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Abstract

Purpose of Review Soft robotics enables unprecedented capabilities for mobile robots that could not be previously achieved
using rigid mechanisms. This article serves as a reference for researchers working in soft robotic locomotion, provides
classifications and trends in this field, and looks ahead to make recommendations for future developments.

Recent Findings Soft robotic locomotion tends to be heavily bioinspired. Consequently, we provide a taxonomy of soft
robotic locomotion according to locomotion mode, including crawling, flying, swimming, legged locomotion, jumping,
and alternative locomotion techniques. For each locomotion mode, we investigate fundamental aspects including actuation
type, speed, locomotion gaits, control type, and power autonomy to present an accurate snapshot of soft robotic locomotion
research. During the investigation, we focus primarily on the robotics literature from 2016 to 2021, while including some of
the seminal work from previous years.

Summary In this article, we provide a comprehensive overview of recent soft robotic locomotion research including a broad
overview of soft robotic research in several aspects, such as locomotion applications, flexible substrates, and compliant
mechanisms, as part of the larger domain of soft robotic locomotion. We also discuss the research trend recent years in this
area, possible future research focus, and application of soft locomotion research in human-robot interaction occasions.

Keywords Soft robotics - Locomotion - Mobile robots

Introduction

Biology provides ample evidence that compliance is
a critical factor for improved efficiency, stability, and
maneuverability in locomotion. From a physical viewpoint,
elasticity, as opposed to rigidity, can improve locomotion
in multiple ways. First, a soft body can accumulate energy
first, and dissipate it at a much slower rate than a rigid body
when making contact with the environment. Second, due to
its deformable nature, there is a lower chance of damage
to an elastic body or the environment that it physically
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and consistently interacts with. Third, due to passive shape-
changing compliance accommodating external forces, a
soft body can conform to its medium (such as water or
air) to increase its locomotion efficiency. These additional
capabilities and biological examples inspire roboticists to
introduce elasticity in mobile robot bodies to improve the
speed and efficiency of robot locomotion.

Initially, researchers added discrete springs and suspen-
sions to existing rigid mechanisms to incorporate com-
pliance. In 1995, Pratt et al. presented the serial elastic
actuator (SEA), comprising linear springs and a linear
motion stage [1], which provide both position and force
feedback control. Later, Baxter, SAPHARI, and other well-
known humanoid robotic platforms adopted SEA joints [2,
3]. Similarly, Collins et al. demonstrated the advantages
of a passive walking gait for bipedal robots with regards
to compliance [4]. Later, in the early 2000s, researchers
started incorporating new materials and mechanisms with
various actuation methods to create novel mobile soft robots
instead of rigid components, since rigid components con-
tinued to be cumbersome even with additional discrete
compliance.
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This paper classifies these advances in two categories:
deformable mechanisms, (e.g., for origami-inspired folding
structures); and soft materials, such as silicone rubber,
hydrogels, stretchable fabrics. These brand-new robots have
the significant benefits of being lightweight, low-cost, and
compliant, compared to traditional rigid robots. However,
several fundamental problems still remain. First, many
actuation methods of soft robots suffer from low energy
density, small displacement, low bandwidth, slow dynamics,
and nonlinearity. As a result, these robots are generally
slower than the application requirements. Second, the gait
regulations of their locomotion are more complicated than
for rigid robots, because the elasticity and the fabrication
bias of their bodies create many more uncertainties in
their response, and modeling their motions and embedding
local sensors to measure their kinematic shape changes are
challenging.

To describe the state of the art in soft robot locomotion,
this paper focuses on the past 5 years of academic
research publications. The outline is as follows: Each
section covers the main categories of robots according
to a distinct locomotion mechanism, mostly inspired by
biological examples: crawling, flying, swimming, legged
locomotion, and other alternative methods. The factors we
examine are actuation, speed, modeling, and control of each
locomotion type. From engaging with this paper, readers
will gain a clear overview of the current state of the field
of soft robot locomotion. The final section synthesizes these
factors to conclude with open research areas and anticipated
future trends.

Crawling

In nature, creatures with compliant bodies such as
inchworms, starfishes, and snakes utilize crawling as a
common locomotion pattern, which provides inspiration
for soft mobile robots. Soft legs or deformable rolling
mechanisms increase the compliance of their locomotion.
Most crawling locomotion approaches in soft mobile robots
are friction based. The crawling mobile robots usually have
a simplified structure to avoid lifting their limbs or parts
of their body against gravity. In this section, we introduce
recent research on crawling locomotion gaits in soft mobile
robots as shown in Fig. 1. We list some basic information of
these research in Table 1.

Robots and Performance
Creatures that perform crawling locomotion, like cater-
pillars, starfishes, and snakes, have soft and stretchable

bodies used both for propulsion and physical compliance
under environmental contact forces. Some bio-inspired soft
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crawling robots mimic the soft body for compliance, and
they are usually built with soft and stretchable materials like
silicone rubber.

Caterpillar-inspired soft crawling robots use peristaltic
locomotion to propel themselves. Similar to caterpillar,
these robots consist of one or multiple soft actuators [9, 10]
sometimes with modular design for better reconfiguration
[11], performing a wave of radial contraction and radial
elongation along the body to propel the robot. The
actuators are most commonly fluidic [12], cable-driven
[13], magnetic [14—16], smart-material-driven [17-25], and
dielectric elastomer actuator (DEA) based [6, 26-28].
Locomotion of these robots is coupled with the elongation
or bending of each actuator. At the same time, friction
limits the each contact point along the body from moving
backward so that the actuators can generate net positive
propulsion. In some research, methods are taken to increase
the friction to improve the crawling performance, to modify
the friction to get versatile locomotion [29], and even
crawling vertically on a wall was demonstrated [30, 31].

The majority of actuators used for caterpillar inspired
peristaltic crawling soft robots are fluidic. The robots are
designed to crawl horizontally on a rigid plane [39], water
surface [62], vertically on a wall [36], along a rod [38,
43, 56] or enclosure space such as within a tube [40, 58,
66]. For example, Connolly et al. designed fiber reinforced
actuators and connected them serially to form a crawling
robot [67]. They also built a finite element model to predict
the response of the actuators under different fiber angles.
To increase the peristaltic crawling ability, Rafsanjani et
al. designed a kirigami skin mimicking the anisotropic
friction properties of snakes [8]. Liu et al. utilize a similar
skin design surrounding a penumatic actuator [34]. When
actuating the pneumatic actuator, the kirigami scales pop-up
and penetrate the surface, improving the anchoring ability
and stopping the module from moving backward. Most
of the fluidic crawling robots utilize traditional valves to
manipuate the actuators while Rothemund et al. developed
a crawling robot with a soft, bistable custom valve [37].

Another actuation strategy for peristaltic crawling robots
utilizes cables or tendons along the length, typically
actuated by electrical motors. Umedachi et al. designed a
cable-driven caterpillar-inspired robot with soft links [65].
By changing the frequency of gait, the authors were able to
vary the speed and mode of locomotion.

On a similar track, shape memory alloy (SMA) actuators
can be used to drive the legs of a caterpillar inspired
robot. For example, Goldberg et al. connected six SMA
coil actuators in series to mimic the limbs of caterpillars
[17] with discrete elastic rod formulation, which is a finite
element method by splitting soft body into discrete elastic
rods for modeling, to analyze its locomotion. SMA can
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Fig. 1 (A) A fluidic soft robotic snake (From [5], © IOP Publishing.
Reproduced with permission. All rights reserved). (B) A soft earth-
worm robot with DEA (From [6], © IOP Publishing. Reproduced
with permission. All rights reserved). (C) Soft robotic worms actuated

also be used to deform the crawling robot body. Umedachi
et al. designed and fabricated a caterpillar inspired soft
robot with SMA coils embedded in the main body made
with soft materials [7, 22]. By actuating SMA coils in
certain gait, the robot is able to perform caterpillar crawling
locomotion.

Another direction is to build caterpillar or worm-inspired
robots with unstretchable materials or structures. Manwell
et al. built a cable-driven worm-like crawling robot [45].
The cable-driven mechanism is wrapped inside of an elastic
braided mesh. Onal et al. built an inchworm robot using
SMA coils to manipulate the origami main body [44]. Shin
et al. introduced a peristaltic crawling flexible robot [48].
The main body consist of a hygroscopically responsive film,
which quickly swells and shrinks in lengthwise direction
in response to a change of humidity, thus the robot can
be actuated to crawl. Kanada et al. present a caterpillar
inspired robot with a novel flexible grooved tube and gear
mechanism [60].

Starfish-inspired soft crawling robots locomote by elon-
gating and shrinking back their limbs. They also make
use of 1D anisotropic friction, which makes the friction
lower in forward direction and higher in backward direc-
tion. This prevents the robot from moving back when
elongating and shrinking the limbs, ensuring that it keeps
moving forward [33]. Stokes et al. designed a four-limb
soft pneumatic starfish inspired crawling robot with an
average speed of 0.0172 body length per second, and a
mobile base station was designed to increase its mobility

by SMA and motors (From [7], © IOP Publishing. Reproduced with
permission. All rights reserved). (D) Kirigami skins make a simple
soft actuator crawl (From [8], © Science Robotics. Reproduced with
permission. All rights reserved)

and provide air supply [49] for the pneumatic actuators. Tol-
ley et al. designed an untethered crawling robot operating
with a starfish like gait [32]. With a tough custom com-
posite soft material combining silicone with higher elastic
modulus, and hollow glass micro sphere or polyaramid fab-
ric, so that the robot is resilient to adverse environment
including exposure to flames, and being run over by an
automobile.

Dielectric elastomer actuator (DEA) is also considered
as a possible actuating strategy for crawling robots. It is a
class of electroactive polymers that deform under electric
field based on electrostatic forces, allowing them to be used
as soft actuators. Digumarti et al. used DEAs to build a
planar, soft crawling robot [63]. The robot consists of four
pieces of DEA membrane bonded to a rigid ring frame and
a smaller central disk which is free to move, each of the
DEA membrane can be actuated and expand separately. By
actuating them in certain sequence to create a starfish like
gait, the robot is able to move on a planar surface. Li et al.
designed a DEA actuated insect-sized resilient crawling
robot [42]. The robot is resilient to adverse environments
including compression under 30,000 times its own weight
and collision with a rigid surface at up to 30 m/s. The robot
can climb a slope of 30 degrees with a maximum speed of
160 mm/s.

Mao et al. designed an SMA actuated robot [51]. With
SMA coil actuator, the limbs are manipulated to perform
starfish locomotion. Calisti et al. designed and fabricated
an octopus inspired cable-driven soft crawling robot with a
similar locomotion gait [57, 68].
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Table 1 Taxonomy of recent soft robotic crawling locomotion research

Research Actuation Speed Power Control Locomotion
autonomy gait
Resilientbot [32] Pneumatic 0.5 mm/s Untethered Open loop Ambulatory
Shepherd2011 [33] Pneumatic / Tethered Open loop ambulatory
Duggan2019 [9] Pneumatic 0.28 mm/s Untethered Open loop Inchworm
Kirigami [34] Pneumatic 33.33 mm/s Tethered Open loop Inchworm
Das2020 [12] Pneumatic 26.2 mm/s Tethered Open loop Inchworm
Wu2018 [35] Pneumatic 9.85 mm/s Tethered Close loop Inchworm
Zou2018 [11] Pneumatic 5.14 mm/s Tethered Open loop Inchworm
Tang2018 [30] Pneumatic 4.77 mm/s Tethered Open loop Inchworm
Qin2019 [36] Pneumatic 16.29 mm/s Tethered Open loop Inchworm
0.12 BL/s
Booth2018 [29] Pneumatic 25 mm/s Tethered Open loop Inchworm
Rothemund2018 [37] Pneumatic 1.4 mm/s Tethered Open loop Inchworm
Kim2019 [10] Pneumatic / Tethered Open loop Inchworm
Singh2019 [38] Pneumatic 4.2 mm/s Tethered Open loop Inchworm
Xie2018 [39] Pneumatic 6.67 mm/s Tethered Close loop Inchworm
Rafsanjani2018 [8] Pneumatic / Tethered Open loop Inchworm
1t02019 [40] Pneumatic 17.5 mm/s Tethered Open loop Inchworm
Luo2018 [41] Pneumatic / Tethered Open loop Inchworm
Henke2017 [26] DEA 0.83 mm/s Tethered Open loop Inchworm
Li2019 [42] DEA 161 mm/s Untethered Open loop Inchworm
4 BL/s
Guo2020 [28] DEA 0.005 mm/s Tethered Open loop Inchworm
Jung2007 [6] DEA 2.5 mm/s Tethered Open loop Inchworm
Gu2018 [31] DEA 88.46 mm/s Tethered Open loop Inchworm
1.04 BL/s
Goldberg2019 [17] SMA 10 mm/s Untethered Open loop Inchworm
Huang2018 [18] SMA 74 mm/s Tethered Open loop Inchworm
Trimmer2012 [21] SMA 0.5 mm/s Tethered Open loop Inchworm
Seok2012 [23] SMA 5.25 mm/s Untethered ILC Inchworm
Menciassi2004 [24] SMA 0.22 mm/s Tethered Open loop Inchworm
Yuk2011 [25] SMA 0.21 mm/s Tethered Open loop Inchworm
Umedachi2018 [43] SMA 4 mm/s Tethered Open loop Inchworm
Umedachi2018 [43] SMA 4 mm/s Tethered Open loop Inchworm
Onal2012 [44] SMA 0.31 mm/s Untethered Open loop Inchworm
Umedachi2016 [7] Cable-driven 112 mm/s Tethered Open loop Inchworm
0.56 BL/s
Manwell2018 [45] Cable-driven 1.43 mm/s Tethered Open loop Inchworm
Ta2018 [46] Motor 17.5 mm/s Tethered Open loop Inchworm
Horchler2015 [47] Motor 4.3 mm/s Tethered Open loop Inchworm
Umedachi2019 [13] Motor / Tethered Model based PD Inchworm
Shin2018 [48] Hygroscopical 6 mm/s Untethered Open loop Inchworm
0.24 BL/s
Electromag- Electromagnetic / Tethered & Open loop Inchworm
worm [14] Electromagnetic / Untethered
Joyee2019 [15] Magnetic 26.2 mm/s Tethered Open loop Inchworm
Hybrid Pneumatic 1.8 mm/s Tethered Open loop Starfish
Starfish [49] 0.02 BL/s
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Table 1 (continued)
Research Actuation Speed Power Control Locomotion
autonomy gait
Lee2020 [50] Cable-driven / Untethered Open loop Starfish
Mao2013 [51] SMA / Tethered Open loop Starfish
Snake [52] Pneumatic 40 mm/s Tethered Open loop Snake
Onal2013 [5] Pneumatic 19 mm/s Untethered Open loop Snake
Jia2020 [53] Pneumatic / Tethered Bayesian Snake
Branyan2018 [54] Pneumatic 2.2 mm/s Tethered Open loop Snake
3Dsnake [55] Pneumatic 131.6 mm/s Tethered Open loop Snake
Lia02020 [56] Pneumatic 30.85 mm/s Tethered Open loop Snake climbing
0.19 BL/s
Calisti2011 [57] Cable-driven 3.99 mm/s Tethered Open loop Octopus
Verma2018 [58] Pneumatic 4 mm/s Tethered Open loop Custom
Rieffel2018 [59] Vibration 150 mm/s Tethered Learning Custom
Motor 1.15 BL/s Algorithm
Kanada2019 [60] Motor 20 mm/s Untethered Open loop Custom
Usevitch2020 [61] Motor 60 mm/s Untethered PID Custom
0.04 BL/s
Yamada2018 [62] Motor 1000 mm/s Untethered Open loop Custom
Digumarti2018 [63] DEA 12 mm/s Tethered Open loop Custom
Wang2019 [64] Pneumatic 60 mm/s Tethered Open loop Custom
Umedachi2019 [65] Cable-driven 20 mm/s Tethered Open loop Custom

Snake-inspired soft crawling robots take advantage of a
continuously deformable slender body that undulates. The
forward locomotion for these crawling robots generated
by the iconic serpentine locomotion of snakes, which
is represented by a traveling sinusoidal wave in body
curvature. Snakes are able to perform such efficient
crawling locomotion without limb motions because of
anisotropic friction property of the of the scales on their
skin. The anisotropic friction property provides lower
friction along the body, and higher friction in normal
direction of the body axis. The traveling curvature wave
uses this property, pushing off the high-friction direction
and propelling the robot forwards. The anisotropic friction
is generated either with passive rolling wheels or materials
with different friction coefficients in different directions
[5, 46]. Luo et al. provided a mathematical model
for snake-like crawling robot [52]. Existing soft snake
inspired crawling robot utilizes multiple actuators [54] or
modular design. Soft modular actuators are connected in
series with rigid or soft links. Qin et al. designed and
fabricated a modular pneumatic soft snake robot with
three degrees of freedom in each module [55], so that the
robot is able to perform not only the classical serpentine
locomotion but also sidewinding locomotion which needs
to raise the body of the robot in an approximately helical
manner.

Crawling robots with alternative locomotion also make up
an important part in soft crawling robot research area. Wang
et al. developed a pneumatic robot with novel locomotion
[64]. By flipping forward and backward like a piece of self-
foldable paper in different pattern, the robot is able to move
in different directions. With close-loop control, the robot is
able to follow desired trajectories.

Some crawling soft robots utilize flexible (but not stretch-
able) materials or structures. Although these robots are less
deformable as compared with the robots using stretchable soft
materials, these flexible robots can achieve more accu-
rate control with relatively higher energy efficiency. For
example, tensegrity structures, a structural principle usu-
ally composed of both isolated compressive struts and a
network of elastic tendons with a specific configuration of
nodes, can achieve flexible actuation or global response
using cable or soft materials, and such structures have been
used in flexible crawling robots [50, 69]. Mirletz et al. built
a simulation for a cable-driven tensegrity crawling robot
[70]. They build a central pattern generator (CPG) con-
troller for this multi degree of freedom (DoF) robot. Rieffel
et al. designed a resilient soft tensegrity robot with machine
learning algorithm to discover more efficient gaits from
experimental data [59]. Usevitch et al. present a truss robot
similar to tensegrity robots with inflated fabric tubes as the
beams [61], with a modular design and morphing options.
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Modeling, Simulation, and Control

There are several models for crawling locomotion. Robots
inspired by caterpillars usually have simple structures
composed of one or multiple fluidic elastomer actuators.
Low fidelity models based on EulerBernoulli beam theory
are used to describe this locomotion [9]. Daltorio et al.
present a simulation for crawling robot in a pipe with
radially symmetric Coulomb friction contact and charac-
terize ways to reduce slip-related losses to increase energy
efficiency [71].

For more complicated crawling locomotion, for example,
the snake crawling locomotion, researchers build more
complex dynamical models to describe the complex shape
and motion of the body [52]. Finite element method (FEM)
is used in modeling and in simulation [72, 73]. Another
demonstrated approach is to use a particle-based simulation
framework and a powerful GPU to realize real-time
simulation and control of many nodes that interact using
numerical rules and dynamic equations [74]. Using central
pattern generators (CPG) to describe and control certain
crawling locomotion gaits has also been demonstrated for
caterpillar and tensegrity robots [75, 76].

Most of the soft crawling robot utilize open loop control,
while some are model based. For example, for a flexible
crawling robot fabricated with a continuous mesh, a custom
structural analysis based modeling approach is presented in
[77], and a model based open-loop control is implemented
to increase energy efficiency.

Only few robots utilize feedback [13], or use a learning
method [59]. Wu et al. developed a differential drive
pneumatic crawling robot [35] and use neural networks
to train the turning ability to create a mathematical map
among friction, deflection angle, and inflation time, then
build a closed-loop motion controller for linear and turning
movement.

Flying

Flight is one of the most complex forms of locomotion,
which includes hovering, taking off, and landing, each
involving many complex movements. Birds are an important
source of biological inspiration for the development of aerial
vehicles as they can rapidly change shape to transition from
efficient cruise to aggressive maneuvering and precision
descents even in complex environments. Research has
been done looking at birds and mimicking their wings,
body shape, and musculoskeletal mechanisms to create
higher efficiency flying robots [78, 79]. One prominent
subset involves adding flexibility of wings to enable high
performance flight. Adaptive morphology of the wings can
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improve energy efficiency and robustness to aerodynamic
disturbances [80-82].

Biologically inspired flying robots, as shown in Fig. 2,
can exhibit impressive flight characteristic. In recent years,
with the development of materials science and technology
such as soft artificial muscles and flexible lightweight
materials has renewed the interest in development of
biologically inspired flying robots. In particular, soft
robotics has offered unique solutions for developing bird-
like robots with lightweight flexible design, increased
flight maneuverability, and complex flight locomotion
capabilities. Combining novel soft robotics technologies
with traditional aerial robotic engineering approaches can
increase functional capabilities and flight performance. In
Table 2, we list some basic information of biologically
inspired flying robots.

This section provides an overview of flight locomotion
with flapping and morphing wing structures.

Flapping wing robots can have both high maneuverabil-
ity [85] and the ability to glide for low energy flying. On the
other hand, wing morphing is a promising capability for the
development of bird-like aircraft. Morphing mechanisms
not only improve aerodynamic performance for maneuver-
ability, but can also provide roll control with asymmetric
deformation of the wings, replacing conventional control
surfaces.

Flight Systems with Flapping Wings

Flapping wing design is promising for a variety of
applications because of their flexible maneuverability and
efficient aerodynamics.

In flapping wing flight, drag and lift forces are partially
controlled by the movement of the wing itself. Nevertheless,
generating a flapping wing mechanism is challenging,
since the motion requires a relatively complex transmission
system, and the wings have to move in complex patterns at
a high frequency.

Many flapping wing aerial vehicle (FWAV) designs use
a single electrical motor to flap both wings, which limits
performance. Independent wing control provides a greater
flight envelope through the ability of wing motions to
achieve a desired wing shape and associated aerodynamic
forces [92]. For example, an insect-inspired free-flying
robotic platform [87] is controlled through its two pairs of
independently flapping mechanisms. This robot can fly like
an insect, controlling all three axes of rotation.

The “Bat Bot” mimics the morphological properties
of bats, with highly-stretchable silicone-based wing mem-
branes stretched over an articulated morphing skeletal
structure [86]. In order to reduce complexity and increase
reliability, the actuation system, consisting of soft materi-
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Table 2 Taxonomy of recent flying soft robotic locomotion research

robustness to aerodynamic disturbances (From [80], © IOP Publish-
ing. Reproduced with permission. All rights reserved). Right: The first
microrobot powered by soft actuators to achieve controlled flight. It
can crash into walls, fall onto the floor without being damaged r

Research Actuation Speed & Power Control Mass Flight type
lift force autonomy
Bat Bot [86] DC motor 5.6 m/s Untethered Closed loop 93g Flapping wing
Tailless MAV [87] DC motor 7 m/s Untethered Semi closed loop 282¢g Flapping wing
Tailed MAV [85] Motor 8 m/s Untethered Open loop 26 g Flapping wing
Bee™ [88] Twinned 1.40 mN Tethered Closed loop 0.095 g Flapping wing
Unimorph
Microrobot [84] DEA 0.81-0.88 mN Tethered Closed loop 0.16 g Flapping wing
MAV [89] EM driven 8.10 mN Tethered Open loop 0.07 g Flapping wing
MAV [90] DC motor 39 mN Tethered Open loop 33¢g Flapping wing
MAV [91] Piezoelectric / Tethered Open loop 0.142 g Flapping wing
Robo Raven[92] Servo 6.7 m/s Untethered Closed loop 290 g Flapping wing
MAV [93] Piezoelectric / Tethered Closed loop 0.19¢ Flapping wing
Multimodal [94] Bimorph actuator / Tethered Closed loop 0074 ¢ Flapping wing
Multimodal [95] Piezoelectric 2.5 m/s Tethered Open loop 0.175 g Flapping wing
PigeonBot [96] Motor 11.7 m/s Untethered Semi closed loop 280 g Fixed wing
LisHawk [97] Motor 8 m/s Untethered Open loop 284 ¢ Fixed wing
Morphing Servo / Untethered Open loop / Fixed wing
Wing [98]
Morphing Servo / Untethered Open loop / Fixed wing
Wing [83]
Multimodal [99] Self-Deployable / Untethered Open loop 35¢g Glider
Origami
Multimodal [100] Fluidic 11.2 m/s Untethered Open loop / Fins and arms
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als, should be embedded in the structure, as demonstrated
by a recent flapping-wing robot that uses elastic mech-
anisms that offer enough thrust and control authority to
make stable transitions between aggressive flight modes
[85].

Insect-scale flying robots are more agile and can generate
powerful lift forces with four wings, but this is only
possible for lightweight actuators and transmissions. For
example, the latest design of “Bee™ with four flapping
wings uses twinned unimorph actuators that weigh only
28 mg. The result is a flying robot capable of perching,
landing, following a path, and avoiding obstacles [88]. Not
surprisingly, the lightest wireless robot to fly is an insect-
sized laser-powered flapping wing flying robot [93]. This
robot is only 190 mg and has no need for a tether for
power and control signals. It uses a tiny on-board circuit
that converts the laser energy into enough electrical power
to operate its wings.

To improve flapping frequency and aerodynamic effi-
ciency, novel artificial muscle actuation methods have been
applied to FWAV. For example, [84] presents the first micro
robot actuated by soft artificial muscles, allowing it to crash
into walls and fall onto the floor without being damaged.
This flying robot is driven by multi-layered dielectric elas-
tomer actuators (DEAs) that weigh 100 mg each and have a
resonance frequency of 500 Hz.

Flight Systems with Morphing Wings and Tails

Birds sweep the main wing forward and fan the tail outward
to produce considerable lift and drag during slow and
aggressive flight to increase maneuverability. Morphing is
a promising enabling technology for design of bird-like
aircraft. In recent research, a pigeon-inspired drone can
bend, extend and simply change the shape of its wings in
a biomimetic manner. A biohybrid wing skeletal structure
was 3D-printed out of nylon. This pigeon-inspired drone can
move its wings like real birds and can make tight turns in
smaller spaces [96].

In addition, twist morphing can increase the lift
coefficient, and replace conventional control surfaces.
Another work was a modular assembled wing that performs
continuous span-wise twist deformation [98] with a wing
design that can change shape and increase the efficiency
of aircraft flight. The wing is made of hundreds of
small identical pieces that contain both rigid and flexible
components. The main advantage of this morphing structure
is it leads to a lighter, and much more energy-efficient wing
than those with conventional designs. Additionally, elastic
shape morphing design increase aerodynamic efficiency and
improve roll control authority [83].

Morphing tails also play an important role in achieving
faster turns. Birds change the shape of their tails as well
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as their wings in order to maneuver quickly, fly slowly,
and reduce their air resistance when flying fast. An avian-
inspired drone has been developed with feathered wings and
tail that give it unprecedented flight agility [97]. The body
has a skeleton constructed out of 0.3 mm fiber glass sheet
and covered with an airtight and tear-resistant membrane,
combining a low mass, flexibility, and sufficient stiffness
to absorb aerodynamic loads when the feathers are slightly
overlapped.

Multi-modal Locomotion Systems

Most flying robots are unable to perform locomotion modes
besides flight. This contrasts with flying animals, which can
combine flight with swimming or walking or both. Wings’
adaptive morphology allows the robot to modify the shape
of its body in order to increase its efficiency during multi-
modal locomotion. New design of the ‘“RoboFly” which
allows for wing-driven ground and air-water interfacial
locomotion, improving the versatility of the robot. The
transmission mechanism is constructed from kinematic
chains of rigid links and flexure joints [94]. A hybrid,
aerial-aquatic microrobot [95] was developed that capable
of flying and swimming. The wing-flapping motion is
generated by a four-bar linkage that acts as lever arm to
amplify the small displacement of the piezoelectric flight
muscle. Passive and elastic flexure hinge used at the base
of the wing. It is able to transition between air and water,
propel itself back out of water, and safely land. The robot
flaps its wings at 220 to 300 Hz in air and 9 to 13 Hz in
water. An aquatic aerial vehicle [100] was developed that
is capable of aerial and aquatic locomotion, which uses
a reconfigurable wing to dive into the water from flight
using soft morphing fins and arms, made of silicone and
controlled by pneumatic actuation.

Swimming

While humans may not be able to access the depths of
oceans, many underwater animals make it their home.
Driven by the need to access and work deep underwater,
researchers have begun to develop robots, modeled after the
impressive creatures dwelling in the deep. Many of these
creatures are soft bodied and soft robotics is a natural avenue
to match their performance and efficiency.

The actuation of swimming generates hydrodynamic
forces, which can be very similar to flying. These similar-
ities include undulation and lift-induced motion, however,
differences between water and air allow swimming robots to
use drag-induced motion and a form of jet-propulsion. Soft
materials are widely used to create and manipulate these
capabilities.
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Many swimming robots are designed using soft materials
to avoid water leakage caused by bad seals between complex
rigid mechanisms or to reduce either the density or weight
of the robot to enable natural buoyancy in water in a smaller
body size. Hereby, we separate the swimming soft robots
into five major categories according to actuation types. For
disambiguation purposes, we further distinguish the utilities
with locomotion gaits in the following paragraphs. We list
some basic information of these research in Table 3.

Shape Memory Alloys Actuated Systems

Shape memory alloys (SMAs) have been used for a wide
variety of applications in robotics. When these materials
are subjected to an appropriate thermo-mechanical process,
they have the ability to return to their original trained
shape. SMAs are usually available in the form of wires,
pipes, springs or ribbons, which allow them to perform as
low-volume actuators in limited space. In robotics, SMAs
represent a very interesting alternative that offers very
high force per mass or volume despite being relatively
inefficient compare to traditional drives such as the electric
or hydraulic motors [103].

In this section, we present several swimming robot
applications actuated by SMA. Diverse in locomotion type
or gait, these applications can be divided to three categories
[104]: actuated fins, curvature waves, jet propulsion.

The first class falls into the biomimetic design of
underwater animals that propel themselves using fins or
limbs, harnessing a similar principle described for flapping-
wing flying. A typical example is the manta ray, which uses
extended pectoral fins to drive themselves. In 2009, Wang
et al. presented the design of a micro biomimetic manta
ray robot fish actuated by SMA wires, and verified that
SMA wire was a feasible actuator for swimming locomotion
[114].

Alternatively, some animals tend to involve their entire
bodies to generate curvature waves to propel themselves
underwater. This is called swimming by undulation.
Scientists replicating this motion in robotics, design
streamlined bodies for robots performing a periodic
reciprocating motion to achieve underwater propulsion. Two
examples are SMA driven soft robots inspired by eels [110]
and lampreys [115], which have promising prospects for
investigation of tight spaces and complex environments.

Another popular locomotion strategy is jet propulsion in
water, a method used by many soft-bodied animals such
as octopus and jellyfish. Based on sequential ingestion
and expulsion of discrete masses of water, these creatures
gradually move their bodies forward. A pioneering soft
robotic jellyfish with jet propulsion was first introduced in
2011 [116]. To execute the inflation/ejection routine, this
robot used SMAs to actuate a silicone umbrella-shaped

body. More recent research in 2016 demonstrated that
SMAs could be used to to compress a silicone chamber,
such that a squid-like robot could implement a jet propulsion
locomotion strategy [113].

lonic Polymer Metal Composite Actuated Systems

Tonic polymer metal composites (IPMCs) are electroactive
polymers with application in biomedical devices and soft
robotics. IPMCs consist of an ion-exchange membrane
(also referred to as a polyelectrolyte) and electrode layers
on opposing sides of the ion-exchange membrane [153].
When an electric field is generated between the electrodes,
the ions in the membrane congregate on one side or the
other, causing the entire structure to bend. Within such
an architecture, IPMCs have several promising properties,
allowing for small volume, light weight, low voltage
actuation without the need for bearings and sliding parts.
Due to their ionic nature of operation, IMPCs work
best in a wet environment and hence, researchers have
applied these actuators to soft swimming robots. Example
implementations include the manta-like self-lifting gait
robot [122], a tiny tadpole-like robot using undulation for
in-body exploration [123], a fish-like robot with IPMC
driven polyvinyl chloride films to drag and propel itself
[125], and a jellyfish inspired robot involving IPMC to
achieve jet propulsion [124]. These applications are faithful
reproductions to their corresponding creature models.

Dielectric Elastomer Actuated Systems

A common design of DEASs is to sandwich a soft insulating
elastomer layer between two compliant electrodes. When
a voltage is applied between the electrodes, the arising
electric field causes a decrease in thickness and increase
in area of the elastomer layer [154, 155]. These actuators
have been deployed on various swimming robots with useful
properties, such as inherent compliance, being able to store
and recuperate energy, featuring high power-to-weight ratio
and high energy density compared to human skeletal muscle
materials [156].

Although it should be admitted that the appearance for
manta ray inspired swimming robots are pretty similar, this
locomotion mode can be achieved using multiple actuation
methods.

SMA actuated morphing ray propulsor moves by bending
the embedded SMA wires, thereby flapping the silicone
wings to achieve lifting locomotion. In contrast, in Fig. 3,
the DEA actuation involves a sandwiching architecture to
obtain periodic reciprocating motion and thus actuating a
base joint on the fin.

While IPMC actuators use a similar configuration of
electrodes and soft layers as the DEA, the former exploits
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Table 3 Taxonomy of recent soft robotic swimming locomotion research

Research Actuation Speed Power Control Locomotion
autonomy gait

Fish [105] FEA 150 mm/s (0.44 BL/s) Untethered Open loop Undulation

Multimodal FEA 31.5 mm/s (0.9 BL/s) Tethered Semi closed loop Lift

locomotor [106]

Fish fins [107] FEA 329 mm/s Unethered Open loop Undulation

Frog [108] FEA 100 mm/s Unethered Open loop Drag

Manta [109] SMA 45 mm/s (0.26 BL/s) Untethered Open loop Lift

Manta [110] SMA 8 mm/s Tethered Open loop Undulation

Micro fish [111] SMA 112 mm/s Tethered Open loop Drag

Tuna [112] SMA X Tethered Open loop Undulation

Squid [113] SMA X Tethered Open loop Jet Propulsion

Manta [114] SMA 57 mm/s Untethered Open loop Lift

Lamprey [115] SMA X Tethered Semi closed loop Undulation

Jellyfish [116] SMA X Tethered Open loop Jet Propulsion

Fish [117] DEA 80 mm/s (0.69 BL/s) Untethered Open loop Undulation

Jellyfish [118] DEA X Untethered Open loop Jet Propulsion

Sea snail-fish [101] DEA 51.9 mm/s (0.45 BL/s) Untethered Open loop Lift

Biohybrid DEA 1.9 mm/s (0.009 BL/s) Untethered Open loop Undulation

microswimmer [119]

Fish [120] DEA 37.2 mm/s (0.25 BL/s) Tethered Open loop Jet Propulsion

Ray [121] EAP 0.005 mm/s Tethered Open loop Undulation

Manta [122] IMPC 0.74 mm/s (0.067 BL/s) Untethered Open loop Lift

Tadpole [123] IMPC 23.6 mm/s Untethered Open loop Undulation

Jellyfish [124] IMPC 0.77 mm/s Untethered Open loop Jet Propulsion

Micro fish [125] IMPC 24 mm/s Untethered Open loop Drag

Micro fish [126] ICPF 5.21 mm/s Tethered Open loop Drag

Turtle [127] SSC 22.5 mm/s Untethered Open loop Lift

Turtle [128] SSC 11.5 mm/s Untethered Open loop Lift

Beetle [129] Servo 59.07 mm/s Untethered Open loop Drag

Octopus [130] Servo 3.8 mm/s (0.19 BL/s) Tethered Open loop Drag

Spine [131] Servo 135 mm/s Tethered Open loop Undulation

Tensigrity Servo 294 mm/s (0.7 BL/s) Untethered Open loop Undulation

Fish [132]

Fish [133] Servo 847.5 mm/s (2.5 BL/s) Untethered Open loop Undulation

Octopus [134] DC motor 3600 mm/s (10 BL/s) Untethered Open loop Undulation

Long-fin [135] DC motor 105.8 mm/s (0.23 BL/s) Untethered Open loop Jet Propulsion

Manta [136] DC motor 3 mm/s (0.25 BL/s) Untethered Open loop Lift

Invertebrate [137] DC motor X Untethered Open loop Jet Propulsion

Jellyfish [138] DC motor 116 mm/s Tethered Open loop Jet Propulsion

Hair [139] DC motor X Tethered Open loop Drag

Vortex [140] DC motor 40 mm/s Tethered Open loop Jet Propulsion

Tuna [141] Pneumatic 510 mm/s (2 BL/s) Untethered Open loop Undulation

Manta [142] Pneumatic 100 mm/s Untethered Open loop Lift

Fish [143] Pneumatic 120 mm/s Untethered Open loop Undulation

Squid [100] Pneumatic 11200 mm/s (43.9 BL/s) Untethered Open loop Jet Propulsion

Fish [144] Hydraulic 800 mm/s Untethered Open loop Undulation

Eel [145] Fluidic 28.8 mm/s (0.12 BL/s) Untethered PWM signal Undulation

gear pump
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Table 3 (continued)

Research Actuation Speed Power Control Locomotion
autonomy gait

Magnetic Magnetic X Untethered Vision-based Undulation

sheet [146]

Cruciform [147] Magnetic 10 mm/s Untethered Vision-based Lift

Nano Magnetic 0.01491 mm/s Untethered Frequency Undulation

swimmers [148]

Jellyfish [149] Hydrogen X Tethered Open loop Jet Propulsion

Phototactic [150] Hydrogel 0.305 mm/s (1.15 BL/s) Tethered Open loop Undulation

Whiligig Pneumatic 200 mm/s Untethered Open loop Drag

beetle [151]

Microswimmers [152] Flagella 0.0102 mm/s Untethered Magnetic field Drag

chemical ion transport to induce bending while the latter
utilizes physical electrostatic attraction between compliant
electrodes. As claimed in [101, 117], DEA actuators offer
more promise for swimming robots to deal with severe
conditions. As an example application, referring to the
deep sea snail-fish characteristics, researchers developed an
untethered soft robot to explore the deep sea environment in
the Mariana trench, with its DEA fabricated flapping fins.
DEAs are also used on swimming robots with undulatory
or jet propulsion gaits. In their investigation to effectively
integrate DEAs in swimming robots, Shintake et al. utilized
laminated silicone layers to ensure that the high-voltage
electrodes remained insulated while guaranteeing actuation

performance [120]. The researchers developed a robot
fish and a robot jellyfish, which used undulation and jet
propulsion respectively, to verify their approach. In 2018,
scientists from UCSD introduced a ribbon robot composed
of DEAs, inspired by the transparent eel larvae, leptocephali
[119]. This robot used chambers filled with electrolytes and
the surrounding sea water to function as the two electrodes
that actuated the DEA core. The robot was capable for a
maximum forward speed of 1.9 millimeters per second and
a Froude efficiency of 52%. The Froude efficiency is the
propulsive efficiency defined as the ratio of power output to
energy input. Some jellyfish can have a Froude efficiency
around 10% so this system is highly efficient.

(1) DE muscle
at joint

Fig.3 Left: A self powered fish robot in deep sea (reprinted by permission from Springer Nature: From [101]). Right: A translucent soft swimming
robot driven by fluid electrode DEA (reprinted by permission from Science Robotics: From [102])
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Fluidic Elastomer Actuated Systems

Fluidic elastomer actuators (FEAs) are composed of low
durometer rubber and driven by relatively low-pressure
fluid, which can either by pneumatic or hydraulic [105]. In
practice, their reliable performance enables these actuators
to seek a role in industrial applications, such as soft grippers
for robot arms. It is rather straightforward to point out
the pros and cons of fluidically actuated swimming robots:
they sacrifice volume for valves and tubes, to exchange
for powerful propulsive forces. Indeed, there is significant
improvement for average locomotion performance of
pneumatic system, compared with other soft actuators we
mentioned above.

Scientists have proposed a micro sized pneumatically
driven underwater soft robot with multiple locomotion
modes in 2020 [106]. The authors were inspired by
earthworm and cephalopod locomotion, and the robot can
perform both crawling and jumping-gliding gaits in the
water to propel itself. Another example use of pneumatic
FEAs is a frog-inspired swimming robot [108], which uses
the actuators in a pair of kicking legs. They can actuate
together to achieve a speed of 7.5 cm/s, or asymetrically in
order to achieve a turning rate of 15°/s.

However, the most typical implementation of FEAs,
allying with the best performance, was on soft fish robots
using undulatory locomotion strategies. An investigation
of the dorsal/anal fins of fish suggested that the fin area
could be modulated actively when accelerating [107]. To
verify their hypothesis, scientists used an array of FEAs
to mimic the dorsal/anal inclinator and erector/depressor
muscles of fish, which allowed the soft fins to be
erected or folded within 0.3 s. Such a rapid response and
powerful strength could only be achieved by the valve
and tube systems, driven by pressurized fluids running
inside.

Legged Locomotion

Compliance is useful in locomotion. Cars use inflatable
wheels with suspension, while animal legs are made up
of soft muscles, tendons, and cartilage. Inspired by nature,
researchers make a connection to the spring-mass model for
legged robots [157] and original Raibert controller [158],
which requires a spring (or compliant element), to create
the core hopping frequency. Since the stiffness of the spring
directly effects the period of on-ground time, compliance
is a core piece of the Raibert hopper. Equally important is
the ability to represent complex locomotion patterns, which
rely on compliance, as simple spring based models [159].
Implications can be extended to generating non-holomonic
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motion of a quadruped robot [160] or humanoid robots
[161] with controllers relying on simple spring/compliance
templates.

In this section, we will present recent researches
of legged robots with compliance. We list some basic
information of these research in Table 4.

Inspired by RHex [163] and similar passively balanced
running robots [164-166], Sprawl robot uses a multi
material manufacturing process to introduce dampening
and spring effects into legged locomotion. This is an
advancement over using regular mechanical coiled springs
in the traditional Raibert hopper. These robots, similar
to a dead fish, can balance passively, without internal or
external feedback, demonstrating the utility of mechanical
compliance as a means to reduce computational complexity.

Mechanically finding the right material for desired com-
pliance characteristic is a challenge. Based on preliminary
simulation results, [167] proposed an actively controlled
slider mechanism to control leg stiffness of an RHex-like
robot. They go over the weaknesses and strengths of Niti-
nol, fiber glass, aluminum, and industrial plastic with an eye
towards achieving a desired compliance bandwidth. Easily
plugging in different materials to change the passive dynam-
ics of the vehicle would make it robust for usage in different
ground environments (mud, grass, smooth surfaces).

Using low gear-ratio drive trains, low inertia legs and
high torque density electric motors can not only introduce
efficient locomotion but it can also create a realistic fully
autonomous robot [168]. In the field of soft robotics,
[169] avoids high inertia legs (as compared to body
inertia) by being directly inspired by arthropods. The
authors do not directly address the importance of low leg
inertia but focus on a desire for overall lightweight robot
design.

Artificial muscle based on dielectric elastomers can be
made as well. The MERbot [170] demonstrates sensing,
axial extension, bending and multi degree of freedom
actuation. Each leg has a spring and a dielectric layer
attached to it, allowing for a two degree of freedom curved
motion pattern.

Leg mechanisms have advanced from industrial spring-
like solutions to flexible materials with lower elastic
modulus to introduce compliance. As shown in Fig. 4,
the authors introduce a soft-bodied robot with much lower
Young’s modulus than its predecessors [162], demonstrating
one of the first examples of legged locomotion using soft
materials. The mechanism’s actuation was powered by
pneumatics, using asymmetrical cavities to induce bending
when pressurized. The untethered successor [171] is entirely
autonomous by carrying the miniature air compressors,
battery, valves, and controller. Tendons can also be used
to drive entirely soft legs such as in [174], where the
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Table 4 Taxonomy of recent soft robotic legged locomotion research

Research Actuation Speed Power Control Number
autonomy of legs

MERbot [170] MERs 136 mm/s Tethered Open loop 6

iSprawl [166] Cable-driven 230 mm/s Untethered Open loop 6
(15 BL/s)

Fully Soft Pneumatic 26 mm/s Tethered Open loop 4

Quadrupedal [162] (0.2 BL/s)

Fully Soft Pneumatic 5 mm/s Untethered Open loop 4

Quadrupedal [171]

6-legged robotic Pneumatic 11.1 mm/s Untethered MIND 6

platform [172]

Arthrobots [169] Pneumatic / Tethered Open loop 6,8

Quadrupedal [173] Tendon-driven 5 mm/s Untethered Open loop 4

3-legged [174] Tendon-driven 10.17 mm/s Untethered Open loop 3

Insects [175] DEAs 18 mm/s Untethered FSM 3

Flexible Magnetic 3.38 mm/s Untethered Open loop 8

magnetic [176] (0.78 BL/s)

Continuum PMAs / Tethered Open loop 4

Limb [177]

PoseiDRONE [178] Three bars 7.964 BL/s Tethered Open loop 4

authors used 3D printing techniques to create complex Jumping

geometries that improve the ability of the legs to withstand
out-of-plane loading. In addition, the authors used the same
techniques to easily reroute the tendons through the legs
to create different foot trajectories with a single actuator
morphology.

A similar robot body architecture but with more rigid
components was introduced in [177], making the system
more capable. This robot can crawl and perform basic
movements like getting into a standing posture. It diverges
from the theme of passive dynamics by driving the
continuum legs with motion planning which verifies that
center of mass of the rigid robot follows a desired path.
Another design where researches use pneumatic, continuum
legs with a rigid body is demonstrated in [172]. In this work,
each leg has multiple independent degrees of freedom,
giving them superior individual flexibility, but resulting
in large power consumption. The large rigid body also
allows for a full array of sensors and communication/control
infrastructure.

An interesting design gets rid of the pneumatic tethers
and source but keep the benefits of high power-to-weight
ratio by using “pre-charged” pneumatics in [173]. The pre-
pressurized silicone chamber translates the simple motion
of tendons into a complex output motion. The prototype
quadrupedal soft robot can walk untethered, combining the
safety of pneumatic actuators with the precision of servo
motors.

In nature, jumping is an effective locomotion strategy
widely used by animals in cluttered environments or in
rough terrain. This locomotion method offers animals the
ability to catch prey or escape from predators as well as
cross over obstacles. Many different animals at different
scales such as frogs, locusts, and kangaroos successfully
use jumping for locomotion [179]. Reproducing such a
locomotion mode would enable a robot to overcome
obstacles several times larger than its body. Jumping
locomotion is generally achieved in robots based on a quick
release of potential energy [180] to generate propulsion
and translate it into an initial momentum against gravity.
Jumping strategies offer great benefits such that a robot can
be operated under a low average energy consumption.

Jumping was initially realized and studied with robots
in traditional rigid mechanical structures like multi-bar
linkages associated with elastic elements driven by motors,
or other similar traditional actuators. However, weight
is always a primary factor which always influences
performance. Saving weight by reducing the characteristic
size scale affects robots’ ability to store energy. Continuing
research mostly focuses on ways to reduce total mass
by optimizing the mechanical structures, increase energy
density, and increase energy efficiency. To solve these
issues, researchers have used different strategies with
different trade-offs.
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Fig.4 Schematic representation
of the soft pneumatic actuation
architecture called pneu-net
(PN) and the fully soft robot.
(From [162], with permission
from PNAS)

Air Inlets

As studies of soft materials and soft robotics progressed,
jump locomotion developed rapidly on semi-soft or
even completely soft robots, due to their being light-
weight, high compliance, safer, more adaptable, and more
resilient than their rigid counterparts. Nevertheless, the
complex fabrication and assembly process and the difficulty
of interfacing of soft and rigid components are all
bottlenecks for the development of jumping soft robots
[181].

In this section, we will present recent researches of soft
or semi-soft jumping robots as shown in Fig. 5. We list some
basic information of these research in Table 5.

Inspired by animals ranging from small-scale insects to
large-scale mammals, researchers utilize various actuation
strategies for different jumping mechanisms. Based on
the body elasticity of the robot, in this section, we
classify jumping robots in three types: rigid, semi-soft, and
soft.

@ Springer

Jumping Robots with a Rigid Body and Discrete
Elastic Elements

Although many jumping robots are built completely with
rigid bodies, elastic elements and mechanisms are employed
to store energy which provide mechanical advantages
during the energy saving phase [184].

Locust-Inspired

Locusts are an example of an animal that is capable
of significant jumps, making them a major source of
inspiration for jumping robots. The jumping mechanism of
locusts has been studied in [185-188], where they have
been found to store energy in preparation for jumps in the
mechanical structures of their legs [189].

A series of robots, the EPFL jumpers were designed,
where jumping locomotion is driven by a micro DC motor
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Fig. 5 (A) A locust inspired jumping robot (From [182], © IOP
Publishing. Reproduced with permission. All rights reserved). (B)
Jumping robot by a research group from EPFL (From [183], © IOP
Publishing. Reproduced with permission. All rights reserved). (C) Pro-

which turns an eccentric cam to store energy to two steel
springs [183, 190-192]. To jump, the springs release their
energy into a four-bar linkage leg structure. In a novel
spherical design in [183], a micro motor and a cage made
of carbon rods are combined to achieve the up-righting and
steering of the robot. This version (EPFL jumper v3) weighs
14.33 g, half of which is the cage. It can jump up to 111 cm
at a take-off angle of 75° without the cage (62 cm with
the cage). The jump height-to-mass ratio for the spherical
design is 4.17 cm/gr while jump height-to-body size ratio is
3.4. Additional mechanisms can improve the controllability
of the robot at the expense of jumping capability.

EPFL jumper has the ability to adjust its jumping height,
jumping distance and take-off angle by altering the angle
between components of its inner jumping mechanism. In
addition, with the cage and setting the center of mass in
the lower part of the body, the robot can always recover
passively and orient itself after each jump, which allow the
robot to perform repeated jumps without supervision [183,
191].

A locust-inspired miniature jumping robot TAUB can
achieve jumping and gliding by mimicking the locust’s
energy storage structures [182, 195, 207]. Carbon fiber rods
of equal length are designed to mimic femur and tibia for
each leg of the robot. Torsional springs are utilized as the
elastic elements to store energy and link the two carbon rods
on each leg to mimic the semi-lunar process (SLP). A geared
electric motor with a tendon-like wire connected to the leg
is designed to mimic the extensor muscle. An aluminum
latch mechanism inspired by the locking mechanism of
the locust is designed to overcome the releasing speed
issues of the geared motor. This mechanism performs much

totype of a 3D printed soft robot jumper powered by combustion and
tilted by surrounding pneumatic legs (From [181], © Science Robotics.
Reproduced with permission. All rights reserved)

better in the energy storage than the previously mentioned
cam mechanisms, while performing the same during energy
release, leading to an improved jumping height of 3.35 m
and a jumping distance of 1.37 m. This comes out to a
jumping height-to-mass ratio is 14.57 cm/gr and a jumping
height-to-body length ratio is 25.8. However, it has the
drawback in that the loading and releasing takes much
longer in the TAUB mechanism than in the cam mechanism.

Galago-Inspired

The galago (bush baby) is a species famous for its
phenomenal jumping capability. The recorded vertical
jumping height of a 250-g galago can reach over 2.25 m
[208]. The vastus muscle-tendon systems of the galago
provide most of the power for jumping and the peak power
output implies complex aponeurotic system which work as
a substantial power amplifier [209].

In [196, 197, 210-212], a galago-inspired jumping
robot “Salto” using power modulation as the jumping
mechanism was designed and studied. Power modulation
has been investigated in animals like salamanders [213]
and mantis shrimps [214] but not explicitly studied on
robots until recent years. This mechanism is capable of
varying mechanical advantage (defined as the ratio between
the reaction force at the foot and the force generated by
actuators) while preserving the benefits of a series-elastic
actuator. It can reduce the motor power density required for
a powerful jump. Researches indicate that any robot with
a limb driven by series elastic actuator with a non-linear
mechanical advantage should have the potential to achieve
higher power modulation ratios than a non-specialized
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Table 5 Taxonomy of recent soft robotic jumping locomotion research

Research Actuation Speed Power Control Rigidity Height
autonomy

Miniature [190] Motor / Untethered Open-loop Discrete spring 1400 mm

Self-Recovery Motor / Untethered feedback Discrete spring 62 mm

Miniature [183, 191]

Jumping Motor / Untethered Open-loop Discrete spring 1700 mm

Gliding [193]

Jumping Motor 6000 mm/s avg Untethered Open-loop Discrete spring 3000 mm

Gliding [194]

Locust [195] Motor / Untethered Open-loop Discrete spring 3100 mm

Locust [182] Motor / Untethered Open-loop Discrete spring 3350 mm

Salto [196] Motor: power / Untethered PID Discrete spring 1008 mm
Modulation

Salto-1p [197] Motor: power / Untethered Model-based Discrete spring 900 mm
Modulation

Direct Drive [198] Motor 1450 mm/s (bound) Untethered Close-loop Discrete spring 480 mm

800 mm/s (pronk)

Omnidirectional Motor / Untethered Feedback Discrete spring 1130 mm

Jumper [199]

Data-Driven [200] SEA Untethered Feedback Discrete spring 60 mm

Data-Driven

Rolling Spring steel 1200 mm/s Untethered Feedback Discrete spring 590 mm

Jumper [201] Elastic strip

Origami Cable-driven 1.5 BL/s Tethered PID Flexible semi-soft /

Hopper [202]

SMA Circular [203] SMA 26 mm/s (crawl) Tethered Open-loop Soft-material 80 mm

Roly-poly [204] Combustion / Untethered Open-loop Soft-material 200 mm

Shell Snapping [205] Isochoric / Tethered Volume control soft-material 42.9 mm
Snapping

Ultrarobust Elastic 20 BL/s Tethered pwm control Soft-material 1.5 mm

Insect [206] Structure

Gradient Top [181] Combustion / Untethered Open-loop Soft-material 760 mm

series elastic actuator. In [196, 210], the metric of vertical
jumping agility is proposed to express and analyse jumping
performance more clearly. This agility is indicated as
vertical jump height per second based on the maximum
average vertical velocity of the jumping system that can be
achieved during repeated jumping, and limited to the power-
to-weight ratio of the system. Considering the constraints
and arrangement of links, the mechanical advantage of Salto
is created by a optimized single DOF eight-bar revolute
linkage. The series-elastic actuator includes a torsional
latex spring designed for an SEA snake [215] that took
advantage of the energy storage capability of latex and a
geared brushless motor to drive the linkage. Before a jump,
Salto maintains a a low mechanical advantage state to store
energy. During the jump, Salto adjusts to a high mechanical
advantage state to rapidly transfer the stored energy and
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generate a large upward acceleration. Salto can jump 0.9 m
high with a vertical jumping agility of 1.36 m/s, equivalent
to 78% of the galago’s agility, which is also the highest
record of a vertical jumping robot.

Controllability and Multi-modal Locomotion

To improve the controllability and jumping performance of
miniature robots, researchers have added more components
to provide robots with additional functionalities or even
extra locomotion modes. In later research [197, 212],
enhanced Salto-1P expands its functionality to include yaw
control, roll control, and precise repetitive jumping. This
was done using 2 propellers and an inertial tail. Researchers
introduced a deadbeat foot placement hopping controller,
which uses a third order Taylor series approximation of the
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dynamic model. It is able to adjust the velocity and direction
rapidly while controlling the take-off velocity in a single
jump.

Adding a glide wing to a jumping robot is a useful
strategy, allowing it to improve its performance and adjust
its direction on the fly. The EPFL jumpers [192, 216]
also added extra wings and tails to help improve the
controllability while sacrificing the jumping performance.
In [193, 194], a bat-inspired robot MultiMo-Bat was
proposed. The authors divided up its locomotion into four
phases: energy storage, jump, coast, and glide. A research
group in CMU developed a robot [194], which is 115.6 g
and consists of 2 four-bar leg structures, each with 2 DOF
and fixed at the shoulder joints. The wings are made of
soft elastic materials, which allow the wings to change
shape and facilitate membrane collapse to help reduce the
influence on jumping performance. The internal mechanism
and main power springs are supported by four-bar legs that
are responsible for energy storage. Kinetics and mechanical
designs can be quite complex when combining multiple
locomotion methods. To solve that, researchers make use
of components sharing, which leads to robots that preserve
over 80% of the independent jumping performance with
nearly 70% of robots mass are shared components for both
jumping and gliding modes. The robot can jump up to
305 cm with an horizontal distance of 232 cm. When the
leg is compressed, elastic energy will be stored for jumping,
the wing membranes are collapsed as well to reduce the
drag during liftoff. When the leg is extended, the wing
membranes are also extended. The integration of the the
wing and legs not only helps stabilize the robot, but can also
improve performance.

In [201], jumping is combined with rolling locomotion
in a compact robot. Jumping while rolling has the
advantages of varying the jumping height and width
and not influencing the movement speed, which requires
an instantaneous force generation mechanism. Besides
the two-wheel drive mechanism, the jumping mechanism
consists of an aluminum frame with a movable joint with
motors and an elastic strip made of spring steel which
generates the instantaneous force based on snap-through
buckling. Its jumps were an average of 5.9 cm high while
rolling at a steady speed of 1.2 m/s, giving it the ability to
traverse obstacles that would otherwise be impassible. In
[199], an omnidirectional jumper capable of steering, self-
righting, and adjusting take-off angle with only two motors
is introduced. Similar to the Multimo-Bat, this strategy
works to minimize the actuators and additional mass,
resulting in a total of only 64.4 g. The jumping mechanism
is based on [217] with a four-bar linkage and torsional
springs, and is implemented by a modified active triggering
mechanism using one motor with a rhombus-shaped four-
bar linkage and latex bands as elastic components. The robot

is able to jump in all directions with a maximum height of
113 cm and distance of 170 cm.

Control of these highly compliant robots is always a
challenge. The authors of [200] proposed a new bang-bang
control approach based completely on data. They convert
the motion planning to a discrete-timing problem and utilize
the features of the discrete parameterization to plan directed
aperiodic jumping motions. This can avoid the need for
complex dynamic modeling and offline calculations, basing
all commands on data from previous jumping trials.

Direct-Drive Actuation

In contrast to previously introduced robots, in [198] a new
direct-drive (DD) legged robot is introduced for jumping. A
DD system makes use of the fact that the torque generating
capability of the robot’s motor is used without the friction
from belts or gears. [218]. It has numerous benefits like:
no backlash, back-drivable, high torsional stiffness, lower
weight and cost, high precision, low compliance, and high
reliability. The downside is they require high-torque, low
speed motors. The robot Minitaur is compared with other
two DD robots, Delta Hopper and Penn Jerboa. Minitaur is
a quadruped robot with 8 DD actuators, each leg has 2 DOF
and able to to move in the longitudinal plane. An IMU is
attached to measure the orientation and the angular velocity
of the robot body and an STM32 micro-controller is used
to gather sensory information and send out commands to
the motors. The motors are also equipped with encoders
to measure motor rotation angles so that Minitaur can be
controlled through a pulse width modulation (PWM) or even
position control. Minitaur can jump twice per second with
a greater power density but half the vertical jumping agility
of the galago.

Jumping Robots with a Semi-soft Body

Some jumping robots use materials that are flexible but
not stretchable, which we classify here as having semi-soft
bodies. In [202], a laptop-sized paper origami jumping robot
is proposed. The robot is based on reconfigurable expanding
bistable origami (REBO) that when fully extended flattens
into a circle and forms a cone [219]. The cone is formed as
a stack of concentric rings with different radii while each
ring is extendable and flatten individually, which gives the
mechanism the ability to form a range of 3D shapes. The
robot consists of 3 main parts: the REBO linear spring with
a tendon, a force sensor, and the control components. The
REBO spring is a double-layered REBO mechanism with
different design parameters which store elastic energy for
the jumping robot. The spring is connected with a tendon
and it is driven by the cable through holes laced on the
spring and a pulley mounted on an electric motor.

@ Springer
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The force sensor is attached to the compliant 3D printed
toe and is mounted at the bottom of the REBO spring.
It is used to detect the exact moment when the hopper
contacts the ground when falling or leaves the ground
when jumping, so that the controller can switch between
compressing and releasing the spring. For vertical hopping,
the hopper is controlled through PD feedback by 3 DC
motors with encoders. When the robot comes in contact
with the ground, the REBO spring is released to generate
a vertical jumping force. When lifting off, the spring is
compressed by the motor to store energy for the next jump.
For fore-aft hopping, two control strategies are used during
experiments. The open-loop control can adjust the direction
for the robot and change the speed qualitatively, while
the Raibert-style [220] closed-loop control can regulate the
speed and resist perturbation.

Jumping Robots with a Soft Body

Robots made of completely soft materials can be more
compliant and lighter. Since jumping performance is largely
related to the weight of the robots and the energy density.
Driven by various power sources including magnetic fields,
chemical reactions, electrical voltage, and pressurized air,
soft robots have been studied in multiple approaches for
jumping.

Chemical Power

In [204], an untethered and combustion-actuated soft robot
in roly-poly toy geometry is presented. The bottom semi-
spherical body with a combustion chamber is made of
silicone cast in 3D printed molds. The silicone body is used
to shelter the fuel tanks and the spark igniter. The upper
body is covered with an upside-down lightweight bowl
to protect the inner components during jumping where a
camera is attached to monitor the robot locomotion from its
own point of view. This roly-poly structure enables the robot
to reorientate itself after each jump as the rotation center is
always above the center of gravity, giving it the potential for
repetitive jumping. The power source is a mixture of nitrous
oxide, propane and butane whose energy density is much
higher than electrical batteries.

With 2.1 kg in weight and 18 cm in diameter, the robot
can jump up to 0.2 m with an energy efficiency over 0.4%.
And the take-off velocity can also be controlled by adjusting
the gas ratio and flow rate of the flammable gas. However,
due to gas storage limits, the total operation time of the
robot is no longer than 2 minutes, which is not suitable for
realistic applications in real environments. In [181], another
soft robot driven by combustion is studied. This robot is
manufactured by multi-material 3D printing techniques with
a modular design and the separation of actuators and power
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source. The body is composed of two nested hemispheroids.
The top hemisphere is designed with layers of increasing
stiffness, creating a smooth transition between the soft
bodies and rigid components to enhance performance. The
bottom hemisphere has a small depression for pumping
mixed gas. Three pneumatic legs with the same hemi-
ellipsoid design are attached to the robot’s body to control
the jumping direction. The main control module is a
rigid part with circuit board, power source, battery, air
compressor, and solenoid valves. covered with a protective
shield. The robot injects 40 ml of butane and 120 ml of
oxygen into the ignition chamber, which expands during
ignition to cause the robot to jump.

Electrical Power

Electricity is a common power source to provide jumping
energy as well. In [206], a film-based insect-scaled robot
made in curved piezoelectric polyvinylidene difluoride
(PVDF) unimorph structure is proposed. The active layer
of the structure is a 0.018-mm-thick PVDF laminated to
a 0.025-mm PET tape attached with a 0.025-mm layer
of silicone rubber. The size of the robot is 3x1.5 cm
total with a curved body and a folded leg-like structure.
Two electrodes with wires are attached to the top layer to
provide alternating current from an external power source.
The current causes the PVDF layer to extend and contract
through the piezoelectric effect, changing the shape of the
body.

This body shape is able to mimic animal locomotion
based on a pattern by oscillating the center of mass of the
robot which lifts its body off the ground and move forward.
The maximum speed the 10-mm-long prototype can reach
20 body lengths-per-second under 850 Hz AC, making it the
fastest insect-scale mobile robot.

Fluid Power

Using fluid properties to drive a soft robot is another
interesting way to perform jumping locomotion. In [205],
a soft jumping robot made of fluidic soft actuators
which overcomes the limitation of slow actuation speed is
explained. It uses a bistable elastomeric dome that, after a
certain deformation is reached, will suddenly snap into a
convex shape. To trigger this motion, the robot utilizes a
second dome above it, which serves as a pressure chamber.
When the pressure inside the cavity reaches a certain
threshold, the lower membrane will snap downwards,
causing the robot to jump. This allows a slow increase in
flow-rate to trigger an abrupt motion of the robot.

The original design with a soft rubber outer cap can jump
up to 42.9 mm, but by analyzing through a simplified mass-
spring model and adjusting the parameters of of the domes,
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the authors were able to create a version that could reach
283 mm. Moreover, this method proves that the jumping
height can be decoupled from the size of the robot which
broadens the path for larger soft jumping robots with other
light-weight components.

Shape Memory Alloy Actuated

In [203], a deformable circular soft robot is presented. The
outer shell of the robot is made of rubber while the inner
surface is connected with multiple SMA coils which are
used as elastic components to deform the robot and store
energy for locomotion. This robot uses 8 SMA actuators
for crawling or 9 for jumping. During jumping, appropriate
SMA actuators contract to store the energy and then rapidly
release to generate a force and lift the robot off the ground.
The robot weighs 3 g with a radius of 40 mm. It can jump
up to 80 mm and crawl at a maximum velocity of 26 mm/s.

Alternative Locomotion

In addition to the major research directions in soft
robotic locomotion, Some researchers developed soft
robots with alternative locomotion techniques by modifying
bio-inspired locomotion approaches, or creating novel
locomotion methods without obvious inspiration from
nature. In Table 6, we list some basic information of these
research.

Preston et al. demonstrated a soft pneumatic oscillator
to trigger pneumatic actuators at a certain frequency. By
actuating the six actuators around a ring in sequence, soft
rolling locomotion is generated [221].

Sun et al. developed a salamander inspired continuum
mobile robot. Like salamanders in nature, the main
body is flexible and deformable made of a cable-driven
origami mechanism, while wheels are used as to generate

Table 6 Taxonomy of recent soft robotic alternative locomotion research

thrust, which demonstrate agile locomotion in narrow and
unstructured environments [222].

A similar direction is deformable wheels. Researchers
utilize origami structures and motors [223], SMA [224],
temperature sensitive liquid crystal elastomers (LCEs)
[225], or springs [226] to fabricate active or passive
deformable wheels, which are able to modify the radius or
shape of the wheel in order to adapt to different application
requirements like lowering the robot to travel beneath an
obstacle or climbing up stairs.

Discussion

This article provides a comprehensive reference guide for
researchers working in soft mobile robots and soft robotic
locomotion systems. We provide a broad overview of soft
robotic research in locomotion applications, encompassing
discrete elastic elements, flexible substrates, compliant
mechanisms, and fully deformable materials as part of the
larger domain of soft robotic locomotion.

We classify the domain in different mostly bioinspired
locomotion modes in each section. Figure 6 shows the
distribution of research on soft locomotion recent years. Not
surprisingly, a large body of research focuses on crawling
and—to a lesser degree—swimming locomotion modes,
since these happen to be the most approachable areas with
a lot of model animals to be inspired from. However,
we do notice an increasing number of contributions from
other areas such as flying and jumping, where some unique
properties of body elasticity and lightweight materials are
harnessed for greater performance. According to our review
references in this article, there have been about the same
number of research papers in flying locomotion (at different
levels of elasticity) in the past 3 years as compared to
swimming locomotion papers since bioinspired flapping
wings and bird-like robot with flexible wings enable high

Research Actuation Speed Power Control Locomotion
autonomy gait
Soft Ring [221] Pneumatic 0.034 BL/s Untethered Open loop Ring Oscillator
Salamanderbot Cable driven 303.1 mm/s Tethered Semi closed loop Salamander
[222] (2.05 BLY/s) inspired
Oriwheel [223] Cable driven / Untethered Open loop Deformable
Wheel
Oriwheel [224] SMA 120 mm/s Untethered Open loop Deformable
Wheel
LCEwheel [225] LCE / Untethered Open loop Morphing
Morphing Motor 1280 mm/s Untethered Open loop Passive
Wheel [226] Spoke
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Fig.6 Top: Distribution of
research articles on soft
locomotion from year 2018 to
2020. Bottom: Percentage of
research articles in different
locomotion each year. Here, we
include data gathered from the
following journals: Soft
Robotics, Science Robotics; and
the following conferences:
ICRA, IROS, RoboSoft
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performance flight and increasing flight maneuverability,
which makes it an interesting research area. We also
note some non-bioinspired approaches offering alternative
locomotion modes that focus on the engineering utility of
elasticity and not necessarily starting with inspiration from
a model animal.

Soft robotic locomotion offers greater compliance,
safety, and adaptability. These aspects are used to offer
unique capabilities in multiple locomotion modes in the
literature. While most of the existing research remains
tethered and using open-loop control with pressure-driven
fluidic actuation, there is an increasing number of research
activities that challenge these more traditional approaches.
Researchers explore (1) new closed-loop control methods
that rely on a new generation of proprioceptive sensors;
(2) new actuation methods that range from motor-driven
systems, smart materials, and chemical means; and (3)
achieving power autonomy for truly tetherless operation,
which will help us take soft mobile robots outside the labs
and in the complex environments they are built to traverse.

Despite these promising advances, we notice that the
vast majority of existing soft robots remain weaker and
slower than their rigid counterparts. We believe the next
decade of soft robotics research should focus on more
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dynamic capabilities that rival and surpass existing systems.
Similarly, we recommend that soft locomotion systems
should be investigated outside the crawling and swimming
domains where gravity is not a big challenge and focus
more on different locomotion modes and applications where
greater value can be provided in the field.

Finally, harnessing the inherent safety and adaptability
of their soft bodies, we see a significant research area for
soft robotic locomotion systems in human environments.
In future workplaces and other applications where humans
and robots physically interact, human-soft robot teams may
enable new ways to perform tasks more effectively and
efficiently than current approaches. We anticipate intuitive
interfaces can be explored for soft mobile robots or other
soft bodied technologies to be commonly incorporated in
everyday use cases and work collaboratively with users.
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