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Abstract— Granular jamming is a popular soft actuation
mechanism that provides high stiffness variability with min-
imum volume variation. Jamming is particularly interesting
from a design perspective, as a myriad of design parameters
can potentially be exploited to induce a diverse variety of useful
behaviours. To date, grain shape has been largely ignored.
Here, we focus on the use of 3D printing to expose design
variables related to grain shape and size. Grains are represented
by parameterised superquadrics (superellipsoids); four diverse
shapes are investigated along with three size variations. Grains
are 3D printed at high resolution and performance is assessed
in experimental pull-off testing on a variety of benchmark
test objects. We show that grain shape and size are key
determinants in granular gripping performance. Moreover,
there is no universally-optimal grain shape for gripping. Optical
imaging assesses the accuracy of printed shapes compared to
their ideal models. Results suggest that optimisation of grain
shape is a key enabler for high-performance, bespoke, actuation
behaviour and can be exploited to expand the range and
performance of granular grippers across a range of diverse
usage scenarios.

I. INTRODUCTION

Design of soft actuators is a topic of increasing interest
within the research community, as intrinsic properties of
the gripper, i.e., compliance, stiffness variation, can be fully
harnessed to maximise task performance [1], [2]. At a high
level, this process involves iteration through a selection
of candidate materials and geometries to arrive within a
suitable performance envelope, which can involve elements
of modelling as well as physical iterate-and-test, depending
on the type of gripper under consideration.

Granular jamming actuators are a particularly promising
soft actuator as they are comparatively highly parameterised
thanks to the potential consideration of tunable grain proper-
ties (shape, size, material), alongside more ubiquitous mem-
brane (material and geometry) and control properties [3]. The
inherent high dimensionality implies an expansive design
space that can be readily accessed to elicit a varied range
of behaviours from granular jamming actuators.

The most popular type of granular jamming actuator, the
bag gripper [4], [5], comprises a roughly spherical flexible
membrane housing numerous grains (e.g., ground coffee),
and attached to a vacuum line. At standard pressure, the
grains possesses a fluid-like quality, allowing the gripper
to be pushed against a target object and deform around it.
Subsequently pulling a vacuum causes the granular material
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Fig. 1: The printed grains used in the study, in groups
of 4 per combination of size and shape. Left-Right:
3mm Sphere-Volume Equivalent (SVE), 5SVE, 7SVE. Top-
bottom: sphere, superellipsoid, ellipsoid, superball.

to solidify, increasing inter-grain compressive and frictional
forces and causing a grip.

Tuning constituent grain properties is an under-explored
research area. To date, studies either only test a single
grain type, only consider one free variable, e.g., grain
size, with other factors held constant, or use a handful of
commercially-available grain types (e.g., [6]), which limits
testable grains to a somewhat arbitrary selection of those that
can be procured, as well as offering no guarantees over the
geometric accuracy of the grain. Typical grains include the
aforementioned coffee grounds, as well as rice, glass spheres,
plastic spheres, and rubber cubes. None of these approaches
allow for grain shape and size to be precisely controlled and
rigorously explored in a principled manner.

3D printing is a promising avenue to realise this goal,
with an recent study demonstrating the in-principle ability
to tune performance properties for jamming actuators [7],
in this case using only spheres, but varying levels of fillet-
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ing. Considering the wide range of grain properties which
can be precisely specified and fabricated, and the limited
explorations of this topic to date, we are motivated to exper-
imentally verify the benefit 3D printing as an avenue towards
creating bespoke, high-performance jamming actuators.

In this paper we explore the impact of 3D printed grains
of different shapes and sizes on gripping performance. We
first design a set of grain shapes that are predicted by
DEM simulations to provide a diverse array of gripping
behaviours. We then 3D print those grains in four different
sizes to provide a comprehensive test set. Each shape/size
combination is used as the constituent grain in a simple bag-
style jamming gripper, and gripping performance is assessed
across four test objects via pull-off testing. In addition,
we quantify the accuracy of 3D printing as a fabrication
technique. A Confocal Laser Microscope is used to char-
acterise the anisotropic roughness of the printed grains and
compare to the idealised CAD model. We show good shape
accuracy and provide some guidelines around suitable grain
sizes to use, which is critically important when addressing
reality gap issues (an area where granular jamming grippers
are particularly vulnerable) when, e.g., linking experimental
studies to DEM modelling.

We summarise the key novel contributions of this work as
follows:

• The first comprehensive study of shape and size vari-
ation in 3D printed granular jamming grippers, with
testing on an applied gripping task. This includes use
of a comprehensive test set of 12 grains (3 sizes of 4
grain shapes; Fig. 1), with performance assessed on 4
test objects,

• The first demonstration of the superquadric grain formu-
lation to specify grain shape in a soft robotics context,
and,

• The first characterisation of 3D printed grains in terms
of shape-accuracy.

Results demonstrate that grain shape and size are key
determinants in granular gripping performance, and con-
trol over both is a key (although currently heavily under-
utilised) technique to provide high-performance, bespoke
actuation behaviour. Moreover, we demonstrate that there
is no universally-optimal grain shape for gripping, and that
gripper performance with varying size and shape is often
unintuitive. This suggests the use of computational optimisa-
tion techniques as a promising path towards fully harnessing
particle size and shape to expand the range and performance
of granular grippers across a range of diverse usage scenarios

II. BACKGROUND

Here we detail two relevant areas of literature, (i) Jamming
in soft robotics, and (ii) studies on grain shape.

A. Jamming soft robotics

Jamming occupies a niche in soft actuation where com-
paratively rapid response times (≈1s) and large stiffness
variations are required [2]. Jamming can be categorised
into three types depending on the mechanism that induces

Fig. 2: CAD images of the four ideal superquadric grains,
clockwise from top-left: ellipsoid, sphere, superellipsoid,
superball.

stiffness variation - granular jamming (inter-particle forces
on compression), layer jamming [8] (forces between stacked
layers of material), and fibre jamming [9](interactions be-
tween fibres). The three mechanisms have different strengths
and weaknesses; see [3] for a recent comprehensive review.

Granular jamming is the most prevalent, with a diverse
array of actuator configurations allowing for locomotion
of worm-like and snake-like robots [10], [11], soft robotic
’paws’ [12], [6], and minimally-invasive surgery tools [13].

The literature evidences an increasing variety of grip-
per designs, from fingers and hands to hybrid jam-
ming/pneumatic actuators [14], primarily facilitated through
3D printing of moulds for subsequent casting, or more
recently direct 3D printing [15], [16]. An increasing range
of actuation techniques are similarly observed, including
positive pressure [5] and fluidisation [17], to jamming based
on geometric confinement [18], [19] (e.g. by pressurising and
expanding a neighbouring cavity), in addition to the standard
negative pressure technique.

Although these more complex designs are having a sub-
stantial impact in their relevant domains, the most popular
variant remains the bag-style ’universal’ gripper [4], [20],
which has been combined with learning for object-specific
gripping strategies [21] and found use in diverse range
of application areas, including sub-sea sampling [22], and
prosthetic end-effectors [23], .

B. Custom grains

Naturally-occurring grains such as coffee have implicit
uncontrolled variations in shape and size distribution. Control
over shape allows for bespoke grain properties, and can
be realised straightforwardly through modelling techniques
(predominantly DEM), and more recently via 3D printing.

Grain shape determines fundamental bulk properties in-
cluding stiffness and stress responses [24], as well as packing
fraction [25]. Jamming structures based on a bonded sphere



representation have been optimised via genetic algorithm
[26], [27], with evolution able to create a small library of
grains across the continuum of the fundamental variable
under consideration. Grains were printed for experimental
confirmation of results, although some instantiations of the
representation were unprintable. Later work used multi-
objective evolution to explore a range of bulk properties, in-
cluding packing fraction, with represented by parameterised
superquadrics [28]. Superquadrics are inherently printable,
and thus a strong candidate representation. We note that all
of the above work is carried out in the context of granular
physics, and lacks direct applicability to soft robotics.

In a robotics context, information on grain performance is
more scarce. We know that performance is task-dependent
- work on compliant paws, for example, tends to favour
cubes [12] due to their tendency to geometrically jam. Damp-
ing effects of variations of 3D printed grains with various
filleting patterns highlights the flexibility of 3D printing to
precisely control grain fabrication, in this case for vibration
damping, however only spheres were considered [7].

C. Literature summary

Although the impact of membrane material in bag-style
grippers has been studied in-depth [29], there is no compre-
hensive study covering applied testing of shape effects of
3D printed grains for jamming actuators. We are therefore
motivated to study a diverse range of grain shapes and sizes
in the context of jamming grippers, where we can easily
study and precisely fabricate any desired shape. So far, only
a very small subset of possible grain geometries (spheres and
cubes) have been studied for soft robotics applications.

We specifically note the novelty and applicability of
the superquadric formulation in this context for generating
guaranteed-printable grains. Moreover, the superquadric for-
mulation allows access to a range of ellipsoidal grain types
which have found significant uptake in other fields [25], and
may be straightforwardly transferable to the soft robotics
domain. These shapes are not easy to purchase and typically
require printing.

III. MATERIALS AND METHODS

We aim to show how gripper performance, even in simple
’universal’ bag grippers, is critically dependent on the con-
taining grains, and furthermore how 3D printing facilitates
bespoke jamming performance for specific gripping applica-
tions. To make results more broadly applicable, we use the
most popular bag-style gripper, and a standard measurement
of performance (pull-off force).

A. Grain design and fabrication

We chose four different grain shapes from the family of
possible superellipsoids, that have been shown from DEM
simulations to maximise the diversity of behaviours of the
granular material in the jammed state [25], [30] (Fig. 2).
Grains are parameterised following:

(x/a)m +(y/b)m +(z/c)m = 1. (1)

The first shape is a sphere (m=2, a=b=c=1), commonly
employed in both simulation and experiments. Spheres lack
the additional degrees of freedom of a non-spherical shape
and have a highly distinct jamming density and lower average
contact number compared to other superellipsoidal shapes.
To incorporate the first anisotropic effects of aspect ratio,
we use a prolate ellipsoid with two equal axes (m=2, a=1,
b=c=0.65). This shape introduces a rotational degree of
freedom and a significantly higher jamming packing density
and average contact number compared to spheres.

Flat surfaces have a strong impact on the degree of
orientational ordering that readily forms within a jammed
system and creates unique face-on-face contacts that strongly
oppose both rotation and lateral movement. To study this
effect we utilise an equiaxed superball with a shape factor
(exponent in the standard superellipsoid formula) of m=5,
a=b=c=1. This shape is similar to a cube with rounded
corners and can readily produce jammed packings with high
degrees of orientational ordering along the 3 primary axes
of the grains (cubatic ordering). Finally we select a triaxial
superellipsoid with a shape factor of m = 3 and aspect ratios
of a=1 b=0.75 c=0.6, giving a cuboidal shape with highly
smoothed corners. This shape sits at the intermediate points
of surface curvature and angularity, with three distinct aspect
ratios designed to provide a moderate amount of face-on-
face contacts, while disrupting the formation of long-range
orientational ordering. This set includes two popular shapes
in the literature (spheres and cubes (superballs)), and two that
are highly underexplored (ellipsoids and superellipsoids).

Grains are printed on the Stratasys Connex3 OBJET500
polyjet printer in the rigid vero material at 16 micron layer
height. Printing time was independent of grain shape but
varied slightly due to grain size; 1000 3mm grains took
≈ 53 minutes while 1000 7mm grains took ≈ 1 hour.
Once printed, the grains were placed into a 1mm aperture
laboratory sieve and placed in a Stratasys CSIIP CleanStation
support removal bath for 24 hours. For consistency, grains
at each quoted ”size” have equivalent volume to a sphere of
that size, which we call Sphere-Volume Equivalent (SVE).
For example, a 5SVE superball is a superball scaled such
that its volume is equal to a 5mm diameter sphere.

B. Experimental setup

A thin, 12.5cm latex balloon was chosen to reduce effects
of the membrane on performance. The balloon was marked
with a horizontal line, just below the neck, and filled up
to the mark with the chosen grain type using a standard
funnel. The balloon was attached to a 3D printed adapter
and mounted onto a drill press stand to constrain the range
of motion to vertical only, aiding repeatability. A Thomas
107CDC20-H vacuum pump was connected to the balloon
gripper via 5.5mm silicone tubing.

Four test objects (a ball, cube, coin, and star) were chosen
to provide diverse gripping challenges whilst being easily
integrated into the test rig. The test objects were all of
approximately 20mm3 in size, chosen so as to be in the range
of 3x to 7x the size of the particles used in the gripper so as



Fig. 3: Showing the testing process with 7SVE spheres. A load cell is clamped to a desk, with a yellow plastic plate providing
a horizontal plane for gripping. The test object (star) is screwed into the load cell. The gripper is attached to a drill press
stand to constrain range of motion to vertical only. CW from top left: gripper lowered onto object (unjammed); jammed
on object; jammed and pulled from object; 7SVE superballs jammed and pulled from object (shown for comparison with
geometric jamming evident).

(a) (b)

(c) (d)

Fig. 4: Results for the mean pull-off force (N), averaged over 5 repeats, on the four test objects; (a) ball, (b) cube, (c) coin,
(d) star. Error bars denote standard error. Colour indicates grain size. Images of respective test objects are provided with
each sub figure.



TABLE I: Pull-off testing (N) data for all grain shape and
size combinations, across the four test objects. Results are
averaged over 5 repeats, with standard error in parenthesis.

Object Sphere Superball Ellipsoid Super
ellipsoid

3mm ball 0.55 (0.2) 0.60 (0.1) 3.34 (0.5) 2.77 (0.6)
5mm ball 3.80 (0.6) 1.85 (0.3) 1.78 (0.6) 2.38 (0.4)
7mm ball 2.92 (0.4) 3.00 (0.7) 2.90 (0.3) 4.74 (1.0)

3mm cube 5.23 (0.2) 6.84 (0.3) 6.90 (0.4) 5.09 (0.5)
5mm cube 6.10 (0.7) 4.78 (0.9) 5.39 (0.5) 5.19 (0.5)
7mm cube 2.94 (0.9) 2.82 (0.2) 3.98 (0.4) 3.41 (0.4)

3mm coin 2.59 (0.4) 0.58 (0.3) 2.38 (0.4) 1.14 (0.31)
5mm coin 0.34 (0.2) 0.16 (0.1) 0.76 (0.2) 1.05 (0.3)
7mm coin 0.34 (0.2) 1.17 (0.2) 0.56 (0.3) 0.55 (0.3)

3mm star 13.90 (1.8) 9.34 (1.5) 11.75 (1.3) 7.52 (1.4)
5mm star 13.85 (3.5) 12.02 (0.7) 16.03 (2.3) 11.92 (2.4)
7mm star 12.28 (1.9) 10.84 (1.2) 11.68 (1.4) 13.48 (1.6)

to maximise the size and shape variations measured in the
experiment. Test objects were 3D printed with a thread and
screwed into a Zemic H3-C3 load cell, which was clamped
and centered inline with the balloon adapter. A flat platform
(50mm x 50mm) was attached between the object and load
cell to replicate the action of picking an object from a flat
surface.

Testing involved lowering the gripper onto the object in
an unjammed state. The vacuum was activated to cause
jamming, and the gripper slowly raised until it released
and completely cleared the test object. The vacuum was
deactivated and the gripper manually reset by shaking. Fig. 3
the testing procedure. Each grain shape/size combination was
tested 5 times per test object and mean performance reported.

IV. RESULTS

Results are displayed in Table I and Fig. 4. Statistical
significance is assessed via a Mann-Whitney U-test with a
p-value <0.05.

A. Size Effects

For the test objects used, we see a general trend of
difficulty: coin is most difficult (0.967N mean across all
tests) (Fig. 4(c)), followed by ball (2.553N) (Fig. 4(a)), cube
(4.889N) (Fig. 4(b)), and star (12.05N) (Fig. 4(d)). It is
known from the literature that coins are difficult targets for
bag-style jamming grippers [5]. Interestingly, we see 3SVE
grains (sphere and ellipsoid) allow for reasonable coin grips
without use of fluidization, with a very large drop off in
the gripping strength for the 5mm and 7mm grains. This
may be due to the key dimension of the coin (it’s height of
2.5 mm) compared to the grain axis length, where for small
spheres/ellipsoids the greater ability for the grains to flow
and surround the coin improves the gripping strength, while
for larger grains the coin effectively sits below their half axis
length, greatly reducing gripping strength.

For the cube object, there is a general trend of decreasing
grip strength with increasing particle size across all particle
shapes, with quite consistent gripping strengths across the

different particle shapes. This consistency is likely due to the
simplicity of the cube shape, with the grip being primarily
driven by contacts along a set of perfectly flat planes with
variations seen being being due to the greater ability of the
smaller particles to conform to the cube faces.

The star is a particularly interesting shape owing to its
non-convexity, with spikes that can become embedded within
the jammed gripper structure, allowing it to be supported in
multiple places from below. This creates significantly higher
gripping strengths for the star compared to the other objects
across all particle shapes and sizes, with the complexity of
the interactions of the spikes with the individual particles
(which have a similar length scale) leading to strong non-
linear variations in the gripping performance over the set of
particles considered.

The ball object presents a uniformly curved surface to the
gripper that can be particularly difficult to grip in cases where
the gripper fails to deform around the shape below it’s medial
axis. The complexity of interaction with the curved surface
is evident in the data, with high variability in the gripping
performance found as particle size and shape is varied.

B. Shape Effects

The ellipsoid is the best performing grain across all test
objects and sizes (5.619N), then sphere (5.404N), superellip-
soid (4.936N), and superball (4.5N). This suggests increased
gripping performance for the target objects considered where
the particles have highly curved surfaces (spheres and ellip-
soids) vs a more a angular shape with flatter faces (superballs
and superllipsoids). The curved surfaces permit the particles
to flow more easily around the target object, allowing the
gripper to better deform around the object and achieve a
tighter grip. The increased gripping strength of the ellipsoid
vs the sphere and the superellipsoid vs the superball also
suggests that a degree of anisotropy in the particle shape
increases the grip strength, which could be attributable to
the higher density and greater number of particle contacts
that these grain shapes have in the jammed state [25].

The data clearly demonstrates a strong interaction effect
between the target object shape, the particle shapes within
the gripper and the particle sizes, showing clearly that there
is no single optimal shape for gripping a given object across
all particle sizes. It is interesting to note that the more uncon-
ventional particle shapes (ellipsoids and superellipsoids) have
superior performance to the more traditional shapes (spheres
and cubes) in several cases; a promising indication that
further exploration may yield even more interesting shape-
performance combinations.

V. SHAPE-NOISE APPROXIMATION

To assess the degree to which our 3D printing fabrication
method is able to accurately represent a particular grain
shape, we imaged the surfaces of the grains using an Olym-
pus LEXT OLS4100 Confocal Laser Scanning Microscope
with a scan resolution of 0.01µm. Optical images and surface
laser scans of the surface of an ellipsoid with a primary axis
length of 3mm and aspect ratios for the other two axes of



Fig. 5: Results from Confocal Laser Scanning Microscope imaging of a 3mm ellipsoid. Left Column: optical images of (a)
top view (b) side view, with layers clearly visible. Middle Column: height maps for (c) top view and (d) side view. Right
Column (e) and (f): line profiles across the surfaces of the ellipsoid and the corresponding ideal 2D elliptical line at that
location.

0.65 is shown in Fig. 5 (a)-(d). The polyjet printer used has
a layer resolution of 16 microns, and visual inspection of
Fig. 5(a)-(b) clearly shows the resulting surface roughness
and anisotropy on the grain surfaces.

A series of line profiles along the surface of the ellipsoid
were obtained and analysed to quantify the deviation of the
printed surface from the ideal ellipsoid shape (see Fig.5 (e)-
(f)). The 2D line profiles should each be exactly represented
as an ellipse if the 3D ellipsoid shape were being perfectly
reproduced, however due to the finite print resolution this
will not be the case. We analysed the deviation away from
the idealised ellipse (obtained by fitting an elliptical function
to the data) for two sets of line profiles, one measured on
the surface produced directly under the print head and the
other in the orthogonal direction. We quantified the surface
roughness using both the average maximal variation of the
surface away from the ideal line profile, Rmax, and the
average root mean squared deviation, Rq. For the surface
directly under the print head we measured Rq = 29µm
with maximal deviations up to Rmax = 80µm, while for
the orthogonal direction we measured a higher Rq = 41µm
with similar maximal deviations up to Rmax = 80µm. These
surface measurements demonstrate the very good fidelity
with which we can reproduce a specific grain shape, even
for grains that are only a few mm in size. The shape
approximation error will vary with the size of the grain,
with for example a 3 mm sphere having average deviations
of its surface from its idealised shape of about 1.2 % of

the sphere diameter, with maximum deviations around 3
%. As the particle size is increased the percentage error
reduces proportionally, with a 7 mm particle having average
deviations of about 0.5 % of the sphere diameter. Choice of
a suitable grain size is tied to both (i) dependence on precise
shape information to produce the desired behaviour, and (ii)
whether or not DEM modelling is used. DEM uses idealised
shape representations, so it is likely that larger sized grains
with comparatively smaller shape deviations would act to
reduce reality gap effects.

VI. DISCUSSION

In this paper we analysed size and shape effects of 3D
printed granular jamming grippers, demonstrating that 3D
printing is a simple, direct method to realise controllable
shape variations. Results show that underexplored grain
shapes (ellipsoids, superellipsoids) are at least competitive
with the more popular spheres and cubes, with ellipsoids
in particular performing strongly across all test objects.
Given the general lack of diversity in the literature regard-
ing grain shape, it follows that many granular actuators
could achieve heightened performance through grain shape
optimisation, and that further research into programmable
behaviour through grain shape tuning is indicated.

Aside from a clear display of relative object difficulty,
results display few clear trends. This is unsurprising, as the
behavioural properties of granular media are strongly depen-
dent on the constituent particle properties and the geometry



of objects with which they interact, and speaks to the wide
behavioural envelope that grain design allows us to access.
Coupling 3D printing, DEM, and physical experimentation
is an exciting research avenue for expanding knowledge of
granular physics, where modelling could be easily verified
with physical grain experimentation with intrinsic high shape
accuracy. This may also include tailoring granular material
properties, e.g., varying Shore harness, which is simple to
realise with polyjet printing. Practically, printing grains paves
the way towards bespoke granular actuators, with future
research in multiscale optimisation from grains to full robots
in a ’materials to machines’ approach [31].

We also demonstrated the power of superquadric grain
representations in a soft robotics context to diversify grip-
per performance, even with relatively constrained parameter
choices. Expanding the parameter bounds would open up
more unconventional grains and potentially higher perfor-
mance, increasing scope to tune jamming behaviour.

Additionally an analysis of the surface roughness of our
3D printed particles comparing to the ideal surface shape
shows the ability of 3D printing to produce fine details
and sufficient shape representation even for particles of
only a few mm in size. We position this work as the start
of an attempt to build a body of knowledge to facilitate
practitioners in selecting optimal grains in a principled,
application-dependent manner and pave the way towards a
new generation of bespoke jamming actuators.
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