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ABSTRACT
Robot grippers based on the jamming of granular material have been studied widely in previous
years. Recently, also other benefits and challenges of granular material have emerged for robotics.
We discuss various functions of granular matter in robotic actuation, sensory processing, locomo-
tion, andmanipulation. We also provide a review of the design andmethods of robots for moving in
or on challenging granular environments. Drawing on the properties of granular material and their
potential applications, we propose our unique perspectives and innovative ideas for future research
and development in this field.
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1. Introduction

Granular material is made up of solid particles which
can be small-grained such as flour or sand, or larger
pieces like fruits, cobbles, or the tetrapods that are used
to reduce coastal erosion. A key point for the suitability
of granular matter in robotics and beyond is the capa-
bility of switching between liquid-like behaviour and a
quasi-solid state. Namely, if the individual particles are
cushioned from each other by a layer of gas or liquid, they
can slide across each other, while in the solid case, the
particles are jammed against each other and can hardly
move.

The transformation of soft and flowable material into
customisable rigid shapes, is very promising for the
increased demand for versatile and adaptive robotic com-
ponents, in particular in the context of the emerging field
of soft robotics.

Similar to the phenomenon of the freezing of ice, the
behaviour of granularmaterials can be described in terms
of a phase transition from liquid to solid.When the phase
transition happens the flexible material becomes hard
and retains its form which can be exploited in grippers
that first adapt to an object and then ‘freeze’ to cling to
its surface according to the ideal shape that was assumed
before. This jamming transition can be considered as a
break-through in robotics to realise universal grippers,
and has been discussed and reviewed before [1].

Granular material also possesses potential for robotic
sensing and morphological information processing via
phenomena such as directional responses, nonstandard

CONTACT J. Michael Herrmann michael.herrmann@ed.ac.uk

friction, domed pressure profiles, efficient damping, and
controllable plasticity, all of which may enable new
designs in modern robotics.

Granular material is not an entirely new subject: The
study of the dynamics of sand dunes, for example, goes
back several decades [2]. By noticing the similarity of the
dynamics of sand and of powder snow, Bangold antici-
pated already a more general approach to granular mat-
ter. By 1958 a good understanding of the mechanics of
packages of spheres, elastic or rigid, under various kinds
of stress was obtained [3]. In 1968, based on the example
of the North London retaining walls failures, Schofield
and Wroth studied the interaction of granular material
with water in their introduction to soil mechanics [4].
In particular, considering interlocking among particles
enabled a description of practically relevant phenomena
by providing an explanation for the transition between
quasi-solid and quasi-fluid behaviour. The related critical
phenomena can be seen as a precursor to the jamming
transition that is important also here. The study of the
dynamics of granular flows was advanced in the 1980s by
Savage [5,6] helped to popularise the complexity of the
phenomena of granular matter that can behave in com-
pletely different way in the static equilibrium case and
under small noise. The advent of a universal [7] granular-
matter-based gripper [8] was also not without precur-
sors, such as adaptive jaws for grippers [9] and robotic
fingers [10]. Since then a much wider range of appli-
cations of granular materials in robotics has begun to
emerge owing to the potential of the discovered methods
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Figure 1. Arc formation in granular material as an example of jamming under gravity (left) and complex chain of transmission of stress
forces (right). (Images by Gsrdzl, CC BY-SA 3.0.)

related to flexibility, adaptability, dexterity, and resilience
in robotics.

We will provide an overview of the current state of
research on granular material that is relevant for appli-
cations in robotics. As principles (see Figure 1) and
applications of granular jamming technology have been
reviewed already elsewhere [1], we will touch this subject
only briefly and will shift the focus to research on granu-
lar material in other areas inasmuch as there is a relation
to robotics. We will also consider designs of robots for
use in granular environments. The discussion chapter
will highlight some of the challenges and opportunities
associated with the typical techniques of granular mate-
rial, and point to future directions for research in this
field.

2. Universal robotic grippers

Many studies have been conducted to investigate the
factors that affect the grasping effectiveness of jam-
ming grippers [1,11–13]. Currently, universal grippers
are fairly well-developed for various applications, for
more detail see [1]. Their performance has been evalu-
ated based on various factors, including technical param-
eters as well as the effect of factors such as tempera-
ture [14] and vibration [15]. It is anticipated that the focus
of research will shift further towards more sophisticated
structural designs and more flexible operations that go
beyond the scope of traditional grasping.

Although granular jamming has the potential to
induce substantial stiffness variations, its effect on defor-
mation is generallymodest. Therefore, in hybrid jamming
a combination of jamming with other actuation tech-
niques is used in order to achieve the desired motion,

especially in components with complex structures or
dynamics.

A typical application to finger-like jamming grippers
is to utilise pneumatic deformation directly [16]. This
method can employ passive jamming of particles to sta-
bilise the designed shape and increase stiffness [17,18].
Applicationswith thismethod can include intricate inter-
nal structures [19] or the effect of specific materials [20]
for better controllability and more versatile deformation
modes. Using instead wire control for the actuated por-
tion in conjunction with the reinforced portion of granu-
lar jamming can provide higher control precision [21]. If
jamming is used only for braking, multi-chamber struc-
tures seem preferable, such as a structure consisting of
three stiff chambers that function as bones connected by
two chambers filled with particles to serve as joints [22].
Granular jamming is thus used as an auxiliary technique
for stiffnessmodulation, working in conjunctionwith the
primary actuator to achieve the desired functionality of
the soft robot.

The comparison of different jamming designs [23]
yields slight advantage for layered designs over granular
designs for the task of stiffening a finger-type effector in a
button-pushing task.While the stiffness changes by a fac-
tor of 8 were measured, theory [24] predicts that there is
no limit for ideal hard-spherematerial that is self-locking
when bent.

Further work includes an actuator consisting of a jam-
ming pad in combination with stiff claws [25], and may
enable rock-climbing using the ability to conform to
a variety of shapes. For the moment, robotic assembly
appears to be a more manageable task [26]. Also other
combinations of jamming pads and traditional mecha-
nisms appear promising, e.g. with chains [21,27], or with
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ball joints as kind of backbone spine within a jamming
cushioning [28].

The retention forces resulting from geometric inter-
locking and suction are considerably more substantial
than those attributed to static friction. Soft particles, in
lieu of rigid particles, induces a squeezing effect that
produces substantial frictional and holding forces [29].
However, it should be noted that the augmentation of the
clamping force through soft particles is restricted, while
they make the gripper as a whole deformable, so there is
a trade-off between the two effects.

3. Robotic interaction using granular material

3.1. Fingers and arms

In addition to the popular spherical universal gripper,
granular jamming technology is also used for long, strip-
like components to gain flexibility and to enable more
complex operations.

The study of finger-like granular components focuses
on the degree of bending of the component and the
change in stiffness. Through membrane coupling [30]
and inter-particle interactions, the stiffness of particle
structures can change with external pressure variations.
Building on this foundation, finger-shaped structures
for gripping actions via passive jamming have been
proposed [17]. Furthermore, by improving the struc-
ture of the membrane, such as increasing crease areas,
the performance of passive jamming can be further
enhanced [18]. Active fingers based on jamming are typ-
ically paired with pneumatic actuators to achieve soft
gripping. Its feasibility and generality is discussed in Ref.
[16]. A related study tested the effect of finger stiffness
for various pressure levels on gripping performance [20].
Another approach is to push solid particles directly via
a piston rather than by controlling the medium as in a
pneumatic or hydraulic system. Although the stiffness
changes are less dramatic, fingers can be controlled thus
to grasp and bend reliably [31]. At this point, it should be
noted that in jamming studies, finger-coordinated grip-
ping behaviour is always achieved through three-finger
gripping, which may mean that simple bending is not
used to its full potential.

Inspired by the muscle fibre patterns of the human
hand, fibre threads were used in conjunction with a
chain-like granular jamming chamber [21] to simulate
various hand movements which increased the stiffness
range. Textile ropes can simulate tendons which inter-
act with modules composed of granular material to form
a skeleton [24] which realises more general shapes than
even a human hand.

However, realistic finger simulation depends on the
design of the chamber morphology and the actuation of
the joints. Pneumatic components can be used as joints
here as well to connect multiple independent granular
jamming chambers to simulate finger morphology [32],
which preserves the advantages of granular jamming
while more accurately adjusting finger shape. Another
bio-mimetic design involves using integrated layer jam-
ming as bones and particle jamming as joints, where the
layer regions and particle regions are interlocked with
each other to ensure load transfer from the fixed finger
end to the fingertip [22]. These design innovations cater
to particle interference technology for some of the more
demanding soft robotics applications.

Stiffness changes based on jamming are typically influ-
enced by only small volume changes, and tests have
shown that their deformation range still exceeds that of
shape-memorymetals [30]. The advantage of incorporat-
ing particles into pneumatic-based actuators is that they
can achieve greater force and more controllable curva-
ture angles [33]. Granular components have been used in
the medical applications, such as endoscopes with vari-
able stiffness arms with a camera at the end [34]. The
variable stiffness and non-metallic propertiesmake gran-
ular material highly desirable for medical applications.
In proposed surgical manipulators each granular mod-
ule has omnidirectional bending, extension, and stiffen-
ing capabilities [19,35]. Together with other components
made of magnetic material, components with variable
stiffness can also be used for soft tissue retraction during
surgery [36].

In addition, this type of granular component can also
be used in designing larger structures to replace tradi-
tional rigid robot arms [37]. Similar to other soft robots,
the precision of these granular arms may be relatively
limited, and the weight of the device may affect its per-
formance, as addressed in their research. Nevertheless,
granular soft arms have been demonstrated to perform
complex actions successfully. Related research also sug-
gests that elongated granular jamming components can
be utilised as robot legs [38] or other types of limbs.

To use a universal gripper for climbing, a deformable
skirt generates an airtight seal a suction cup even on
uneven surfaces as concrete, tile, and riveted structures.
The combination of gripping force and adhesion pro-
vide the universal vacuum gripper [40] with the abil-
ity to climb vertical walls. Similarly humanoid robots
robots can be made to climb vertically [41]. A design of
a hand for climbing uses granular material in the palm
to distribute the load evenly across four fingers. This is
combined with a number of spiny phalanges to work on
rocky surfaces [25]. This research spins outs also to object
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manipulation, where using merely fingertip-sized com-
ponents can provide strong suction to fix objects [42].

3.2. Damping and energy dissipation

Granular material also possesses notable advantages
when used in feet or climbing appendages for robots.
Jamming components in robotic feet can improve the
mobility of legged robots on uneven and deformable ter-
rains by adaptation of both foot shape and stiffness. A
suggestive approach is to maintain a jamming compo-
nent in a loose state while the foot is not in contact with
the ground. This allows the particles inside the mem-
brane to flow freely and to fully adapt to the terrain.
At the moment of impact, positive pressure jamming is
utilised to stiffen the foot, so that the component damp-
ens the impact and provides support [37]. A bio-mimetic
design [43] imitated soft paw pads of dogs or cats by
high-traction and soft underlying tissue using granular
material within suitable membranes. Experimental tests
of general characteristics such as friction, damping, and
deformation on a quadruped robot demonstrated the
advantages of this soft-foot system. The same method of
terrain adaptation was tested in a quadruped robot, now
with a focus on the ability to rapidly switch the state of
jamming in order to achieve faster movement on uneven
terrain [44]. Also more complex terrains were studied,
e.g. soft flowable ground such as sand [45].

Due to the discrete damping effect of particles, which
refers to their ability to absorb and dissipate energy by
moving relative to each other when subjected to external
vibrations, particle systems exhibit excellent performance
in reducing vibration. This property has led to their
use as vibration-damping material in engineering struc-
tures [46], as well as in machinery such as vehicle sus-
pensions [47] to improve their seismic performance. Pre-
vious research has focused on specific applications, such
as spring systems [48], while others have explored ways
to improve energy dissipation efficiency [49] through the
use of granular binary mixtures [50] or the application
of microgravity [51]. Of particular interest is the poten-
tial impact of active vibration fluidisation on granular
jamming performance [15]. By controlling the frequency
and amplitude of the vibration waveform, the gripping
strength of soft interference fixtures can be effectively
enhanced.

The use of particles for buffering and vibration reduc-
tion has many advantages, such as simple equipment,
low manufacturing costs, and wide applicability, such as
applying damping effects to torque [52]. The greatest
advantage of vacuum packed particles lies in the fact that
the damping level can be controlled smoothly by vacuum
level. The dissipation characteristics are provided by the

frictional phenomena that occur between loose-particle
material, with the damper operation characteristics being
close to linear [49]. Granular dampers can also be used in
parking buffers as practical tests have shown [53]. Further
explorations are required for leveraging the performance
of granular material in terms of energy dissipation.

Loose granular media possess acoustic properties that
can mitigate noise [54]. Relevant investigations have
delved into the effective mass of granular media [55] in
the field of acoustics, as well as themechanisms for acous-
tic absorption in dry andweakly wet granularmedia [56].
In this application, the moisture content between the
granular medium is crucial, as the dampening of acoustic
modes is primarily dominated by water films adsorbed at
grain-grain contacts, as opposed to global viscous damp-
ening or attenuationwithin the grains [57]. Although this
application has yet to be implemented in robotics, it may
be a worthwhile consideration for certain mechanical
systems with specific requirements.

3.3. Body structure for robots

Elastogranular mechanics [58] can be utilised for shape
adaptation and locomotion of robotic bodies. Already
before the arrival of jamming grippers, granular mate-
rial has been proposed as content for robotic skin. A
purely soft and liquid-filled robot [59,60], can alter its
exterior shape to induce rolling motion by controlling
the jamming of the granular segments. The material can
even serve ass a backbone for robots [28], if the parts
are connected by spherical joints. Additionally, it also has
been incorporated into wings for the changeable stiff-
ness for morphing aerostructures [61]. Despite granular
material is less commonly used in robotic bodies than
in end-effectors, partitioning control of granularmaterial
represents a promisingmethod for joint-like components
in various robotic scenarios.

3.4. Granularmaterial for sensing

The human inner ear contains otoconia (analogous to
otoliths in other animals), a fine granularmaterial embed-
ded in a gel matrix, that is coupled to the hair cells
to transduce sound information to the midbrain. By an
optimal choice of the properties of the transducer is it
possible to achieve noise reduction at the same time as
amplification of interesting frequency ranges and combi-
nations.

Currently, the research on the manipulation capabil-
ity of granular material is relatively mature while few
applications possess sensing capabilities. Stress measure-
ments for continuous and deformable media like gran-
ular material are typically achieved through measuring
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deformation. Current research mainly utilises optical
and magnetic methods for signal transmission [62]. The
application of optical signals is used in haptic displays
mentioned in previous chapters, where the deformation
caused by external forces results in changes in reflected
light beams that can be quantified to measure contact
forces. In contrast, magnetic signals are measured using
Hall sensors as receivers, which detect the displacement
of permanent magnets with soft media deformation.
Thanks to the support of machine learning algorithms,
perceptual measurements of continuous soft media [63]
have achieved considerable accuracy now and are being
wider used in this field.

In recent research, the skin of the fingertips is formed
by mixing liquid silica gel [64] and permanent magnetic
particles in a beaker at equal mass ratio and solidifying
them with permanent magnets. Particle silicone skin, the
sensor is at the root of the finger and can more accu-
rately measure the position and strength of the contact.
The thickness of the magnetic skin layer may have an
impact on the performance of jamming when grasp-
ing extremely irregular objects, but this design basically
realises the simulation of human fingers grasping and
touching objects.

3.5. Interaction devices

The inherent deformability arising from the flowability
of granular material and tunable stiffness due to jam-
ming are useful for the generation of tactile information
in interaction devices, which can be based on pneu-
matic or hydraulic jammingmedia [65]. The detection of
deformation can rely on optical and capacitive sensing.

The two-dimensional haptic jamming display [66] was
meant to illustrate the function of a tactile interaction
devices. Later the number of independently control-
lable cells increased to 12 by using a embedded vac-
uum lines structure to improve the geometric resolu-
tion [67]. The focus shifted then to closed-loop con-
trol [68] and recently algorithmic support was provided
by experiments adapting the device output to a desired
shape [69].

Two-dimensional haptic displays can provide tac-
tile feedback in medicine [70], and were also assessed
from the perspective of user adaptation [71]. In med-
ical research, the focus has been on practical multi-
finger palpation [72] with independent multiple cells
to better simulate tissue stiffness and investigate the
experiential differences of tactile feedback with different
numbers of fingers. This type of application is usually
fixed to larger interaction devices, such as KineSys Med-
Sim [73], a cable-driven platform of the kinesthetic sys-
tem for medical simulation. Current research explores

how three-dimensional systems can fully utilise tactile
interaction capabilities in a portable setting.

An early design of a three-dimensional tactile display,
theHoverMesh [74], was based on amechanical structure
linked by prismatic joints. Other studies have utilised the
shape design of a spherical granular jamming gripper for
interaction [75] or directly used the spherical component
without any other parts [76]. This type of designmay find
applications in advanced medical palpation, such as to
mimic the shape and mechanical properties of organs to
achieve a fully immersive experience shapes and elastic-
ity [77]. Recent haptic shape displays havemainly focused
on shape design and embedded surface sensing control
algorithms [78] to achieve more precise shape matching
and more effective closed-loop interaction.

The use of particles in wearable devices predates jam-
ming technology. Initially, these devices consisted of
deformable soft vinyl tubes worn on the arms to pro-
vide a sensation of contacting a wall or moving in water
with viscosity [79]. To address the weight issue of large
wearable devices, lighter particle material like Styrofoam
beads are commonly used. In order to combine pre-
cise tactile feedback and joint stabilisation, clothes with
variable stiffness [80], upper-limb orthotics that con-
strain shoulder and elbow movements [81], and robotic
exoskeletons [82] were tested.

In Ref. [83] inspiration from octopus suckers is taken
for the design of a multiple-holed surface to generate a
shape-adaptive structure that serves a the robot as an
anchor ball. Jamming-based adjustable stiffness enables
the ball to stick to surfaces providing support for a robot
that moves towards and from the anchor by a fluid-
powered ropeway to navigate in cluttered environments.

Recent research has aimed for more nuanced sensa-
tion expression, such as for gloves [84] as tactile inter-
action devices. A versatile sensing gripper [85] uses
transparent granular material to enable optical sensing.
In this way the deformation of the membrane can be
detected and also the object being grasped can be identi-
fied. Recently, this researchwas shown to performprecise
assembly operations including re-grasping and pose cor-
rection which is serviceable in general-purpose assembly
using robots [86].

4. Granular environments

4.1. Legged robots on granular environments

The difficulty of moving on granular media arises not
only from the unevenness of the ground but also from
the fluidity of the granular environment under pres-
sure, making it difficult to achieve stable support for the
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Table 1. Overview of challenges for robots in granular environments (see Ch. 4).

Context Challenges Movement Design Mobility strategy

Movement on
granular media

Stability, speed Legged locomotion Increased footprint area Bi- and quadrupedal locomotion

Rotary legs Biomimetic, inspired by
lizards

C-shaped legs (whegs)

Hopping Jumping mobility Single-leg hopping with dynamic balance
adjustment

Locomotion
method, speed

Terrestrial swimming Biomimetic, inspired by sand-
fish

Facilitating local decomposition of sand for
locomotion

Movement within
granular media

Friction, pressure,
directional control

Subterranean swimming Biomimetic, inspired by
snakes

Crawling motion of soft actuators

Penetrative drilling Penetration via conduit Fluidising granular medium by pressurised
water or air

Excavation-based locomotion Biomimetic, inspired by razor
clams

Sequential opening and closing of front and
rear shells to change volume

Movable components Biomimetic, inspired by
annelids

Motion through body reshaping, fins or flagella

Figure 2. Time-lapse photograph of a planar biped walking on a bed of poppy seeds, an experimental surrogate for granular terrain.
The robot walked at 10 cm/s. Photo credit: Rob Felt, GaTech, see also Ref. [39].

movement [87]. Legged robots have demonstrated a dis-
tinct advantage in such environments compared to their
wheeled counterparts (compare also Exodus 14:25a), but
achieving the same level of mobility on solid ground is
still quite challenging. Following the structure outlined
in Table 1, we will review here current research on legged
and biomimetic robotic locomotion in granular media.

The design of the foot is the most important part
for legged robots walking on loose granular media. The
fluidity of the granules makes it difficult to stabilise
the walking motion, and feet sinking into the granular
medium can also be a problem that creates additional
resistance. In bipedal robots, larger footprints can result
in more stable walking, see Figure 2. Based on research
on granular reaction forces, dynamic bipedal walking
has been achieved on deformable terrain dry granular
media [39]. Using soft granular material in feet may
improve walking performance on soft media [45].

A popular animal model is the zebra-tailed lizard [88],
whose paws have a natural advantage for walking in the

sand. This served as an inspiration for the design of
robots with six C-shaped legs [89–91]. This type of leg
can be seen as a compromise between easily controllable
wheel and legs, known as whegs. On granular material,
this chimera proves useful. During the off-duty phase,
each limb is removed from the granular material, and
during the duty phase the flat shape sinks in less than
a pointed leg, while the robot can retain good flexibil-
ity and excellent speed. However, the animal original
can achieve the same benefits by exerting a considerably
lower pressure on the surface [92].

In addition to standard walking, legged robots can
also move by hopping. A brief contact causes the gran-
ular ground to jam [93], providing controllable sup-
port momentarily. Relevant research proposed themodel
for motion planning of this locomotion mechanism and
analysed various considerations in the design of hopping
movements on soft ground [94]. Subsequent research has
focused on reducing the depth of penetration upon land-
ing in order to minimise energy loss by a legged robot
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impacting yielding terrain [95]. Currently, this hopping
mode of locomotion can be considered a controlled
movement on granular media.

4.2. Terrestrial swimming

Quite opposite to jamming, vibrations can lead to a liq-
uefaction of the ground which tends to facilitate pene-
tration [96]. In some animals this has been traditionally
observed as a kind of swimming. [97] To avoid com-
plications due to foot penetration, limbless robots were
designed to move on granular media [98] mimicking the
way snakes travel, see Figure 3. Snake-likemovement pat-
terns were also studied [99] as well as the way sea turtles
move on the beach [100].

Sandfish (scincus scincus) or skinks are scaled reptiles
that use swimming patterns for movement on sand sur-
faces [101] Their movement in the desert was studied
using MRI, 3D laser scanning studied the body shape of
the sandfish and its movement in the loose desert was
explored using fast nuclear magnetic resonance (NMR)
imaging. Local decomposition of sand around moving
skinks is likely. Sand thus behaves locally as a viscous
fluid rather than as a solid material. In this fluidised
sand, skinks can ‘swim’ with their limbs (Figure 4). As
the animals swam deeper into the material, the inten-
sity of muscle activation increased, but did not change
with the frequency of fluctuations, because the resis-
tance of the material increases with depth but not with
speed.

Other papers have studied the effects of the environ-
mental conditions [102], movement patterns for sub-
surface mobility [103,104], as well as the skink biome-
chanics [105]. The same team has also produced and
investigated a robotic sandfish model [106].

Figure 3. Javelin sandboa (Eryx jaculus)movingongranularmat-
ter (Image taken on Pylos (Peloponnese/Greece) by Benny Trapp,
CC BY-SA 3.0.)

Figure 4. Sandfish (scincus scincus) ‘swimming’ on granular mat-
ter. (Image by The Great Mule of Eupatoria, CC BY-SA 3.0.)

4.3. Movement within granularmaterial

A very interesting view [107] on the broader implica-
tions of coping with the instability of granular media,
is taken with a focus on various snake locomotion
behaviours (in addition to skinks), which can pro-
vide insights into the co-evolution of neuromechanical
control templates with morphology and behaviour, see
also [108]. The suggestive earthworm approach to sub-
terranean movement can be realised by peristaltic soft
actuators [109].

In order to move through granular matter, the fluidi-
sation effect can be used to reduce the resistive forces of
the environmental material. It can be enabled by passing
pressurised water or airflow [110] through the material,
which can be applied to create a conduit for an elec-
trical line. The robot can steer horizontally and verti-
cally [111], and the pullout is nearly drag-free, because
of the invertability of its outer skin, solving a problem the
was discussed for plant-like root systems [112].

A similar burrowing effect is realised by razor clams
(Ensis directus) [113] by opening and closing their
shell while providing anchorage with the muscular foot
in order to break the symmetry between downwards
and upwards motion. This mechanism has inspired
a simulated model system that uses cavity expansion
theory and discrete elements to study burrowing in
dry sand [114]. A related approach treats the parti-
cles as a flow medium, like a hydraulic pump, and
actuates them by changing the internal volume of the
container [115].

Polychaetes, a class of annelids, are bristled worms
that have been modelled by a soft-robot system in order
to explore its capability of locomotion in granular sub-
strates [116]. Other options for locomotion in granular
media is the use of compliant fins [117], or flagella [118]
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5. Design of granular material

5.1. Wet granularmaterial and suspensions

Humidity and surface tension can make the surface of
particles adsorb certain water molecules to produce a
pendular state [119], resulting in a cohesive attraction
or adhesion force between particles. [120,121]. To study
this theoretically, it is an option to use a discrete element
method in order to determine the properties of wet gran-
ular material [122]. For example the shear modulus of
wet granular matter [123], which should the interesting
result that optimal strength is achieved at very low liquid
volume fractions of 1–3%.

When granular material such as sand is mixed with a
certain amount of liquid, the surface tension of the lat-
ter imparts considerable stiffness to the material [124],
which makes it possible to build sandcastles.

Mechanical and geometrical properties of jammed
wet granular material [125] numerically investigates the
mechanical and geometric properties of dense wet par-
ticles with irreversible attractive interactions. Interstitial
liquid can also be used in hydraulic jamming grippers.
This is a promising research area that may generate a sig-
nificant increase in holding force [126]. Hydraulics can
help to achieve a higher stiffness, silent operation, and
faster actuation. [65]

5.2. Customisation of controllable particles

By customising particles it is possible to design properties
of the material to realise an improved functionality, such
as controllability or robustness. The customisation relies
on the solution of the inverse problems of producing par-
ticles towards specified material properties of the granu-
lar matter. The artificial evolution of particular towards a
fitness function specifying the granular matter properties
seems natural and, given the statistical variability within
good solutions, also realistic. Successful particle design
still leaves the necessity to actually produce them. Of par-
ticular interest is the substitution of metal components
for granular material of similar properties.

One way to affect the material properties flexibly dur-
ing use is magnetic control [36] which, however, needs
to be optimised by the design of the particles in order to
be efficient. Computational approaches helped to design
non-trivial particle shapes in order to affect force chain
network, contact number, and pressure evolution of jam-
ming systems [127].

Such a similar graph-based description of the inter-
action dynamics of a material and the rigid bodies
to be manipulated, can be represented by graph neu-
ral networks [128]. Minimise the distance between
a predicted distribution of particles and a desired

configuration allows the planning of operational tra-
jectories to achieve the desired material configura-
tion. Learning-based approaches may benefit from data,
e.g. relating grip strength and shock absorption: [129].
Although other methods may be preferable in many
applications, the production of designed particles is
largely dependent on 3Dprinting, which can produce dif-
ferent types of particles [130], although it is known there
is no generally optimal set of particle, e.g. for jamming
grippers [131].

5.3. Particle-like robots: programmablematter or
gray goo?

Ultimately, it is imaginable to have robotic abilities at the
level of particles, which in fact was discussed in the field
of programmable matter already near the end of the pre-
vious century [132,133] or wrapped particles [134], or
the robots act as the particles [135]. Despite the theo-
retical analysis, these applications had not been tested
in practical problems. Whether the robots can function
as intelligent ‘particles’ with sufficiently simple structures
remains an area that warrants further investigation.

More recently, earlier ideas have found interest in
the contact of cyber-physical systems, such as utility
fog [136], smart matter [137], or even dust systems for
wind dispersal [138,139]. Self-reproducibility was seen
as a main danger of nanomaterials, but many other risks
can neither be excluded today, such as non-consensual
surveillance, or allergic or intolerance reactions or other
forms of biological incompatibility in all life forms, which
is amplified if a large number of such devices is used.

6. Perspectives

The advent of the jamming gripper was not predicted by
researchers in the community. Also in future the field will
benefit from surprises, breakthroughs, and serendipity.
We will nevertheless ask the following questions: What
developments can be realistically expected for robotics
from granular matter research in the next decade? What
questions are waiting for an answer today?What progress
do we hope to see in future?

6.1. Perspectives for robotics

The flowability of granular material enables them to
assume a wide range of shapes which consequently sup-
ports a large variety of applications. The jamming tran-
sition can also be used in the membrane design itself.
For example a layer of powder between an inner rub-
ber core and an outer rubber membrane increases the
safety when handling fragile objects [140]. In addition to
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expanding the range of forms available to robot manip-
ulators, the fixation effect and sensory simulation capa-
bilities afforded by jamming render it highly suitable for
use in wearable devices. The potential of morphologi-
cal design includes adjustable wearable exoskeletons for
shaping or devices that simulate various levels of tactile
feedback in virtual reality games. Furthermore, it can be
expected to be the external auxiliary device for robots to
introduce a kind of wariness.

Recent studies have increasingly focused on simulat-
ing the shape of objects to achieve specific effects, such as
tactile granular fingertips [64] that fully imitate human
finger shape, attempting to perform any operation like
real human fingers. For more accurate tactile displays
in medical applications, granular material can be fash-
ioned into organ shapes with greater precision than using
ellipsoidal templates [77]. Theoretically, any component
with variable stiffness could potentially be implemented
using granular material, provided that the benefits of
this approach are considered. The imitation of specific
structures will make them more specialised for certain
tasks.

6.2. Current trends

The manifest mathematical approach to granular matter,
particularly of use in simulations is geometric mechan-
ics. The large-scale behaviour can be understood in terms
of statistical mechanics, while experimental work is the
key to provide insight into the large variety of observable
behaviour.

Biological granular matter complex geometries have
evolved that shape every single one of a relatively small
number of particles (e.g. tarsal bones). In order to mimic
functional links and joints of a hand, but alsomore gener-
ally to generate a certain function, non-isotropicmaterial
can turn out to be advantageous, once form-function
relations are better understood.

The inverse problem is the design of granularmaterial,
so that desired observations can be produced by a suit-
able choice of particle properties [141]. We expect here a
wealth of new results in near future, as earlier work was
mainly limited to simulations.

Not all applications benefit in the same way from the
complexity of granular matter. For example, the pressure
profiles (see e.g. [142,143], stalks, roots, tubers, bulbs,
or fruit; interaction with large numbers of farm ani-
mals, breeding of edible insects; or precision irrigation,
fertilisation, and melioration. Similarly, applications will
be found in construction and underground engineer-
ing, mining in terrestrial pits as well as perspectively on
planetary missions and repair of streets and civic struc-
tures. Biorobotics and prosthetics posed a further set of

interesting challenges.Wastemanagement is dealingwith
granular material of high complexity and may offer the
chance of surprising use cases [144].

6.3. Open questions

Among the many open questions related to granular
material, wewant to focus only on a few ones that are par-
ticularly burning for applications in robotics. Jamming
effects depend largely on friction and related small-scale
properties of the material that, however, may degrade
when being used over long periods. Although resetting
procedures may help [145], more work on the resilience
and regeneration of granular material is clearly needed.

Physics approaches often assume a separation of
scales, i.e. the number of particles in granular matter is
assumed to be very large, so that random effects aver-
age out and a clear description of the material properties
becomes possible. Successful engineering applications,
on the other hand, work with a few components, such as
ball bearings. The question is thus not only how much
material is needed and how many layers of particles are
implied by a desired function, but also how granular
material are to be understood: Is granularmaterial a com-
plex contraption where every piece plays its prescribed
role, or is the idea of a highly redundant bulk behaviour
already sufficient for the realisation of applications?

Will we be able to customise granular material, either
per application type, per application case and ultimately
down to the level of single particles?

Robots are mostly made of steel and plastics. To what
extent can granularmaterial substitute such components?
Is it possible to control reliably the switching between
damping and actuation? Can morphological designs of
robots incorporate flexible partitioning of the body into
still components and joints? Different modes of the
material will require complex control methods in order
to realise particular functions based on the variety of
behaviours offered by the material.

6.4. Outlook

While we know already about wet granular matter, much
can be learned and gained from experiments with mag-
netic materials, from interactions of polarisable particles
via van der Waals forces, complex effects of surface ten-
sion, cohesion, which become even more fascinating, if
nanoscale processes are relevant.

We have mentioned a few examples from biology such
as the use of granular material for sensing, damping,
and processing of food, as well as the active interaction
with granular material in the environment in fish, skinks,
antlions, and many others. There is still much to learn
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from the locomotion behaviours of animals on granular
matter, from the complexity of biological materials and
their regenerative properties.

While granular material has shown clear benefits in
mechanical interaction with the environment, other ben-
efits can also be explored. Granular material could con-
sist of particles with adaptive or regenerating shapes
to increase flexibility and robustness against wear. One
could imagine robots that harvest energy from the envi-
ronment by suitable processes within layers of gran-
ular material that utilise heat, pressure, or vibrations.
Although, we have decided not to focus too much on
smart matter here, this research area where particles are
controllable or in control of their behaviour is still very
promising for the future of the field.

The rich repertoire of behaviours that gives rise to the
fascinating perspective of granular matter for robotics
requires more theoretical and applied research. Granu-
lar material in robotics could be thought of as a form of
programmable matter that has so far not shown success
at the same level as predicted over the last three decades.
We have aimed to show here that physical materials can
be of high interest already without control at the mate-
rial level, although an adaptive high-level control will in
many cases be required.
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