduce ground friction while conserving momentum.
Dielectric elastomer actuators (DEAs) excel in this domain. Zhao
et al. demonstrated a DEA-driven hopping-running robot with
exceptional adaptability to rough terrain, leveraging DEAs’ rapid
energy cycling for dynamic locomotion.?* Feng et al. enhanced
DEA performance for high-speed running via optimized visco-
elastic hysteresis and energy recirculation.* Yang et al. further
combined DEAs with SMA springs, achieving a running speed
of 91mms™" in a compact 3.5g robot.*® Dynamic control is
achieved via spatiotemporal stiffness modulation, as demon-
strated by spiral-shaped piezoelectric PVDF-copper composites
that synchronize high-frequency actuation with mechanical res-
onance modes for ultrafast motion.*”! Similarly, Park et al.’s soft
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legged robot uses pre-curved piezoelectric legs and asymmetric
actuation for animal-like running gaits.® Insect-scale platforms,
such as ultrarobust designs capable of withstanding extreme
loads, maintain fast locomotion stability through asymmetric
foot-ground interaction modulation and structural resilience.*”!
Mao et al. also introduced a small-scale soft electromagnetic
robot using liquid metal coils, achieving ultrafast, multifunc-
tional locomotion under resonant actuation in static magnetic
fields.[*®! These advances significantly advance the development
of high-speed, agile soft robotics running through elastic energy
cycling and sophisticated dynamic control.

2.4. Climbing

Soft robotic climbing confronts the fundamental challenge of
overcoming gravity during vertical or inverted surface traversal.
While often employing similar gaits like crawling, climbing
necessitates strong, directional adhesion sufficient to anchor
against gravity, primarily generating normal forces perpendicu-
lar to the surface. Crucially, the robot’s actuation must produce
an upward force to lift itself, demanding synchronized adhesion-
actuation cycles with precise timing for secure anchoring and
efficient detachment. Energy expenditure is dominated by gain-
ing potential energy, making climbing a distinct locomotion
mode defined by its gravity-countering mechanics. This chal-
lenge was successfully addressed by a tethered soft climbing
robot, which pioneered a mechanism integrating dielectric elas-
tomer artificial muscles for body deformation and electroadhe-
sive feet with spatiotemporal adhesion control.*" Hu et al.
further designed a robot capable of inverted climbing by assem-
bling the acrylic stick-constrained dielectric elastomer actuator
with a flexible support frame.*?) Subsequent innovations over-
come tethering and environmental constraints through distinct
strategies. For example, Lee et al. achieved electronics-free climb-
ing using buckling-sheet ring oscillators, where anisotropy fric-
tion converts sheet buckling into directional thrust.**! Pang et al.
enabled climbing on complex surfaces via voltage-controlled
shape-morphing footpads and stiffness-tunable smart joints."**!
Wu et al. introduced magnetically driven peeling-and-loading
mechanics with mucus-penetrating microstructured adhesives,
enabling stable climbing on wet biological tissues.[*”!

2.5. Rolling

Rolling in soft robotics exploits continuous rotational motion
around a stable axis or instantaneous center of rotation. Cyclic
deformation of compliant actuators generates unidirectional
angular momentum, translating directly into directional dis-
placement. This persistent wheel-ground contact minimizes slid-
ing friction losses and leverages inherent structural compliance
for passive terrain adaptation. Early breakthroughs emerged
from bio-inspired ballistic rolling, utilizing rapid body morphing
for impulsive propulsion as demonstrated in caterpillar-like
robots.*®! Subsequent advances harnessed stimuli-responsive
materials: LCE-based origami robots achieved rolling through
selective thermal actuation of embedded hinge patterns,[47] while
dielectric elastomer systems generated high-speed ballistic roll-
ing through controlled anchoring and voltage.*¥ Recent

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

95UB917 SUOWILLIOD SAITESID) 3|l |dde aU) Aq PauRACB 8.2 S9D1LIe YO ‘88N JO S3INJ J0j Aeig 1T aUIIUQ AB]IA LD (SUONIPUOD-PUE-SLLIBY WD A 1M Afe.q 1Bu1|UO//SNL) SUONIPUOD PUe SIS | 84} 985 *[5202/0T/L0] Uo AriqiTauliuo A8|im * Aisean Buoicerr eybueys - uen A 0eyiz Ag 282005202 AS1e/Z00T OT/I0p/wiod" Aa| 1w Akeiq 1 pu1juo"peoueApe//SANY WoJj papeojumod ‘0 *£9Sr0v9e


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

advances prioritize environmental adaptation through synergis-
tic material-architectural innovations. Twisted LCE ribbons
uniquely enable autonomous obstacle negotiation by triggering
directional self-snapping instabilities during rolling.*”! Other
strategies include pneumatically driven systems reconfiguring
ground contact via elastic buckling for terrain traversal,*” helical
filaments modulating travel paths through thermal geometry
tuning,®Y and dual helices sustaining propulsion via humidity-
activated alternating cycles.®? These innovations collectively
validate engineered compliance for context-aware rolling
functionality.

2.6. Jumping

Soft robotic jumping is governed by two distinct phases: a
ground-contact stance phase for quasi-static energy storage in
deformable structures and a subsequent ballistic flight phase
triggered by crossing a critical instability threshold. During
stance, soft actuators gradually store potential energy via con-
trolled deformation, whose abrupt release generates impulsive
momentum for ballistic propulsion. Trajectory control arises
from asymmetric force distribution, while material compliance
ensures impact resilience. This temporal decoupling of energy
accumulation and explosive release enables obstacle clearance
beyond continuous locomotion capabilities. Bartlett et al. manu-
factured a combustion-driven robot using multimaterial three-
dimensional printing, establishing pressure-triggered phase
transitions as a paradigm for untethered jumping.**! This
approach was subsequently miniaturized by an insect-scale qua-
drupedal robot with high power densities.** Recent advances
have refined this paradigm through novel actuator designs
and bioinspired strategies. Chen et al. developed a legless soft
rapid continuous jumper, converting dielectric liquid redistribu-
tion into directional momentum while leveraging elastic frame
rebound for vertical propulsion.”® A multidirectional jumper
driven by a single biaxial electrohydraulic actuator was further
introduced, whose asymmetric electrode patterning enabled
four-directional jumps without auxiliary steering mecha-
nisms.*®! Besides, Wang et al. reported a bistable soft jumping
robot manufactured by 4D printing of composites with continu-
ous fibers, exploiting temperature-triggered snap-through for
multimodal jumping.””! For fluidic environments, Koh et al.
decoded the surface tension-dominated jumping of water
striders, revealing that leg rotation maximizes momentum trans-
fer by maintaining meniscus contact below the rupture thresh-
old.”® Overall, these advances demonstrate how tailored
structural design and stimuli-responsive actuation enable
energy-efficient jumping with directional control across diverse
environments.

2.7. Flying

Aerial locomotion is challenging due to the stringent thrust-to-
weight ratio required for lift generation. Soft flying robots
address this by leveraging adaptive morphology and compliant
aerodynamics to achieve efficient aerial mobility. Unlike rigid-
wing systems, they exploit material elasticity to dynamically
reconfigure wing shape during flight, enabling enhanced
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maneuverability, disturbance rejection, and energy efficiency
through passive or active deformation. This bioinspired approach
primarily adopts two strategies: flapping wing or morphing wing.

Flapping wing robots, mimicking birds and insects, generate
lift and drag forces via reciprocating wing motions. While many
existing systems are driven by rigid actuators (e.g., piezoelectric
bimorphs, electromagnetic motors),>**!! recent progress in
soft-actuated flapping-wing robots offers complementary advan-
tages such as mechanical resilience, reduced complexity, and
improved endurance. Notably, soft actuators have achieved suf-
ficient power density to enable sustained flight. For instance,
Chen et al. designed a microrobot powered by dielectric elasto-
mer artificial muscles, achieving a power density of 600 W kg™
while enabling collision-resilient and controlled flight.*? Ren
et al. further developed a low-voltage, high-endurance, and
power-dense DEA for a sub-gram soft aerial robot, achieving a
high lift-to-weight ratio and long hovering flight. These soft-
actuated systems demonstrate performance comparable to rigid-
powered flapping wing robots in key metrics like power density
and flight stability.**!

Morphing wing systems dynamically reconfigure wing geome-
try in flight to optimize aerodynamics. Unlike flapping wing,
morphing wing is inspired by bird flight adaptations like forward-
sweeping wings and fanned tails during slow maneuvers. Recent
biohybrid designs replicate avian skeletal mechanics through
feather-ligament coupling, enabling high-bandwidth roll control
via underactuated wrist and finger motion.**! Beyond isolated
wing morphing, integrated wing-tail systems leverage foldable arti-
ficial feathers to synergistically expand surface areas, enhancing
lift generation and roll authority beyond rigid ailerons.®!
Advancing structural adaptability, digitally assembled lattice wings
deploy programmable stiffness gradients, combining rigid and
flexible components to achieve span-wise twist deformation for
stall resistance at ultralight densities.*®!

2.8. Swimming

Aquatic locomotion presents hydrodynamics challenges distinct
from aerial environments, demanding specialized thrust gener-
ation strategies. Soft swimming robots address these by leverag-
ing body compliance and fluid-structure interactions to achieve
efficient propulsion through five primary bioinspired mecha-
nisms: undulation, rotational propulsion, lift-induced propul-
sion, drag-induced propulsion, and jet propulsion.

Undulation, mimicking slender-bodied fish (e.g., eels, rays),
employs whole-body traveling waves to generate thrust. This
mechanism propagates axial or lateral body bends rearward, cre-
ating momentum exchange with surrounding fluid. For example,
a translucent eel-inspired robot leveraged frameless fluid elec-
trode DEAs, where sequential activation creates axial undulation
waves, achieving 52% Froude efficiency while maintaining opti-
cal stealth.[”] Advancing to wave programming, Shahsavan et al.
demonstrated programmable photothermal undulation in liquid
crystal gels, where directional light triggers asymmetric curva-
ture waves to control propulsion direction and achieve multi-
modal swimming.*®!

In microswimmer propulsion, the rotational mechanism
exploits externally torqued spinning of compliant structures

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH

95UB917 SUOWILLIOD SAITESID) 3|l |dde aU) Aq PauRACB 8.2 S9D1LIe YO ‘88N JO S3INJ J0j Aeig 1T aUIIUQ AB]IA LD (SUONIPUOD-PUE-SLLIBY WD A 1M Afe.q 1Bu1|UO//SNL) SUONIPUOD PUe SIS | 84} 985 *[5202/0T/L0] Uo AriqiTauliuo A8|im * Aisean Buoicerr eybueys - uen A 0eyiz Ag 282005202 AS1e/Z00T OT/I0p/wiod" Aa| 1w Akeiq 1 pu1juo"peoueApe//SANY WoJj papeojumod ‘0 *£9Sr0v9e


http://www.advancedsciencenews.com
http://www.advintellsyst.com

ADVANCED
SCIENCE NEWS

www.advancedsciencenews.com

(e.g., helical filaments) to generate thrust through nonreciprocal
deformation at low Reynolds numbers. This mechanism,
inspired by bacterial flagella, relies on fluid-structure interactions
that dynamically reshape morphology. Stiffness-tunable mag-
netic hydrogels harness this principle to achieve helical coiling
of soft tails, enabling adaptive screw propulsion across fluid vis-
cosities.®! Critically, Xu et al. revealed that pitch collapse indu-
ces dynamic stops at a morphological step-out frequency, while
further increasing the rotation frequency of the magnetic field
inverts tail chirality to generate reverse thrust.”%

In contrast, larger-sized organisms (e.g., manta, tuna) typically
use fins or flukes for lift-induced propulsion, harnessing hydrofoil
principles akin to aerial flight. Oscillating fins produce pressure
differentials, generating sufficient lift forces under inertia-
dominated conditions. Similarly, a manta ray-inspired soft robotic
fish using DEAs strategically leveraged surrounding water as an
electrode, enabling efficient flapping-fin swimming without rigid
insulation components.”"! Notably, Li et al. achieved breakthrough
deep-sea lift propulsion through flapping pectoral fins, validated at
10900m depth in the Mariana Trench."?) The robot’s perfor-
mance demonstrated functional lift generation under extreme
pressure.

Unlike lift-induced swimming that gains thrust from hydrody-
namic lift, drag-induced propulsion exploits directional asymme-
try in fluid resistance to generate net thrust. This mechanism
mimics semiaquatic organisms (e.g., beetles) that use paddle-like
appendages to row through water. Inspired by such organisms, Jia
et al. engineered a surface-swimming robot with propulsors of
graded flexural rigidity, which unfolds during power strokes for
maximal propulsion area and compliantly folds in recovery strokes
for low resistance, achieving enhanced energy efficiency.””!
Similarly, a jellyfish-like millirobot replicated asymmetric lappet
kinematics that amplify thrust during contraction and reduce drag
in recovery, enabling efficient fluid control in moderate Reynolds
regimes.”*

In addition, some organisms (e.g., squid) achieve pulsatile
swimming by jet propulsion, which exploits fluid momentum
via cyclic ingestion and expulsion. This mechanism inspires
the design of soft pulsatile swimming robots. For example,
Godaba et al. designed a DEA where voltage-triggered membrane
expansion generates pulsatile thrust and buoyancy modulation
for vertical propulsion in a jellyfish-like robot.!”’ Periodic liquid
or gas generation is an alternative approach, as demonstrated by
a light-powered soft oscillator using photothermal steam bubbles
to drive pulsed swimming, enabling adaptive locomotion
through tunable fluid expulsion frequencies."””!

3. Mechanisms of Multimodal Locomotion

Although soft robots have demonstrated impressive locomotion
capabilities, most of them merely exhibit a single type of locomo-
tion mode. The prevailing trend is to integrate multiple locomo-
tion modes within a single robotic system to enable adaptability
across diverse scenarios. Besides, it is equally important to
achieve transitions between distinct locomotion modes. In this
section, we delve into the underlying mechanisms of multimodal
locomotion, classifying them into three primary categories:
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active control-based, reconfiguration-based, and environment-
responsive strategies.

3.1. Active Control-Based Strategy

A significant number of soft robots employ active control-based
strategies to achieve multimodal locomotion. One straightforward
approach involves integrating multiple actuators into the robot’s
body to provide sufficient degrees of freedom (DoF). An early
example is a five-module soft robot, each module incorporating
three vacuum-powered soft pneumatic actuators.”®! Binary activa-
tion signals were applied to each actuator, and the fifteen actuators
were coordinated to achieve two distinct gaits: crawling and rolling
(Figure 3a). Similarly, a Drosophila larvae-inspired soft robot was
developed with three serially connected modules, each containing
four SMA coils.l”” The additional DoF in each module allowed the
robot to execute more complex locomotion modes such as turning
and twisting. Despite these advances, physical space constraints
and power requirements often limit the number and variety of
actuators that can be incorporated into robots, ultimately restrict-
ing their locomotion capabilities. To overcome this challenge, a
hierarchical actuation design for multi-appendage soft robots
was proposed./’®! In this design, a single high-power motor actu-
ated all appendages for locomotion, while smaller low-power
motors augmented the shape of each appendage. This arrange-
ment enables the robot to perform a variety of multimodal loco-
motion behaviors, including swimming, turning, grasping, and
crawling (Figure 3b).

Many studies employ untethered actuation via external fields
to achieve programmable multimodal locomotion, significantly
reducing the requirement for embedded discrete actuators by
leveraging spatially programmed materials.”*#") A representa-
tive example is a magneto-elastic soft robot embedded with
neodymium-iron-boron (NdFeB) microparticles and pro-
grammed with a single-wavelength harmonic magnetization pro-
file along its body.®"! By modulating the magnitude, phase, and
frequency of the applied magnetic field, the robot achieved various
locomotion modes, including crawling, rolling, jumping, and
swimming (Figure 3c). Magnetic soft robots exhibiting such mul-
timodal locomotion have shown considerable promise in biomed-
ical applications, such as targeted drug delivery and release,
particularly when combined with advanced imaging techniques,
including ultrasound, X-rays, and magnetic resonance imaging,®?
Another example is a Pleurotya caterpillar-inspired light-driven soft
robot with multiple postures.®® The segmental robot was fabri-
cated by advanced multi-material 4D printing with programmable
mesogen alignment. Spatially resolved near-infrared irradiation
induced localized photothermal effects in targeted LCE segments,
enabling on-demand curvature modulation. This actuation strat-
egy supported adaptive locomotion behaviors, including bidirec-
tional crawling, rolling, and self-righting (Figure 3d).

Recently, several studies have demonstrated that frequency
modulation can induce multimodal locomotion even in robots
with limited DoFs by leveraging their dynamic behavior. One such
example is a dexterous electrical-driven soft robot featuring a
chiral-attice foot.®” By modulating the voltage frequency, the
robot could control whether the chiral-lattice foot remained in con-
tact with the substrate or lifted off, thereby enabling forward or
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Figure 3. Multimodal locomotion of soft robots via active control-based strategies. a) A vacuum-powered multi-module soft robot capable of crawling
and rolling via gait control. Reproduced with permission.”®! Copyright 2017, AAAS. b) A hierarchical actuation design for multi-appendage soft robots
enabling efficient multimodal locomotion. Reproduced with permission.’8) Copyright 2024, Mary Ann Liebert, Inc. c) A magneto-elastic millimeter-scale
soft robot capable of multimodal locomotion by modulating the applied magnetic field. Reproduced with permission.®" Copyright 2018, Springer Nature.
d) A Pleurotya caterpillar-inspired segmental robot for adaptive locomotion through spatially resolved near-infrared irradiation. Reproduced with per-
mission.[¥ Copyright 2025, Wiley. ) A small-scale, dexterous soft robot capable of reaching arbitrary points in a plane under a single voltage input.
Reproduced under terms of the CC-BY license.B* Copyright 2023, The Authors, published by Springer Nature. f) A small-scale soft robot capable of both
running and jumping using a single electromagnetic actuator. Reproduced under terms of the CC-BY license.*” Copyright 2022, The Authors, published
by Springer Nature. g) An insect-scale, combustion-driven quadrupedal robot exhibiting crawling at a high actuation frequency and hopping at lower
frequencies. Reproduced with permission.P) Copyright 2023, AAAS.
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backward locomotion. As the frequency approached its resonance
frequency, the robot moved circularly due to the synergistic effect
of the dynamic resonant and chiral twisting (Figure 3e). Another
example is a spiral-shaped piezoelectric soft robot capable of bidi-
rectional locomotion by utilizing different vibration modes at
higher-order resonance frequencies.””? The robot exhibited for-
ward locomotion at 76 body lengths per second under first-order
resonance and backward locomotion at 11.26 body lengths per sec-
ond under third-order resonance. Furthermore, frequency modu-
lation can also induce distinct locomotion modes. A small-scale
soft robot was reported capable of both running and jumping
using a single electromagnetic actuator.*”! Embedded liquid metal
coils generated Lorentz forces when subjected to alternating cur-
rent within a static magnetic field, resulting in frequency-
dependent vibrations. The robot achieved high-speed running
near its resonant frequency and was capable of jumping over
obstacles by storing and releasing energy through pulsed current
inputs (Figure 3f). Similarly, an insect-scale, combustion-driven
quadrupedal robot demonstrated both crawling and hopping by
modifying the fuel equivalence ratio and the sparking frequency
(Figure 3g).”* In general, these innovative studies highlight the
strategic use of frequency modulation, either by tuning resonance
or exploiting dynamic interactions with the environment, to
achieve multimodal locomotion.

3.2. Reconfiguration-Based Strategy

Reconfiguration capability enables soft robots to adapt their mor-
phology and functionality, facilitating the realization of multi-
modal locomotion. An early example is a pneumatic soft robot
utilizing shape change to traverse both flat and inclined surfa-
ces.®! The robot featured an internal bladder for shape modifi-
cation and a set of external bladders for propulsion. On flat
terrain, it achieved rolling locomotion by sequentially inflating
the trailing-edge bladder (Figure 4a). When encountering
inclines that hindered rolling, the robot deflated its inner bladder
to transition into a flattened configuration. By simultaneously
inflating the four upward-facing bladders, the robot employed
an inchworm-like gait to climb inclines. In addition to fully
soft-bodied robots, soft materials are increasingly employed as
morphing elements in reconfigurable robots that incorporate
rigid components. One study demonstrated that combining com-
pliant structures with morphological reconfiguration enabled
autonomous multimodal locomotion across complex terrains
with minimal sensing.®®! Lens-like structures were leveraged
to tune torsional stiffness, allowing the robot to transform from
a flat rover for driving to a spherical shape for rolling (Figure 4b).
By actively reconfiguring its morphology, such as adjusting its
aspect ratio for optimized speed and drift, or redistributing its
payload for self-instigate rolling, the robot improved its locomo-
tion performance in diverse and rough environments.

A typical approach to achieving such reconfiguration involves
variable-stiffness structures. Inspired by terrestrial and aquatic
turtles, a robotic turtle was developed that combined rigid com-
ponents with soft materials to enable limb shape changes and
gait switching for amphibious locomotion.®”) The morphing
limb consisted of an antagonistic pneumatic actuator pair with
strain-limiting layers adhered to thermoset polymers. Heating
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the thermosets through embedded heaters and inflating the
pneumatic actuators increased the limb’s cross-sectional area
and storage modulus, enabling transitions between a cylindrical
geometry for walking and a flat flipper geometry for swimming
(Figure 4c). Another study introduced continuously morphable
actuators that combined programmable deformation via LCEs
with stiffness locking through shape memory polymers.®8 A
lightweight terrestrial-aerial microrobot employing these actua-
tors was demonstrated. One pair of actuators switched the func-
tion of propellers between rotor wings (aerial mode) and wheels
(terrestrial mode), while another pair assisted the control of pro-
peller gestures by adjusting the undercarriages (Figure 4d). In
summary, these designs exploit the temperature-induced
variable-stiffness properties of soft materials to enable reconfig-
uration. Their high stiffness at low temperatures offers excellent
load-bearing capacity without continuous actuation, making
them ideal for hybrid soft-rigid systems.

Another notable approach leverages bistable structures, which
provide both shape-locking capability in stable states and active-
morphing capability through snap-through transitions. One
example involves a soft actuator incorporating bistable chiral
metamaterials and tube-sealed SMA for a morphable multimodal
robot designed for deep-sea exploration.® The chiral unit was
precompressed from a cross-shaped soft precursor to exhibit
left-handed and right-handed stable states. Upon activation of
the SMA springs, the front chiral unit was reconfigured, allowing
the robot to transition from swimming to crawling mode within
0.75s after landing (Figure 4e). While reconfigurable designs
enhance locomotion versatility, they typically require dedicated
actuators for shape morphing, increasing system complexity.
To address this, a snap inflatable modular metastructure was
developed to enable multiple reversible configurations using only
a single pressure input.”®” The metastructure consisted of inter-
connected snap units, each comprising a pneumatic cell attached
to a spherical bistable elastomeric shell. A soft robot constructed
by aligning three extension-snap modules, each with snap units
attached to both ends of a pneumatic bellow, could transition
between flat and cylindrical shapes, and elongating or recover
in both configurations. This allowed the robot to achieve planar
crawling and cable climbing using only a single pressure input
(Figure 4f).

3.3. Environment-Responsive Strategy

Recently, researchers have explored several designs that can pas-
sively transition between locomotion modes in response to envi-
ronmental changes. One example is an origami robot capable of
self-adaptive locomotion on unstructured terrain.”") A magnetic
plate was affixed to one end of the Kresling origami. On flat
ground, the robot demonstrated either rolling or flipping modes,
achieved by rotating the magnetic field in a plane perpendicular
or parallel to the robot’s longitudinal axis, respectively. When
encountering obstacles, the robot automatically switched
between rolling and flipping modes to navigate the terrains while
maintaining its moving direction, without requiring any modifi-
cation to the magnetic control input (Figure 5a). Another exam-
ple is an LCE robot capable of self-sustained multimodal
locomotion by tuning the substrate adhesion.””! The robot
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Figure 4. Multimodal locomotion of soft robots via reconfiguration-based strategies. a) A pneumatic soft robot utilizing shape change to traverse both flat
and inclined surfaces. Reproduced with permission.’®>) Copyright 2020, Springer Nature. b) Combining compliant structures with morphological recon-
figuration enabling autonomous multimodal locomotion across complex terrains with minimal sensing. Reproduced with permission.® Copyright 2025,
AAAS. c) An Amphibious Robotic Turtle combining rigid components and soft materials to enable augmented limb shape changes and gait switching for
amphibious locomotion. Reproduced with permission.’®”! Copyright 2022, Springer Nature. d) A lightweight terrestrial-aerial microrobot based on small-
scale continuously morphable actuators that combine programmable deformation and stiffness locking. Reproduced with permission.®® Copyright 2025,
Springer Nature. €) A morphable multimodal robot for deep-sea exploration based on soft actuators incorporating bistable chiral metamaterials and tube-
sealed SMA. Reproduced with permission.® Copyright 2025, AAAS. ) A soft robot consisting of snap inflatable modular metastructures capable of
multimodal locomotion using only a single pressure input. Reproduced with permission.®® Copyright 2025, Elsevier.

was mechanically trained to undergo thermally driven, continu-  shape, resulting in continuous rolling. When placed on a
ous shape shifting for autonomous locomotion. On a hotplate,  high-adhesion surface (coated with viscous silicone oil), the robot
asymmetric heating caused the robot to arch upward. Driven  stored more energy during arching, which triggered a jumping
by inertia, the robot flipped twice and returned to its original —motion upon sudden release (Figure 5b).
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Figure 5. Multimodal locomotion of soft robots via environment-responsive strategies. a) An amphibious origami millirobot capable of self-adaptive
locomotion on unstructured terrain. Reproduced under terms of the CC-BY license.”! Copyright 2022, The Authors, published by Springer Nature. b) An
LCE robot capable of self-sustained multimodal locomotion, where the specific locomotion mode is controlled via substrate adhesion. Reproduced under
terms of the CC-BY license.®? Copyright 2024, The Authors, published by Wiley. c) A soft-limbed robot with embedded fluidic circuits utilizing implicit
environmental coupling for fast and autonomous locomotion. Reproduced with permission.l®®! Copyright 2025, AAAS. d) A multi-stimuli-responsive soft
robot capable of reacting to six environmental stimuli: humidity, heat, light, radio frequency heating, low-frequency magnetic fields, and chemical sol-
vents. Reproduced under terms of the CC-BY license.’* Copyright 2023, The Authors, published by Wiley.

Transitioning between solid and fluid environments can also  untethered robot comprised two pouch tubes as soft limbs. An
reshape a robot’s dynamic behavior. A soft-limbed robot with  individual soft limb exhibited periodic and asymmetric motions
embedded fluidic circuits demonstrated fast and autonomous by harnessing a self-oscillating behavior of thin soft tubes.
locomotion through implicit environmental coupling.”? The = When the robot was placed upside down, the two limbs were
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out of phase under actuation at different natural frequencies.
However, when the robot was placed upright so that the limbs
contacted the ground, the two limbs synchronized their motion
and actuated in-phase, resulting in hopping locomotion.
Notably, upon immersion in water, the robot autonomously
transitioned from its in-phase hopping gait to an antiphase swim-
ming gait without any morphological changes or control input
(Figure 5c). These transitions illustrated how external cues could
affect the coupling between the body dynamics and the
environment.

Environment-responsive shape morphing also offers a prom-
ising route to adaptive multimodal locomotion. A magnetic soft
robot was developed featuring a sandwich structure formed by
bonding a superhydrophilic hydrogel and a superhydrophobic
elastomer via a laser-induced graphene layer.” This structure
enabled shape morphing in response to six environmental stim-
uli: humidity, heat, light, radio frequency heating, low-frequency
magnetic fields, and chemical solvents. Under ambient condi-
tions (room temperature and 90% relative humidity), the robot
maintained a flat configuration and demonstrated walking behav-
ior. Upon falling into ethanol, which absorbed moisture from the
robot, it spontaneously morphed into a spherical configuration,
enabling rolling locomotion on a sloped surface (Figure 5d).
After exiting the liquid, the adsorbed ethanol rapidly evaporated,
and the robot reabsorbed ambient moisture, returning to its orig-
inal flat shape. Compared with the examples presented in
Section 3.2 that reconfigure actively, this environment-
responsive shape morphing achieves passive reconfiguration
without the need for dedicated reconfigurable actuators, thereby
reducing structural complexity.

3.4. Comparison among Three Strategies

The three representative strategies for achieving multimodal loco-
motion exhibit distinct characteristics and trade-offs (Table 2).
Among them, the active control-based strategy is the most widely
adopted and straightforward, realizing multimodal locomotion
through multi-degree-of-freedom actuation. The availability of
diverse controllable variables, such as amplitude, frequency, phase,
and spatial distribution, offers high programmability and flexibility,
but this advantage often comes at the expense of increased struc-
tural complexity and control complexity. For more substantial
changes in locomotion modes (e.g., transitioning from walking
to flying), the reconfiguration-based strategy often becomes neces-
sary, enabling robots to adapt their morphology for efficiently gen-
erating specialized locomotion modes. Advanced designs can even
incorporate both shape-locking and active-morphing capabilities

Table 2. Comparison among three multimodal locomotion strategies.
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with relatively low energy consumption, making them well suited
for hybrid soft-rigid systems. Nevertheless, the process of reconfig-
uration generally requires additional actuators and operation time.
The environment-responsive strategy offers a more autonomous
and adaptive alternative by allowing robots to passively transition
between locomotion modes in response to environmental changes,
particularly suitable for cross-domain transition. This approach sig-
nificantly reduces both structural and control complexity, embody-
ing the concept of physical intelligence. Its main challenge lies in
designing structures that reliably achieve desired deformations
under environmental stimuli. Notably, the boundaries among
these strategies are often blurred, and emerging designs increas-
ingly integrate elements from multiple strategies to achieve
enhanced adaptability and efficiency.®*

4. Adaptability to Multiple Environments via
Multimodal Locomotion

While the prior section has outlined the technical foundations for
achieving diverse locomotion modes, this section shifts focus to
the active selection and deployment of appropriate modalities in
response to dynamic environmental demands. The robust adapt-
ability of organisms in nature is manifested not only through the
integration of multiple locomotion modes but also in their
ability to transition seamlessly across diverse environments.®!
Achieving comparable adaptability in robotics remains a long-
standing challenge. The contact interface dynamics can vary sig-
nificantly across environments, necessitating smooth and
adaptive mode transition capabilities. Robust transition control
is particularly critical, as hazardous transient states induced by
environmental uncertainties may propagate into irreversible
mechanical failures.”! In response to these challenges, we focus
on three representative adaptation scenarios: 1) cross-domain
transition, between terrestrial, aquatic, and aerial environments;
2) surface adaptation, including transitions from horizontal
planes to vertical walls and inverted ceilings; and 3) obstacle
negotiation, which requires alternative modes for overcoming
high barriers, traversing narrow gaps, or ascending staircases.

4.1. Cross-Domain Transition

While most organisms in nature possess the ability to move
through diverse mediums, bionic soft robots remain largely con-
strained to locomotion within a single medium. To enhance
robotic environmental adaptability, researchers leverage multi-
modal locomotion mechanisms to enable autonomous

Strategy Principle

Advantages

Limitations Representative examples

Active control-based Multi-degree-of-freedom

strategy actuation

Reconfiguration-based Functional change via

strategy structural reconfiguration

Environment-responsive Passive adaptation to

strategy environmental changes

High programmability
and flexibility
Efficient generation of

specialized locomotion modes

Low structural and control
complexity

Increased structural and [37,40,54,76-78,81,83,84]

control complexity
Require additional actuators [85-90]
and operation time

Environment-dependent [91-94]
applicability
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transitions between terrestrial, aquatic, and aerial environments.
The aquatic-terrestrial transition stands as an exemplary para-
digm for cross-domain locomotion. Due to its high engineering
feasibility, diverse amphibious soft robotic prototypes have been
developed. An ultrathin soft robot achieves seamless water-land
transitions using electrostatic adhesion and biomimetic propul-
sion (Figure 6a).”® The robot combines DEA with tunable
Poisson’s ratio mechanisms to enable terrestrial crawling via
electrostatic adhesive pads. For aquatic locomotion, detached
rear pad serves as a tail fin to drive undulating swimming.
This dual functionality of electrostatic adhesive pads as both ter-
restrial anchors and aquatic propulsion elements demonstrates

www.advintellsyst.com

robust environmental adaptability. Such designs featuring struc-
tural multifunctionality of body components across varied envi-
ronments represent a prevalent bionic paradigm. For instance,
flippers of an arc-heating robot concurrently function as terres-
trial planar limbs and aquatic propulsive fins,®”! whereas robots
composed of electrohydraulic actuators drive individual limbs to
crawl on land while utilizing tripedal synchronization to achieve
medusoid propulsion underwater.®

Beyond inherent structural multifunctionality, functional
modifications induced by structural reconfiguration provide
an alternative way to achieve adaptive transitions. A shape-
reconfigurable soft robot capable of multimodal locomotion
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Figure 6. Adaptive multimodal locomotion transition across heterogeneous domains. a) An ultrathin soft robot utilizing electrostatic adhesion and
biomimetic propulsion strategies to enable seamless water-land transitions. Reproduced under terms of the CC-BY license.®® Copyright 2024, The
Authors, published by Springer Nature. b) An amphibious robot using bistable shape memory alloy actuators to shift from a quadruped crawler to
a frog-like swimmer. Reproduced with permission.”® Copyright 2022, Wiley. c) A seal-inspired amphibious robot made of shape memory alloys that
can crawl on land and swim in water. Reproduced with permission.l'®” Copyright 2022, Wiley. d) An insect-scale piezoelectric-driven microrobot capable
of air-water multimodal locomotion. Reproduced with permission."®) Copyright 2017, AAAS. e) A hybrid microrobot driven by dielectric elastomer
actuators integrating flapping wings and passive legs to enable terrestrial-aerial locomotion. Reproduced with permission.l'" Copyright 2025,
AAAS. f) A multifunctional shape-morphing metamaterial as an essential component of soft robotic drones that can run and fly. Reproduced with
permission.l'®! Copyright 2022, AAAS.
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was designed based on bistable soft actuators (Figure 6b)."%

These actuators are composed of a prestretched membrane sand-
wiched between 3D printed frames with embedded antagonistic
SMA coils. Due to the bistable structure, the robot can reconfig-
ure from a quadruped crawler to a frog-like swimmer within
0.2s. Aside from fully soft-bodied robot, soft materials can be
employed as functional elements in robot with rigid support.
This strategy facilitates the realization of large-scale amphibious
robots, such as a bioinspired robotic turtle.®”! Similarly, inspired
by seal locomotion, a soft amphibious robot made of SMA-based
actuators was proposed (Figure 6¢).'%! To replicate seal locomo-
tion, two types of SMA-based soft actuators, a backbone unit inte-
grating body and tail segments for primary propulsion and
support units providing steering assistance, are utilized.
Terrestrial crawling is achieved through antagonistic body-tail
undulation which enables two-anchor kinematics, while aquatic
propulsion relies on tail oscillation with static body posture.

Given the persistent technical challenges in achieving stable
flight motion for soft robots, transitions within aerial environ-
ments remain a notable unexplored frontier in contrast with
aquatic-terrestrial transitions. Micro flapping-wing robots actu-
ated by smart materials provide a promising avenue for flight
modality exploration.*”) When such small-scale robots transition
between aquatic and aerial media, interfacial phenomena must
be addressed. An insect-scale flapping-wing robot overcomes
air-water interfacial tension via bioinspired actuation and electro-
chemical phase-transition (Figure 6d).'°"Y Its symmetric split-
body design integrates a central gas collection chamber with
buoyancy triggers, four titanium balance beams exploiting sur-
face tension, and integrated electrolytic plates with a sparker.
The water-to-air transition involves electrolytic gas generation
for gradually lifting the robot out of water followed by spark-
ignited combustion achieving takeoff.

Flying robots are versatile for obstacle avoidance, but they
require substantial power to maintain aerial flight, making
energy consumption and endurance persistent challenges.
Compared to flight, terrestrial locomotion is more efficient
despite being constrained by spatial limitations. Therefore, the
incorporation of terrestrial locomotion to achieve intermittent
flight offers a viable solution to the endurance problem. A sub-
gram DEA-driven microrobot integrates flapping-wing propul-
sion and passive telescopic legs to enable terrestrial-aerial
locomotion (Figure 6e).'°% Its two-phase transition cycle com-
bines a stance phase where legs store >80% impact energy
and an aerial phase using high-frequency flapping to compensate
energy loss while controlling altitude/attitude. This design ena-
bles seamless transition between ballistic hopping and controlled
flight, reducing power consumption by 64% compared to pure
flight. As validated in preceding sections, morphological recon-
figuration provides an effective approach to perform multimodal
locomotion in different environments. To enable efficient
ground-air transition, a shape-morphing metamaterial functions
as an essential component of soft robotic drones (Figure 6f).[**!
Composed of low-melting-point alloy endoskeletons, liquid metal
heaters, and kirigami elastomers, it leverages kirigami’s nonlin-
ear deformation to induce complex morphologies. The shapes
are fixed via plasticity and phases change of alloys, while liquid
metal triggers reversible transitions. Integrated with motors, the
robot can autonomously morph from a wheeled vehicle to a
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quadrotor. Cross-domain multimodal soft robots represent a par-
adigm in adaptive machinery, enabling seamless transition
between disparate environments through bioinspired design,
which will revolutionize exploration, monitoring, and interven-
tion in extreme terrestrial-aquatic-aerial domains.

4.2. Surface Adaptation

In confined-space operations such as aircraft cavity inspection,
robots must achieve continuous locomotion transitions across
diverse surfaces (e.g., planar, vertical, and inverted surfaces).
This necessitates dynamic mode shift from terrestrial crawl-
ing/rolling to antigravity climbing for robots. Resolving such
adaptive transitions on complex curved surfaces to enable effi-
cient traversal poses a central challenge in designing these
robotic systems. Contemporary research identifies two primary
strategies for surface transition: active adhesion-based climbing
and passive climbing enabled by microstructures.

Suction cup adhesion represents a prevalent implementation
of active attachment mechanisms. As a typical example, a soft
crawling-climbing robot achieves multimodal locomotion
through synchronized body deformation and friction control
(Figure 7a)."® The robot is composed of pneumatic artificial
muscles for inchworm-like motion and suction cups for adhe-
sion. During surface transitions, asymmetric actuation lifts
the head while suction cups anchor to vertical surfaces. The sys-
tem demonstrates confined-space navigation, aquatic mobility,
and high load capacity. Similarly, an earthworm-inspired robot
achieved adaptive climbing from horizontal plane up to 90°
inclines via pneumatic muscles and electrostatic adhesion brakes
(Figure 7b)."%! Unlike multi-segment pneumatic systems, its
dual electrostatic adhesion brakes enable extension, contraction,
and bilateral bending modes for efficient climbing locomotion.
Recently, a multimodal dual-segment soft robot has been devel-
oped capable of vertical climbing, ceiling crawling, and smooth
inter-surface transitions, demonstrating the potential for deploy-
ment in real-world unstructured environments.!"®!

As another active attachment method, electrostatic adhesion
demonstrates superior noise suppression capabilities compared
to negative-pressure-based systems. However, its constrained
payload capacity leads to primary application in small-scale
robotic platforms. Voltage-driven laser-induced-graphene-LCE
bilayer actuator enabling programmable 3D transformations
and stiffness adjusting was developed for soft climbing robots
(Figure 7¢).* The actuator is employed to develop morphable
electroadhesive footpads adapting to curved surfaces and
stiffness-tunable smart joints enabling gait switching. The robot
achieves the transition from stepping to flipping via thermal joint
control, allowing transitions between an 80° glass cylinder and a
flat surface.

While the active control of functional feet provides a highly
effective way for climbing, the increased number of actuators
and control dimensionality adversely impact system integration.
As an alternative strategy, passive microstructure-enabled sur-
face transition is utilized in challenging climbing tasks. A
piezoelectric-driven soft robot with bioinspired highly directional
sliding-tuned footpads achieved robust surface adaptation, includ-
ing roughness transition and angles transition (Figure 7d)."%”)
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Fabricated via inclined/soft lithography, these polydimethylsilox-
ane (PDMS) micropillars leverage directional contact and lift-drop
mechanisms to enable extremely low forward friction for locomo-
tion and high backward friction for slope stability. Another unteth-
ered soft millirobot climbs 3D surfaces through microstructured
footpad designs under magnetic field (Figure 7e).l**) The proposed
peeling-and-loading mechanism utilizes both the soft-body defor-
mation and whole-body motion of the robot to enable the adhesive
control. Combining microspikes with bioadhesives, the robot
achieves wet-surface locomotion (e.g., tissues), payload delivery,
and pH-responsive drug release for biomedical applications.

4.3. Obstacle Negotiation

When navigating unstructured environments, robots often
encounter obstacles (e.g., barriers, gaps, or stairs) that impede
their current locomotion modality. Multimodal robots exhibit
higher environmental adaptability than single-mode counter-
parts by dynamically changing locomotion strategies to fulfill
obstacle-avoidance requirements. As a current research focus,
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numerous robotic prototypes have been developed for obstacle
negotiation, which can be categorized into bimodal transitional
and multimodal synergistic types.

For bimodal transitional robots, jumping emerges as the pre-
dominant strategy employed for obstacle navigation due to its effi-
ciency and feasibility.?*'® A biomimetic microrobot was
developed capable of quadrupedal walking and impulsive jumping
via a mantis shrimp-inspired catapult mechanism (Figure 8a).l'”)
Torque reversal at linkage singularity rapidly releases elastic energy
from SMA actuators, enabling directional jumping for obstacle
clearance alongside agile walking. Additionally, a magnetically
driven soft robot inspired by water striders leverages adaptive mul-
timodal locomotion, including surface paddling, underwater swim-
ming, terrestrial walking, and dynamic jumping, to overcome
environmental barriers (Figure 8b).''% Composed of PDMS legs
with NdFeB particles, the robot achieves in-flight maneuvers after
jumping and payload-capable obstacle negotiation with grippers.

Another magnetoelastic soft robot employed crawling-to-
tumbling transitions to overcome obstacles instead of jumping
(Figure 8c)."" The NdFeB-Ecoflex body segments and Fe;O,
conical feet enable magnetic reconfiguration and low-friction

© 2025 The Author(s). Advanced Intelligent Systems published by Wiley-VCH GmbH
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the CC-BY license.""% Copyright 2023, The Authors, published by Wiley.

¢) A magnetoelastic soft robot employing crawling-to-tumbling transitions

to surmount barriers. Reproduced under terms of the CC-BY license.l"'! Copyright 2024, The Authors, published by AAAS. d) A reprogrammable mag-
netic soft robot utilizing reversible shape morphing and adaptive mode transitions to traverse pipes and narrow underpasses. Reproduced under terms of
the CC-BY license.l'"" Copyright 2025, The Authors, published by Springer Nature. e) An insect-inspired millirobot with multiple specialized gaits gener-
ated by selective actuation of SMA actuators to overcome impassable terrain features. Reproduced with permission.[''*! Copyright 2019, Springer Nature.
f) A soft thin-film millirobot enabling terrain-specific multimodal motions via dual-morphology and magnetic actuation. Reproduced with permission.['']

Copyright 2025, IEEE.

motion. Upon encountering barriers, the robot anchors to
obstacles, curls, and rolls to surmount them. For the scenario
of narrow passages or geometrically complex tubes, planar crawl-
ing locomotion often fails to effective traversal. Consequently,
the robot must either transition to locomotion modalities with
reduced deformation or actively optimize its shape to minimize
volumetric occupancy, thereby overcoming such constrained
cases. A reprogrammable magnetic soft robot leverages
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reversible shape morphing between fold and unfold states to nav-
igate constrained environments (Figure 8d).'*? While encoun-
tering S-shaped pipes and narrow underpasses, external
magnetic fields trigger folding transformations that reduce the
robot’s profile, shifting the locomotion mode from crawling to
rolling.

Confronting composite scenarios (e.g., combination of narrow
channels and vertical barriers), reliance on binary locomotion
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modality transitions proves insufficient, while robots capable of
multimodal synergistic obstacle negotiation demonstrate superior-
ity. An autonomous insect-inspired millirobot achieves adaptive
obstacle traversal via a minimalistic Y-hinge design (Figure 8e).***!
Selective SMA actuation triggers snap-through instability, gener-
ating five gaits: height jumping, distance jumping, somersault
jumping, flicflac walking, and inchworm crawling. When
obstructed by impassable terrain features, the robot robustly tran-
sitions between modes, such as switching from crawling to flic-flac
walking on rough surfaces or adopting somersault jumping to
overcome obstacles. Another soft thin-film millirobot could also
negotiate complex terrains via dual morphology and magnetic
actuation (Figure 8f).I'' Its magnetite-alginate hydrogel body
switches between elongated and curled states via pH stimuli,
enabling terrain-adaptive gaits: wave motion, rolling, tumbling,
and spiral locomotion. Programmable magnetic fields orchestrate
movements via knowledge graph-based modular control, validated
in confined spaces, stair obstacles, and swine intestines. These
multimodal soft robots, endowed with outstanding obstacle nego-
tiation capabilities, execute efficient and resilient operations in
unstructured complex environments, such as disaster reconnais-
sance and internal inspections of large-scale devices. Upon mini-
aturization, they manifest immense potential in medical domains
like precise oncotargeting clearance and other micromanipulation
procedures.

5. Challenges and Perspectives

Despite significant advancements in multimodal locomotion of
soft robots, their overall performance still leaves room for improve-
ment. One fundamental challenge lies in the efficient generation of
multiple locomotion modes and their seamless transition. Current
approaches predominantly rely on conceptual design and iterative
experimental validation, which are often time-consuming and lack-
ing in systematic design principles, thereby resulting in suboptimal
performance.""* Addressing this requires unified physical model-
ing frameworks that incorporate multi-DOF actuation, complex
soft-bodied structures, and multi-material distribution. Such
frameworks should aim to accurately predict individual mode per-
formance and capture critical transition conditions. Different mul-
timodal locomotion strategies impose distinct requirements: the
active control-based strategy requires accurate representation of
spatiotemporal coordination across multiple actuators, the
reconfiguration-based strategy may involve multistability analysis,
and the environment-responsive strategy demands considering the
interplay between body dynamics and external stimuli. These capa-
bilities would enable programmable design and on-demand control
of multimodal locomotion within a single robot. Moreover, design
optimization guided by these models can further enhance overall
locomotion performance.''™ However, the persistent sim-to-real
gap remains a bottleneck, as existing models and simulations often
fail to fully capture the real-world interactions. Integrating machine
learning with physics-based modeling can help compensate for
model inaccuracies and uncertainties, offering a promising path-
way to minimize this gap.

Another key challenge lies in sensing and control of multi-
modal soft robots. Due to their continuous and complex deforma-
tions, it is inherently difficult to model and estimate their internal
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states (e.g., shape, pose, and contact forces) in real time.
Addressing this challenge requires the development of embedded,
distributed, high-density, low-latency, and interference-resilient
proprioceptive systems. Emerging technologies such as optical
fiber sensors, liquid metal sensors, and flexible capacitive or resis-
tive strain sensor arrays offer promising avenues.'”''® The
development of state estimation algorithms is equally important
for inferring high-dimensional, time-varying states from noisy
sensor data in real time."” In the meantime, the inherent
characteristics of soft robots, including high nonlinearities and
time-varying dynamics, pose substantial challenges for accurate
dynamic modeling. Consequently, robust control methods that
can handle model uncertainty and environmental disturbances
are crucial.'*”! Data-driven approaches, leveraging machine learn-
ing techniques such as neural networks and Gaussian processes,
enable accurate modeling of soft robot dynamics that are difficult
to capture analytically, offering strong potential for stable and
robust multimodal locomotion under uncertain and dynamic
conditions.['122

Although soft robots have demonstrated impressive multimodal
locomotion capabilities in complex environments, their ability to
perform practical tasks in real-world applications remains relatively
limited. Some studies have endowed soft robots with basic opera-
tional capabilities, such as targeted cargo transport?®*'?*124 and
controlled drug release."”>"*”) In addition, soft robots integrated
with various types of sensors have been employed for detection
tasks in confined environments, such as image capture,2%1%% tem-
perature sensing,''?*? and surface crack inspection.*!
However, these functionalities are typically implemented in isola-
tion, with most systems supporting only a single prescribed task.
Beyond experimental or proof-of-concept demonstrations, multi-
modal locomotion of soft robots holds promise for broader and
more impactful domains, such as minimally invasive surgery
and exploration under extreme conditions (e.g., deep-sea or plane-
tary environments), which are receiving increasing attention in cur-
rent research.*>7*! A critical challenge is to tightly integrate
multiple functionalities, including actuation, power supply, sens-
ing, and control,"**”! necessitating advances in soft materials,
manufacturing techniques, and embedded system design.
Future research should also address long-term durability and mate-
rial lifecycle, particularly under repeated operation in harsh or
unpredictable conditions.

Realizing practical applications in real-world scenarios also
demands improvements in autonomy. To operate autonomously
in unknown and dynamic environments, soft robots must be
capable of making intelligent decisions, including real-time
motion planning and optimal mode selection. Addressing this
need requires the continued integration of advanced artificial
intelligence techniques, such as online learning, adaptive con-
trol, and reinforcement learning."*®! In particular, reinforcement
learning shows great potential for enabling soft robots to auton-
omously discover novel locomotion gaits, optimize transition
strategies, and adapt mode selection in response to dynamic
and unpredictable environments. For instance, a recent study
has employed reinforcement learning to enhance contact-aware
control for a soft snake robot navigating obstacle-rich environ-
ments, demonstrating both feasibility and promising future of
reinforcement learning in soft robotics."**! Equally important
is the development of multimodal exteroceptive systems capable
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of robustly detecting terrain geometry and robot-environment
interaction states, providing essential inputs for decision-making
and control. In parallel, an increasingly promising direction is
the incorporation of autonomous physical intelligence, as exem-
plified by the environment-responsive strategy, enabling soft
robots to exhibit intrinsically adaptive behavior by leveraging
material properties and structural morphology and thereby min-
imizing reliance on complex sensing and control systems.*>14%
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