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Programmable Entanglement of Granular Mechanical

Metamaterials

Ashkan Rezanejad, Mostafa Mousa, Christian D. Lorenz, Matthew Howard,

and Antonio Elia Forte>

Entanglement between objects offers a powerful route to programmable
collective behavior in granular media. Here, the concept of entangled granular
metamaterials—clusters of geometrically complex grains is introduced, whose
interlocking interactions drive emergent and tunable properties. The geometric
features that promote entanglement are identified, distinguished from simple
contact interactions, and the strength of entanglement is quantified through
disentanglement dynamics. By varying the number and shape of grains,

the degree of interlocking within the cluster is modulated, and its utility is
demonstrated in robotic handling tasks. Using a ferromagnetic grain assembly
manipulated by an electromagnet, the metamaterial is deployed onto a second,
non-ferromagnetic cluster of complex targets. The grains penetrate and
entangle with the targets, enabling robust collective picking and even selective
retrieval of individual objects with intricate geometry. Finally, strategies for
controlled separation of the grains from the targets are outlined, establishing
a foundation for programmable entanglement in matter manipulation.

1. Introduction

Materials made of “grains” have shown interesting functional-
ities, resulting in adaptive,!! programmable,l?! and jamming!®!
granular media, which have been used to design devices for
impact mitigation, energy absorption, and robotic gripping, re-
spectively. Different grain shapes, such as beams,!* rods®! or
ellipsoids,[®”] further influence the properties of these materi-
als. For instance, birds’ nests are a natural example of structures
made from beam-shaped grains.(®!

Mechanical metamaterials have emerged as a design plat-
form to engineer material properties that depend on the ma-
terial’s structure rather than its composition.’?! Examples of
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these are metamaterials that can manip-
ulate light,['*} surface roughness,'* radio
frequencies,!*) and dynamic responses.!*°]

In most cases, mechanical metamateri-
als are continuous and characterized by a
repeating pattern, which enables the design
of novel actuators,['’] robotic grippers,*®!
and solar panels.’”) However, there also
exist disordered metamaterials with non-
repeating patterns that occur naturally and
offer enhanced properties—for example,
the superior toughness found in animal
bones.?-23 Taking this concept further,
disordered metamaterials can consist of dis-
connected elements, with individual cells
functioning like grains. Interestingly, if
the grains are designed to be geometrically
complex, collective behaviors emerge from
the granular media. Such systems are re-
ferred to as “granular metamaterials”,[22+2]
where the grains exhibit a high
degree of interaction in confined environments (e.g., granular
viscosity).

Entanglement is a special type of interaction that occurs when
objects (or grains) have a propensity to interlock due to their pe-
culiar shape.?¢?7] For instance, it has been demonstrated that en-
tangled grains can be used for architectural structures.?® While
spiky objects are naturally inclined to entangle, longer spikes
tend to reinforce separation.!?’]

Recent strategies have exploited entanglement to achieve func-
tionality in robotic picking and grasping rigid and (mainly) sin-
gular objects.3%31] Despite the wide range of gripper designs
available,[®?] entangled objects remain exceptionally difficult to
pick consistently using conventional robotic grippers, includ-
ing parallel grippers, 3-finger or anthropomorphic hands, and
scoops.[33-36]

Here, we identify geometrical features that cause entangle-
ment, driving the grains to behave collectively. To gain a better un-
derstanding of entanglement, we design a family of grains with
varying degrees of geometrical complexity and test how they in-
teract with each other. To measure the number of entangled inter-
actions, we create a set of criteria that, if met, ensures some level
of entanglement between two grains. We then assess the strength
of such entanglement via molecular dynamics simulations.

Next, we hypothesize that a cluster formed by grains with a
high propensity to entangle will also show a high propensity to
interact with a second cluster of entangled objects. We there-
fore present a novel strategy that employs magnetic stimuli to
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manipulate a granular metamaterial, which entangles and picks
tangle-prone objects, such as woollen yarns, herbs, and nettings,
with relatively high consistency.

Additionally, we demonstrate the effectiveness of our method
to pick single objects with complex geometries and present man-
ufacturing strategies to create decomposable grains, which leads
to entanglement deactivation and separation of the targets from
the metamaterial. Thus, by reducing the robotic control parame-
ters to a minimum and harnessing the flexibility of metamaterial
design, our method opens new pathways for robotic gripping and
manipulation, simplifying operations and embedding function-
ality into the hardware.

2. Results and Discussion

2.1. Emergence of Global Behavior in Granular Media

The mechanical behavior of granular materials arises from the
characteristics of individual grains and the physical interactions
occurring between them. The complexity of these interactions
varies depending on the grains’ material properties and geo-
metrical features, as well as the environmental conditions.[**2*]
Among these factors, geometrical features of grains result in a
distinct type of interaction, which can be classified as entangle-
ment. For instance, recent studies show that the degree of en-
tangled interaction in a cluster of U-shaped grains is influenced
by the aspect ratio of their geometric parameters (length, width,
and angle).1?>%”] However, rather than fine-tuning these param-
eters to control the system’s collective behavior, here we explore
the geometrical complexity of grains—which increases with the
number of corners per grain (N,). This allows greater flexibility
in programming material behavior.

We introduce a simple design method to create grains with
increasing geometric complexity. To this end, we present an al-
gorithm to design grains ranging from 0 to 4 corners (see
Figure 1A). The algorithm follows five rules for constructing a
grain made of segments: 1) the building block is a segment,
which has a complexity order of zero, with a start and an end
point; 2) in order to increase complexity, a new segment is at-
tached to an end point of the previous segment; 3) each succes-
sive segment is perpendicular to the preceding one, while re-
maining within the same plane; 4) the orientation of each new
segment is chosen to minimize the rectangular area of the grain’s
bounding box; and 5) grains cannot form enclosed shapes. This
structured approach allows us to systematically create grains with
varying levels of complexity for our experiments.

2.1.1. The Role of Grain Geometry in Packing Efficiency and
Entanglement Formation

Once we have designed our grain types, we measure the pack-
ing fraction of grains with different geometrical complexities.
To do this, we run molecular dynamics (MD) simulations (us-
ing LAMMPS),1®8] which we then validate against physical ex-
periments (see Figure 1B). The experimental setup consists of
a cylindrical container (diameter 50 mm, height 100 mm) filled
with homogeneous rigid grains (laser-cut acrylic, see Section S1,
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Supporting Information). The number of grains is set so that
the container is filled with the same number of segments (i.e.,
800 segments) across different grain types (e.g., grain type 4 con-
tains 5 segments, therefore 160 grains are used). The grains are
poured into the container and vibrated for 10 s (using a custom-
made vibration rig, refer to Section S1, Supporting Information)
to enhance interactions and compact the granular media. We
then measure the height of the granular structure inside the con-
tainer (G,). In simulations, this is calculated by doubling the z-
coordinate of the center of mass, ensuring a consistent measure-
ment approach.[®! For more details of the granular MD simu-
lations, refer to Section S2 (Supporting Information). We then
calculate the packing fraction (P.F.) as the ratio of the volume
occupied by the grains (V,—constant across grain types, as the to-
tal number of segments is the same) to the volume of the struc-
ture inside the container (V —differs for each grain type, as this is
based on the height of the granular structure that emerges, G,,).
Furthermore, we repeat this experiment with other rigid grains
made from wood and steel (refer to Section S1, Supporting Infor-
mation). We show that, for the small masses used in our setup,
variations in surface friction (coefficient range = [0.3-0.6]) and
density (range = [0.9-7.5] g cm~?) do not notably influence the
granular packing fraction for the same grain type (see Figure 1C).
However, it is clear that geometrical complexity (i.e., the num-
ber of corners in our system—N,) dictates how the grains pack
together (governed by an exponential law: P.F. = 0.31¢704:),

Additionally, we use MD simulations to investigate the effect
of the number of grains (granular mass) on the packing fraction
(see Figure 1D). The results indicate that, although there is a no-
table increase in packing fraction between 1 and 5 g of granular
mass, this plateaus beyond a certain threshold (above 20 g). We
attribute this behavior to a tendency to compact, and we notice
that grains with lower complexity exhibit a higher propensity to
compact as the granular mass in the container increases. This re-
sults in a significant variation of packing fraction (e.g., over 60%
for Nc =0). Conversely, grains with higher complexity show resis-
tance to compacting, which indicates that their packing behavior
is significantly less dependent on granular mass (e.g., less than
5% for Nc = 4).

Moreover, we explore the impact of container size relative to
grain size. Due to the cylindrical shape of the container, we first
identify the smallest circular area that each grain can fit into and
define its diameter as the grain diameter (d,, see Figure 1E). We
then determine the diameter of the cylindrical container (d) rel-
ative to the grain diameters (range d /d, = [2-6]). The results in-
dicate that for d /d, > 5 the packing fraction remains unaffected
by container size across all grain types (see Figure 1F).

Therefore, with a sufficiently large container and adequate
granular mass, the primary factor influencing the packing frac-
tion of rigid grains is their geometrical complexity. This com-
plexity leads to entanglement, occurring when a grain’s corner
interlocks with another grain’s corner or its adjacent segments.
However, not every interaction between corners results in entan-
glement. Hence, one needs a set of rules to assess if two (or more)
grains are entangled with each other.

A grain’s corner has two adjacent segments which, if con-
nected, form a triangle (Figure 1G (bottom)). Using such imag-
inary triangles, we hypothesize three criteria, which must all be
satisfied for entanglement to occur: 1) a triangle must intersect
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Figure 1. Emergence of collective behavior due to the grain’s geometrical complexity. A) Evolution of the grain’s geometrical complexity by increasing
the number of corners. B) Packed granular clusters simulated in LAMMPSI33] (top), examples of real-life packed clusters with grain type 4 made of three
different materials (bottom). C) Packing fraction of grains with different material properties, from both simulation and real-life experiments. D) The
effect of granular mass on packing fraction. E) Illustrations of grain and container diameters. F) The effect of container size on granular packing fraction.
G) Entanglement criteria (top), number of triangles created for each grain type (bottom). H) Average number of tangled corners per one corner over
time (includes poring and vibration); the mean of the average entanglement per corner during vibration with standard error for each grain type (inlet).
1) Average number of tangled grains per one grain over time (includes poring and vibration); the mean of the average entanglement per grain during
vibration with standard error for each grain type (inlet), the legend is shared with panel H.
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with another triangle (Figure 1G (i)); 2) the bisector vectors of the
corners (i.e., 90° angle of the triangle) must have a negative dot
product, meaning that they face each other (Figure 1G (ii)); and
3) the Euclidean distance between the two corners must be
less than half the hypotenuse of the imaginary triangle, which
we hypothesize to be sufficiently close to create entanglement
(Figure 1G (iii)). It is worth noticing that these criteria are ap-
plicable to both homogeneous and mixed clusters of grain types
(e.g., 50% grain type 2 and 50% grain type 3). However, in this
work, we focus on investigating the behavior of homogeneous
clusters of grains and distinguishing their unique entanglement
behavior.

To this end, we use MD-simulated samples with a total mass
of 20 g, placed in a container whose diameter is five times that
of the grains. The grains are poured into the container and then
subjected to vibration for 10 s. For every grain in the cluster, we
measure: 1) the number of external corners entangled with each
of its corners; and 2) the total number of grains entangled with
it. Using these measurements, we calculate the average number
of entangled corners per corner (E.) and the average number of
entangled grains per grain (E,). The results show that, when look-
ing at individual corners, the degree of entanglement per corner
decreases for higher grain complexity (see Figure 1H). For exam-
ple, in grain type 1, each corner entangles on average with ~3.5
other corners. Instead, the corners of grain type 4 tangle on aver-
age with ~1.8 other corners (governed by a negative power law: E,
= 3.5N,7%*). However, when looking at individual grains, more
complex shapes entangle with more grains than simpler ones, as
they have more corners at their disposal (governed by a positive
power law: E, = 3.5N,*%, see Figure 1I).

2.1.2. Quantifying Entanglement Strength Through Escape
Dynamics

Our previous results showed that all grain types—except for grain
type 0, which lacks corners and thus does not meet the entangle-
ment criteria—exhibit entanglement that increases with geomet-
ric complexity. However, more complex grains tend to have lower
packing fractions. As our current definition of entanglement is
purely geometrical and does not account for interaction strength,
we now aim to quantify the entanglement strength—that is, the
tendency of grains to remain entangled—for each grain type.

To this end, we design a simulation to measure the propen-
sity of each grain type to disentangle from its cluster (for fur-
ther details, refer to Section S2, Supporting Information). Our
hypothesis is that grains with lower complexity, despite being
highly packed, show weaker entanglement strength. In our sim-
ulation, the grains are placed in an hourglass-shaped container.
The container has a cylindrical upper and lower section (diameter
d. = 5d,) connected by a smaller cylindrical funnel (diameter d,,).
The simulation involves pouring the grains in the upper part of
the hourglass, then opening the funnel and vibrating the whole
container for 10 s. This configuration allows us to measure the
granular escape rate—the number of grains passing through the
funnel per second (i.e., E.R. = N,,/t, where N,, is the number of
escaped grains and ¢ is time)—which serves as an indicator of
entanglement strength. To reach a constant escape rate for every
grain type, we sweep the funnel diameter with respect to the grain
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diameter (d, =[2, 2.5, 3, 3.5, 4] X d,). As a criterion, we consider
the escape rate as “constant” when N,/ can be fitted with a lin-
ear regression with R? > 0.95. Since the grains vary in size, main-
taining a constant escape rate ensures consistent environmental
conditions across all grain types. We report the escape rates and
select the smallest funnel diameter that yields a constant escape
rate (see Figure 2A).

Screenshots of the simulation for each grain type with the se-
lected funnel hole d, are shown in Figure 2B. Additionally, the
number of grains that escape over time for the selected cases is
reported in Figure 2C.

Notably, higher geometrical complexity means higher entan-
glement strength, as we measure ~400 grain type 0, against
~20 grain type 4 passing through the hole in the span of 10 s.
Figure 1D shows the escape rate as a function of the number of
corners in the grains, which demonstrates a decreasing exponen-
tial trend (E.R. = 32.95¢7%¢!N) as complexity increases.

To predict the entanglement strength of any granular medium,
we present our findings in a generalized format: we plot the es-
cape flux (¢ = 4:7;, i.e., E.R. normalized by the funnel hole area)

against the packing fraction (see Figure 2E), which is a charac-
teristic of each grain type as shown by the results in Figure 1.
We conclude that granular media with higher packing fractions
exhibit higher escape fluxes, which correspond to lower levels of
entanglement. Hence, packing fraction can be used as a direct in-
dicator of disentanglement flux, with a power law that links the
two variables (¢ = 1.13*P.F.2%).

The result from these simulations supports our previous find-
ings, demonstrating that even in dynamic scenarios, grains with
a higher geometrical complexity exhibit greater levels of en-
tanglement. As this is a global, emerging behavior that arises
purely from the interactions between geometrically complex
grains, we define such a medium “entangled granular metamate-
rial”. Notably, this terminology has since been adopted by recent
studies,’*”] following its initial introduction in the preprint ver-
sion of our current work.>"]

2.2. Tangled Picking

We now leverage the granular metamaterials’ propensity to self-
entangle to create a momentary structure that can also entangle
with a secondary cluster of targets. Such a secondary cluster is
made of objects that are elongated and flexible, in order to sim-
ulate real-life objects that are prone to tangle (e.g., fresh herbs
and woollen yarn). We then harness the entanglement between
the grains and the targets to perform a picking task. To manip-
ulate the grains easily, we use ferromagnetic grains (made of
steel) to can be dropped and retrieved with an electromagnet. We
test this method in a simulated environment and with real-life
experiments.

We design two target shapes, each with a length of 100 mm
and a thickness of 1 mm: 1) non-spiky (e.g., woollen yarn) and
2) spiky ones (e.g., fresh herbs). The target’s geometrical param-
eters are determined based on a real-life pilot study conducted
to evaluate the effects of targets’ length, thickness, and spikiness
on entangled picking. The results of this study reveal that the tar-
get’slength and thickness significantly influence its propensity to
entangle. In particular, longer and thinner targets show higher
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Figure 2. Disentanglement of granular clusters. A) The R? value obtained when one fits the number of grains that escape over time with a linear
regression, for different ratios of funnel diameter with respect to the grain diameter across grain types. B) The snapshot of the hourglass simulation with

the selected funnel diameters. C) The number of escaped grains over time for each grain type (through the selected funnel diameters).

D) The escape

rate for each grain type with an exponential trendline. E) The escape flux as a function of packing fraction and its governing power law.

entanglement (for further details, please refer to Section S3,
Supporting Information). Therefore, we fix the length and thick-
ness of the targets to solely focus on the geometrical features of
the grains. This setup allows us to analyze how different grain
types interact with entangled targets.

2.2.1. MD Simulation of Tangled Picking

In the simulation, the picking task is as follows: first, we pour
the targets (deformable and non-ferromagnetic) into a cylindri-
cal container (diameter = 100 mm). Then we shake the con-
tainer for 10 s to create a randomized topology. Afterward, we
pour the grains (rigid and ferromagnetic) with random positions
and orientations on top of the targets to initiate interaction. We
then simulate the approach of an electromagnet, modelled as a
cylindrical disk, toward the cluster. The electromagnet stops upon
making full contact with the cluster. Once activated, it applies an
upward vertical force exclusively to the grains, effectively retriev-
ing them along with a portion of the targets entangled to them
(see Figure 3A). We perform 10 replica simulations of each sys-
tem and record the mean and standard deviation. We use these
simulations to investigate the effect of four parameters: i) grain
. =10, 1, 2, 3,4)); ii) target type(i.e., spiky and non-spiky);

type (N,
iii) number of targets (N, =[50, 100, 150, 200]) and iv) number

Adv. Funct. Mater. 2025, e16484 e16484 (5 0f11)

of deployed grains (N, = [50, 100, 150, 200]). For details on the
entangled picking simulation, refer to Section S4 (Supporting
Information).

The results, presented in Figure 3B, reveal a higher picking ra-
tio (i.e., picked targets over the number of targets, ) for grains

with higher complexity. This can be attributed to a hlgher propen-
sity for entanglement in such grains, which aligns with prior find-

ings. Moreover, the picking ratio decreases as the total number
of targets increases, suggesting that the number of picked tar-
gets is dependent on the number of targets in the container (for a
comparison between Pick and N,, refer to Section S5, Supporting
Information). Additionally, deploying a larger quantity of grains
leads to more targets being picked, as the increased number of
grains enhances opportunities for entanglement. Lastly, in most
cases (except for N, = 50), spiky targets exhibit a slightly higher
picking ratio in comparison to non-spiky ones, demonstrating
that spiky targets are more prone to entanglement.

2.2.2. Real-Life Tangled Picking

To verify the simulation results, we design an experimental setup
comprising a robotic arm, an electromagnet mounted on the
robotic end-effector, ferromagnetic grains, a cluster of targetsin a
container, and a vacuum generator with a transparent container

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 3. Simulated tangled picking. A) Snapshots of the three steps in the tangled picking simulation (for the case: N, = 200, spiky targets, N, = 50,

and grain type 4). B) The picking ratio (Pick/ N, mean and standard deviation) across varying numbers of targets (N,), number of deployed grains (N

grain type, and target type.

(see Figure 4A (i)). For more information about the devices
used in the experimental setup, refer to Section S6, Supporting
Information.

The experimental procedure begins with the robotic arm ap-
proaching a container filled with ferromagnetic grains and pick-
ing them up by activating an electromagnet mounted on its end-
effector (Figure 4A (ii)). The robotic arm then moves its end-
effector above the targets and deactivates the electromagnet, re-
sulting in a sudden drop of all the picked grains onto the cluster
of entangled targets (Figure 4A (iii)). The grains penetrate the
cluster and create entanglement. Afterward, the robotic arm ap-
proaches the targets and reactivates the electromagnet to attract
all the grains once again. This results in the picking of both the
grains and the targets, as they are entangled together (Figure 4A
(iv)). Lastly, the picked entangled media are moved to the opening
of the vacuum suction duct, which pulls the targets away from the
grains held by the electromagnet (Figure 4A (v)). The separated

Adv. Funct. Mater. 2025, e 16484 e164384 (6 Of11)

i

targets are then transferred into a transparent enclosed container
under the vacuum generator (Figure 4A (vi)). It's important to
note that relying solely on vacuum suction as a gripper does not
allow for consistent control over the quantity picked.

We conducted 10 iterations of the experiment for each grain
type (N, = [2, 4]) and the number of deployed grains (N, =

[50100150]). Additionally, we selected two real-life targets with
geometrical characteristics similar to those of the simulated ones.
For spiky targets, we use fresh parsley, with each stem weighing
~0.4 g, and lengths varying from ~50 to ~#150 mm, and thick-
nesses ranging from ~0.8 to ~2.2 mm. For non-spiky targets, we
use woollen yarns with a diameter of 1 mm and cut to a length of
100 mm.

The real-life picking of both spiky and non-spiky targets closely
aligns with the simulated data, demonstrating a consistent in-
crease in the picking ratio as the number of deployed grains in-
creases. Furthermore, grains with complex shapes outperform

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 4. Real-life tangled picking. A) Step-by-step picking process of our robotic grasping approach. B) The picking ratio of (i) spiky and (ii) non-spiky
targets with two different grain types and a varying number of deployed grains. The markers and error bars represent the average and standard deviation
of the real-life picking results. The highlighted confidence intervals correspond to the simulation data, with the upper and lower limits reflecting their

standard deviation.

less complex ones during the picking task (see Figure 4B).
Notably, similar to the simulation, spiky targets exhibit a higher
picking ratio compared to non-spiky ones, due to their greater
propensity for tangling.

2.2.3. Picking and Sorting Tangle-Prone Objects

Next, we qualitatively demonstrate the picking of various ob-
jects categorized as “tangle-prone” (see Figure 5A). These ob-
jects are grouped into two classes: rigid and deformable. For
the rigid ones, we identify two subclasses: perforated objects
(e.g., crates and wheels), and clawed objects (e.g., hair combs
and hair claw clippers). Similarly, we identify two subclasses
for the deformable category: netting (e.g., fishing nets and net
bags) and elongated deformable clusters (targets previously in-
vestigated in Figure 4). We pick each of these objects 10 times
with two different grain types (N, = 2 and 4, N; = 100), mea-
sure the success rate (successful picks out of 10 tries), and
report the mean results (for objects of the same subclass) in
Figure 5B.

Grain type 4 shows a higher success rate for all subclasses
(=80%), while type 2 is less performant (>60%). Notably, nettings
are more tangle-prone, as they exhibit the highest success rate
for both grain types, whereas clawed objects are more difficult to
pick, as they tend to slide out of the cluster of grains, due to the
openings of their claws.

Adv. Funct. Mater. 2025, e16484 e16484 (7 0f11)

Additionally, we demonstrate sorting items into “tangle-
prone” and “non-tangle-prone” categories through picking. For
this, a conveyor belt is used to transfer three objects in random or-
der to the picking workspace (see Figure 5C (i)). The robotic end-
effector deploys grains onto each object as it enters the workspace
and attempts to pick them. Predictably, the robot fails to pick the
two non-perforated objects, so they travel to the end of the con-
veyor and fall into bin 1, as no entanglement between the grains
fully picks the perforated object which entangled with the de-
ployed grains (see Figure 5C (iv)) and places it into bin 2. This
shows our ability to pick and sort objects that belong to different
categories with minimal control.

2.2.4. Design and Testing of Decomposable Grains

Lastly, we demonstrate two types of decomposable grains (see
Figure 5D) to attain complete release of the picked target by dis-
mantling or melting the grains instead of separation by vacuum
suction (refer to Section S7, Supporting Information for details
of fabrication).

The first type (FWD, i.e., ferromagnetic water dismantlable) is
constructed from a water-soluble casing and ferromagnetic steel
bars. The casing is 3D printed using BVOH (Butenediol vinyl al-
cohol co-polymer, Ultrafuse BVOH, BASF) due to its ability to
dissolve in water. The steel bars are firmly fitted and secured in

© 2025 The Author(s). Advanced Functional Materials published by Wiley-VCH GmbH
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Figure 5. Picking/sorting tangle-prone objects and testing decomposable grains. A) Entangled picking of rigid and deformable objects. B) The mean
picking success rate of perforated objects, clawed objects, and nettings. C) The sorting process of a perforated object from solid objects. D) Ferromagnetic
water dismantlable (FWD) grains constructed from steel bars and 3D printed BVOH casing (top); ferromagnetic ice (Fl) grains constructed from water
and ferromagnetic iron oxide powder (bottom). E) Picking fresh parsley using an electromagnet and ferromagnetic dismantlable grains; targets and
grains are dropped into water (i); the BVOH casing of the grains dissolves when in water, resulting in dismantling and sinking of the metal bars (ii). F)
Picking fresh parsley using a permanent magnet and ferromagnetic ice grains; the remaining ferromagnetic powder collected on the magnet after the
grains are melted (i); the targets are released in the dropping zone (ii). G) The mean and standard deviation of picked fresh parsley using the two types
of decomposable grains and steel grains (grain type 2, N, = 25, N, = 25).
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the casing, and the picking experiment is run. The picked media
is then dropped in water. When the constructed grains come into
contact with water, the casing disintegrates, and the metal bars
are released. Due to their shape and density, the short metal bars
are prone to getting tangled with the targets and sinking in the
water (see Figure 5E).

The second proposed design (FI, i.e., ferromagnetic ice) is
fabricated by mixing water with food-safe ferromagnetic pow-
der (commercially known as “black iron oxide” with the chem-
ical composition of Fe;0,, EU food number: E172, The Crafters
Shop, UK) in a ratio of 2 to 1 by weight. The liquid mixture is
poured into a molding case and then placed inside a freezer to
produce ferromagnetic ice as grains. An additional advantage is
that this type of grain does not necessarily require an electro-
magnet, since the quick melting time (less than 2 min at room
temperature) causes the grains to disintegrate, resulting in the
release of the picked targets. To demonstrate this, we replace
the electromagnet with a neodymium magnet (RS components),
with a pull force of ~400 N. This reduces the set-up cost, min-
imizes the control parameters, and allows for the iron oxide to
be collected on the magnet and reused to create new grains (see
Figure 5F).

The results reported in Figure 5G show a comparison between
the picked stems of fresh parsley by the two decomposable grain
types and the previously used steel grains (10 iterations, N, =
25, N, = 25). Both decomposable grain types pick around 7 and
8 stems of parsley, which is only ~#23% lower than the average
picked amount obtained when using the steel grains.

3. Conclusion

The properties of mechanical metamaterials are typically deter-
ministic, governed by the geometrical features of their perma-
nently connected unit cells. In contrast, granular metamateri-
als rely on interactions between grains that do not require per-
manent attachment. This unique characteristic enables the ma-
terial to be repeatedly decomposed and reassembled (i.e., re-
configured). While this introduces a degree of unpredictability
to the system’s behavior, it also allows for global control with
a certain level of confidence when the grains interact within a
cluster.

In this study, we demonstrated that by understanding how
simple geometric features influence the fundamental packing
behavior of grains—specifically their packing fraction, entangle-
ment characteristics, and escape dynamics—we can predict the
collective behavior of granular clusters when interacting with ex-
ternal forces, environments, or other objects. In particular, we
investigated entanglement as a function of the geometrical com-
plexity of grains, predicting that more complex grains would ex-
hibit higher levels of entanglement based on geometric analysis
and MD simulations (see Figure 1). To validate this prediction, we
designed two experiments: i) disentangling grains from one an-
other through escape dynamics (see Figure 2), and ii) entangling
grains with external objects (see Figure 3). This study, therefore,
extends beyond a purely empirical approach by integrating ge-
ometric methodologies to deepen the understanding of the un-
derlying physical phenomena, which are subsequently validated
through targeted experimentation.
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The results of the disentangling experiment (see Figure 2) re-
veal a direct relationship between the funnel diameter of the
hourglass and the rate at which untangled grains escape (fall
through the funnel) from a homogeneous group. Notably, for
each grain type, the escape rate becomes constant beyond a cer-
tain funnel diameter. By selecting these diameters, we can effec-
tively normalize the environmental influence across grain types
and solely analyze disentanglement. As predicted, more complex
grains exhibit greater entanglement strength, showing less ten-
dency to disentangle. Interestingly, despite their looser packing,
complex grains display a stronger propensity to stay entangled.
This observation enables us to establish a nonlinear relationship
between the packing fraction of granular media and their flux
(escape rate normalized by funnel area), which shows that grains
with lower packing fractions exhibit reduced flux (lower disen-
tanglement).

In the next set of experiments (see Figure 3), we examined the
entangled interactions between grains and a secondary cluster of
elongated objects. By controlling the grains’ geometric complex-
ity and quantity, we demonstrated that varying levels of entangle-
ment can be achieved between grains and targets. This enables us
to predict the number of entangled interactions within a stochas-
tic system, with a certain level of confidence. Building on these
findings, we developed a robotic grasping method that leverages
entanglement between grains and targets as the mechanism for
picking (Figure 4). The results indicate that grains with greater
geometric complexity have a higher propensity to entangle with
targets. By linking these results to earlier findings, we conclude
that grains exhibiting higher levels of self-entanglement also dis-
play stronger entanglement levels during interactions with other
clusters.

Lastly, we qualitatively demonstrate several robotic grasping
applications by successfully picking various tangle-prone objects
(Figure 5A,B). The results show a high success rate for all objects
when utilizing grains with greater geometric complexity. Addi-
tionally, we leverage this capability to sort tangle-prone objects
from non-tangle-prone ones, highlighting another potential ap-
plication for this grasping approach (Figure 5C). Furthermore,
we demonstrate decomposable grains that allow us to separate
them from the picked targets (Figure 5D-F). Nevertheless, there
are some limitations with the current design of decomposable
grains as they need i) to be dropped in water in the case of fer-
romagnetic dismantlable grains and ii) to be removed from the
magnet during each picking iteration in the case of ferromagnetic
ice grains.

This study focused on the number of corners as a measure of
geometrical complexity, leaving other significant features unex-
plored. Future research could examine the curvature and the stiff-
ness of the segments that constitute the grains, which may pro-
vide deeper insights into their entanglement behavior. Addition-
ally, while this study was solely focused on 2D grains, 3D grains
can also be explored, potentially revealing unique patterns and in-
teractions in their entanglement dynamics. Moreover, while the
scalability of granular packing was investigated by varying the
container size, similar scalability analyses in the context of en-
tangled picking remain unexplored. For instance, studying the
relationship between the aspect ratio of target spikes and grain
segments could uncover other factors that influence entangled
interactions during picking processes. Such studies could also
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incorporate targets with increasingly complex topologies (e.g.,
varying thickness, spike configuration, 3D targets).

Furthermore, our robotic picking approach faces several chal-
lenges and is presented only as a proof of concept within the con-
text of this research. We acknowledge that the system will require
further optimization before it can be implemented in a full in-
dustrial setting. One key limitation is the slow operation speed,
as the grains must be picked and deployed before the next pick.
To enhance efficiency in future designs, we can reduce deploy-
ment time by integrating a grain dispenser adjacent to the elec-
tromagnet. Additionally, while using an electromagnet with com-
mercially available robotic arms is straightforward at small scales,
larger-scale applications could pose significant risks. When sub-
stantially larger electromagnets are employed, they may inadver-
tently damage delicate targets during the picking process. Fur-
ther studies are needed to assess the feasibility of our picking
approach and optimize it for practical implementation at larger
scales.

In summary, this study highlights the importance of geometric
complexity in governing the entangled interactions within gran-
ular metamaterials, both in clustered configurations and during
robotic grasping applications. By demonstrating the strong corre-
lation between a grain’s structural features and its propensity for
entanglement, we provide valuable insights into the design and
optimization of such materials. Furthermore, the novel grasp-
ing method utilizing entangled interactions opens new avenues
for tackling challenges in robotic manipulation, particularly for
tangle-prone objects. While this study lays the groundwork for
understanding entanglement dynamics, further exploration of
other geometrical factors and scalability aspects will be essential
to fully unlock the potential of entangled granular metamaterials.

4. Experimental Section

Refer to the Supporting Information for the details of the methods and
manufacturing of the grain fabrication, granular simulation, and robotic
picking experiment.

Supporting Information

Supporting Information is available from the Wiley Online Library or from
the author.
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