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Amorphous Entangled Active Matter†

William Savoie,‡a Harry Tuazon,‡b Ishant Tiwari,b, M. Saad Bhamla,b and Daniel I.
Goldman∗a

The design of amorphous entangled systems, specifically from soft and active materials, has the
potential to open exciting new classes of active, shape-shifting, and task-capable ‘smart’ materials.
However, the global emergent mechanics that arise from the local interactions of individual particles
are not well understood. In this study, we examine the emergent properties of amorphous entangled
systems in an in-silico "smarticle” collection and in living entangled aggregate of worm blobs (L.
variegatus). In simulations, we examine how material properties change for a collective composed of
dynamic three-link robots. We compare three methods of controlling entanglement in a collective:
external oscillations, shape-changes, and internal oscillations. We find that large-amplitude changes
of the particle’s shape using the shape-change procedure produced the highest average number of
entanglements, with respect to the aspect ratio (l/w), improving the tensile strength of the collective.
We demonstrate the applications of these simulations by showing how the individual worm activity
in a blob can be controlled through the ambient dissolved oxygen in water, leading to complex
emergent properties of the living entangled collective, such as solid-like entanglement and tumbling.
Our work reveals principles by which future shape-modulating, potentially soft robotic systems may
dynamically alter their material properties, advancing our understanding of living entangled materials,
while inspiring new classes of synthetic emergent super-materials.

1 Introduction
Physically-entangled active matter is an emerging area of both
living and man-made systems, where mechano-functionality of
the collective emerges through physical interaction of individual
elements. These are different from flocks of birds or swarms of
fish that are not physically connected into an amorphous emer-
gent material1. Biological examples include cellular slime molds,
fire ant rafts, and worm blobs, where the dynamics of the indi-
vidual agent (a cell, an ant or a worm) contributes to emergent
functionality of the collective2–4. Synthetic or biohybrid systems
include xenobots5,6, acto-myosin assemblies7–9, granular materi-
als10, stochastic robot collectives11,12, and super-smarticles13. In
contrast to biological counterparts, robotic active matter systems
are limited to spheroidal elements (low-aspect ratio), low density,
non-interacting particles, or weakly actuating elements. Thus,
P.W. Anderson’s famous observation that ‘More is different’ re-
mains true, and foundational understanding through both theory
and experiments that can guide bottom-up mechano-functional
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entangled active matter systems remains tantalizingly elusive14.

In soft condensed matter systems composed of particle ensem-
bles, it is known that particle shape can influence rheological
and structural properties like viscosity15–17, yield-stress16,18–20,
packing density21–25, and packing stiffness26. In granular me-
dia for example, there has been some research in the evolu-
tion of the macroscopic state dynamics. Most research was per-
formed with external loading10,19; however, less is known about
how structural properties evolve as particle shape evolves, de-
spite such transitions existing in nature (as in ant systems, in cy-
toskeleton and f-actin, in polymer rheology, and in aquatic worm
blobs)4,27–34. In this work, we focus on an active matter system
composed of shape-changing particles, where as we demonstrate
below, rich and non-intuitive material physics can be uncovered.
How macroscopic material properties are affected by the micro-
scopic movements of its constituents is under-studied35. More-
over, for many-agent systems where elements can actuate, much
of the research is either limited to planar systems36,37, are low
density, or non-interacting three-dimensional systems38,39. Yet as
both computational units and actuating elements become smaller
and cheaper, smaller and more highly interactive robotic systems
may become more commonplace.

In this paper, we seek to discover and understand the indepen-
dent formation of solid or semi-solid structures by an open-loop
dynamic collective. Using simulation, we examine how material
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Fig. 1 Smarticles in simulation and biological analogy. (a) The coordinate
system and size designations used for the smarticles. (b) An individual
California blackworm (Lumbriculus variegatus). (c) An entangled pile
of smarticles in simulation. (d) A group of 20 individual blackworms
forming a physically-entangled blob.

properties change for a collective composed of dynamic parti-
cles whose form (a three-linked two degree-of-freedom shape)
is based on the robotic particle called smarticles40,41. By imple-
menting different shape-altering procedures, and probing the fi-
nal structures, we gain insight into possible material properties
attainable for future real-world robotic systems. We compare a
few of these properties to biological experiment using California
blackworms (Lumbriculus variegatus), whose collectives demon-
strate a non-trivial macroscopic rheological analogue with fea-
tures and properties from microscopic entanglement4,32,42.

2 Materials and methods
To test the material properties of non-convex granular aggregates,
we constructed a three-link robot in simulation Fig. 1(a,c) and
compared it to the entangled collective behavior demonstrated
by blackworms Fig. 1(b,d). Additionally, using stress-strain tests
on an entangled chain of robotic smarticles, we discover various
properties related to their emergent auxeticity (see SI section).

2.1 Multibody simulation of smarticles
We developed a multibody simulated model of many staple-
shaped three-link particles (henceforth called "smarticles”),
Fig. 1(a), capable of actuating their outer links. The smarticle’s
form was inspired by Purcell’s three-link swimmer43,44 and the
size was inspired by previous work from Gravish et al.10. Two
outer links (or barbs) were connected to a middle segment by
rotational actuators, making the smarticle a planar system with
two degrees-of-freedom. The middle link was of width w = 1.17
cm and the barbs are of length l = [0− 1.1]w (all simulation pa-

rameters are shown in Tab. 1). The multibody simulation was
implemented using ProjectChrono45,46, an open-source physics
dynamics engine.

Since smarticles can actuate their barbs to specific positions,
each motor was velocity-controlled with a maximum allowable
torque. Smarticle barbs were controlled to move with an angular
velocity of ω = 6 rad/s. The maximum allowable torque, τmax,
was set to the torque required to lift a mass equivalent to a smar-
ticle of l/w = 0.7, a distance w away from the actuator’s axis. For
τi ≥ τmax, the ith barb’s movement was halted until the first time
step where the condition τi < τmax was satisfied.

Each simulation consisted of three phases: a deposition phase
Fig. 2(a), an activity phase, and a final testing phase for certain
simulations. A relaxation period was added between each activ-
ity phase (when energy is added to the system) and testing phase.
During this period, no activity was added to the system. We chose
a relaxation period of 0.5 seconds, which was determined to pro-
vide sufficient amount of time for the system to settle. In the
deposition phase, smarticles were given a random initial and ro-
tation position, and were released to fall by gravity into a hol-
low cylinder of radius r = 2w. All barbs were held static at the
position: (α1,α2) = (π/2,π/2) during this phase (see Fig. 1(a)).
The activity phase began once all smarticles were deposited in
the system. This phase was responsible for changing the material
properties of the collective by affecting the average entanglement
between smarticles Fig. 2(a,b). We define entanglement as the
interpenetration of concave particles.

In the activity phase, activity was added to the system in one of
three ways, where each active procedure represented a categori-
cally different type of motion: an external sinusoidal oscillation of
the confining cylinder ("externally-oscillated”) Fig. 2(c), a single
cycle of a large angular change of each particles’ barbs ("shape-
change”) Fig. 2(d), and finally, many in-phase small ampli-
tude oscillations of each particles’ barbs ("internally-oscillated”)
Fig. 2(e). In the externally-oscillated procedure, the container
was shaken with a peak acceleration Γ = 2 (in units of grav-
itational acceleration g) at f = 30 Hz and oscillated for 20 s
(600 cycles) Fig. 2(c). The shape-change procedure represented
large amplitude movements. In shape-change simulations, the
barbs were given 1.5 s to actuate from (α1,α2) = (90◦,90◦) to
(α1,α2) = (0◦,0◦), then another 1.5 s to actuate back to their
original position (α1,α2) = (90◦,90◦) (Fig. 2(d)). The internally-
oscillated procedure represents small amplitude vibrational mo-
tion. The arc length travelled by the barbs’ tips, for a given degree
amplitude θ , was constant for all l/w in the internally-oscillated
trials. The distance travelled by the barb’s tips was kept constant
for all l/w. The travel distance was set to be equivalent to the arc
length traversed by an arm of length l with l/w = 0.7. The arm
travelled by an angle θ =±[5◦,30◦]/2 (Fig. 2(e)) from the original
(90◦,90◦) position. This ensured that the arc length traced by the
barb tip was equal, for all l/w, at a single oscillation amplitude θ .

The activity phase in the internally-oscillated procedure lasts 5
s before any subsequent procedures start. These various methods
were used to encourage higher entanglement than that achieved
from only deposition. Following the activity phase was a testing
phase.
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In the testing phase, we performed casting and sculpting tests,
which examined qualitative material properties of a collective af-
ter smarticle activations. In summary, after smarticles were de-
posited in a container of a certain shape and activated, the con-
tainer walls were removed for testing (see SI Video 1).

In all the simulations, the range of aspect ratios tested in
the smarticle system for all procedures was l/w ∈ [0.4,1.1]. For
the internally-oscillated system, the oscillation amplitude was
θ ∈ [5◦,30◦].

Fig. 2 Various smarticle activation procedures, internal and external.
(a) Render of simulated smarticle system deposited into a closed con-
tainer of radius r = 2w, one side is shown open to enhance visualization.
(b) Rendering of four smarticles entangled together, here ⟨N⟩= 1.5. (c)
In the externally-oscillated procedure, particles were deposited into sys-
tem and container was shaken sinusoidally, parallel to gravity, such that
z(t) = Asin(2π f t). (d) In the shape-change procedure, smarticle barbs
travelled π/2 outwards and returned back to the original position, this
position change happens a single time in this procedure. (e) In the
nternal-oscillation procedure, particle barbs oscillated with an amplitude
θ centered around (α1,α2) = (π/2,π/2).

2.2 Comparing multibody simulations to nature

We compared smarticle simulations to emergent physically-
entangled behaviors demonstrated by blackworms. Outside of
their natural granular or detritivorous habitat, these worms en-
tangle together forming a highly dense worm blob (Fig.1d) due
to their thigmotactic behavior47,48. Furthermore, depending on
the oxygenation of their surrounding, blackworms can disentan-
gle their tails from the collective and lift it up to supplement respi-

Table 1 simulation parameters

parameter value
w 1.17 cm
dt 2×10−4 s
f 30 Hz
Γ 2
ρ 7850 kg/m3

τ 1
ω 6 rads/s
t1 1.27 mm
t2 0.5 mm
µparticle−wall 0.4
µparticle−particle 0.4
r 2w
HT (ti) 20t2
HB(ti) 10t2

ration in hypoxic, or low dissolved oxygen (DO), conditions47,48.
By altering the dissolved oxygen in a container, we can vary the
entanglement strength displayed by a worm blob and observe its
emergent dynamics. We define low and high DO as <2 mg/L and
>8 mg/L, respectively.

2.2.1 Animals

We purchased, reared, and habituated blackworms as described
in Tuazon, et al42.Using blackworms for experiments do not re-
quire approval by an institutional animal care committee.

3 Results and Discussion

3.1 Simulation
3.1.1 Packing fraction for an externally forced smarticle col-

lective

We begin by testing how smarticle collectives pack when sub-
jected to an external vibration. In granular material studies, com-
paction, or volume fraction, is a commonly measured material
property49. Volume fraction, or φ , is defined by φ =Vp/V , where
Vp is the solid particle volume and V is the volume of the col-
lective. φ can greatly affect how a granular collective reacts to
external perturbations50,51.

We test how φ evolves for a collective undergoing external os-
cillation. Fig. 3(a) shows how φ evolved over time for different
aspect ratios. As l/w decreases, the initial and final volume frac-
tion, φ0 and φ f respectively, increase. The inset in Fig. 3(a) shows
l/w = 1.1 with t ∈ [12.375s,12.625s], the oscillations in the inset
are consistent with the applied oscillation frequency f = 30 Hz.
Furthermore, the rate at which φ increases, as a function of l/w,
is faster than linear, which is illustrated more clearly in Fig. 3(b).
This is true for both the φ0 and φ f . Fig. 3(b) shows a compari-
son of our simulation to results from a similar experimental sys-
tem10. Both φ0 and φ f are monotonically decreasing functions of
l/w. Our simulation results agree with the experimental system.

3.1.2 Packing fraction for a smarticle collectives with inter-
nal degrees-of-freedom

In the following trials, we examine packing evolution for
internally-activated smarticles. In Fig. 4 we introduce the effects
of internal activations by showing the time evolution of a single
trial for the different activation procedures. In Fig. 4, we show
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Fig. 3 Packing fraction and packing evolution as a function of smar-
ticle aspect ratio. (a) φ vs. time for various smarticles aspect ratios
l/w∈ [0.4,1.1]. The inset is a zoomed in version of the data from l/w= 1.1
over a 0.25 s domain. (b) φ as a function of aspect ratio in experiment
(orange) and simulation (blue). The bottom two curves represent the
volume fraction before activity was added to the system φ0 in both simu-
lation and experiment. The top two curves are the volume fraction after
external forcing φ f . The orange curves were taken from data used in
Gravish et al.10

.

three different frames from a shape-change activation procedure.
In Fig. 4(b), we show both the CoM height in addition to the inset
containing the volume fraction. In the shape-change procedure,
the final collective’s shape fills the container differently with time
as shown in Fig. 4(a.1-3). The dynamics of the procedure are
better captured by both the CoM height and φ evolution in the
shape-change procedure. As the shape-change is initiated, we see
a rapid increase of h. This increase results from the smarticles
straightening. As the second shape-change phase happens, there
is an initial decrease in height as smarticles curl into the u-shape.

The smarticle collective’s height does not decrease to the ini-
tial height of h0, despite all constituents being in the same shape
as deposited. Since the number of smarticles does not change
during a trial, the change in height suggests that the procedure
has changed the macroscopic state. After performing the shape-
change procedure, the smarticles were not as well-molded or
sculpted to the container as before. This suggests that the shape-

change activation tends to force the smarticles away from the
container wall as they transition back to the final u-shape. This
inwardly-directed movement during the activation indicates an
inwardly pointing attractive force. We suspect that the origin of
the force arises from the geometry of the smarticle’s final shape,
as well as from the confining walls. The now excluded volume be-
tween the outer walls and curled smarticles drives the collective
upwards, increasing its height after the initial drop after point 2
in Fig. 4(b).

The internally-oscillated smarticles affect the collective differ-
ently than the shape-change procedure, Fig. 4(c). As smarticles
vibrate their barbs, each unit interact with their neighbors causing
them to rotate and displace. This allows particles to siphon into
empty spaces that may exist between neighbors. Since gravita-
tional force points downward, most rearrangement tends to lead
to the compaction of particles until an equivalent random close
packing (rcp) value for the smarticle shape is approached52,53.
As the general action fills voids, the collective tends to decrease
in height and becomes denser. This increase in density means
that the smarticle collective is molding more closely to the con-
tainer boundary; thereby producing a final height of less than h0.
In Fig. 4(d), we see that the majority of the compaction happens
rapidly, in fact, the first 50% of the final compaction is reached
after only ≈ 12% of the total activation time has elapsed.

Next, we look at how the geometry of the smarticles, as well
as the amplitude of their movements, affects the packing state
of each system. In the shape-change procedure, φ generally de-
creases as the aspect ratio increases (Fig. 5). Past l/w > 0.6, φ

monotonically increases (rather than increasing for a short time
then decreases). This behavior suggests at the existence of a crit-
ical packing fraction, which likely exists between 0.7 < l/wcrit <

0.6.
The internally-oscillated procedure is affected similarly as the

shape-change with regards to the aspect ratio l/w. In Fig. 6(a)
θ = 10◦ is held constant, and similar with the shape-change pro-
cedure, φ of the internally-oscillated procedure decreases with in-
creasing l/w. ∆φ = φ f −φ0 also increases with increasing l/w. For
a given smarticle in a collective, as the barbs get longer, the num-
ber of neighboring units it interacts with will generally increase.
During internally-activated procedures, longer barbs tend to cre-
ate more overall motion in, and of, the collective. The increased
motion, or collective "temperature”, tends to rearrange smarticles
when space is available. For the simulation, at a given θ , the arc
length travelled by barb tips is constant for all l/w. This explains
why the oscillations in φ tend to decrease as l/w the oscillation
frequency increases as l/w increases.

Given a constant l/w = 0.7, in Fig. 6(b) we vary oscillation am-
plitude θ . We find that φ decreases as θ increases. As oscillation
amplitude increases, larger vacancies form between neighbors,
but the larger θ hinders flow into the temporary vacancies made
by the barb motion. While θ increases, ∆φ decreases as well.

Finally, we compare how φ f varies with l/w for all activa-
tion procedures (Fig. 7(a-b)). The internally-oscillated proce-
dure tends to pack more densely, whereas shape-change tends
to pack the least Fig. 7(a). Among various oscillation ampli-
tudes, lower amplitudes tend to pack more tightly than larger
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Fig. 4 Packing behavior distinctions between two different active procedures. (a) Renders of a shape-change trial at three instances. (b) The center-
of-mass (CoM), h(t)

h0
, in the z-plane of the shape-change collective, the times of the renders in (1,2,3) are highlighted with black points [1s,2.5s,4.5s].

(c) Renders of an internally oscillated trial at three times. (d) The CoM in the z-plane of the internally-oscillated collective, the times of the renders
in (1,2,3) are highlighted with black points [1s,3.5s,6s].

amplitudes Fig. 7(b). Indeed, the largest amplitude shows only a
marginal increase in φ compared to the static system, where there
is no smarticle activation after the deposition phase (Fig. 7(a)).

3.1.3 Energy comparison between procedures

To clarify the cost of each procedure in terms of energy input to
packing output, we measured the energy necessary to complete
each procedure. This test was performed for smarticles of varying
aspect ratio. Each simulation was performed three times for each
preparation style at each aspect ratio and oscillation amplitude
when applicable. To calculate the energy of the active procedures,
the following calculation was performed at each time step:

E =
∫

α1(t+dt)

α1(t)
τ1dα1 +

∫
α2(t+dt)

α2(t)
τ2dα2 (1)

where the subscripts correspond to the barbs on each smarticle.
Here, τi is the motor reaction torque on barb i. Since the energy
is added into the system for the externally-oscillated system, we
sum

E =
∫ z(t+dt)

z(t)
F(t)dz (2)

over each time step during the shaking process. Here, F(t) is the
reaction force on the linear actuator (which controls the height of
the container with the smarticles) motor at time t, and z(t) is the
distance travelled by the cylinder at time t. The contribution of

Fig. 5 Evolution of φ at different l/w ∈ [0.4,1.1] for the shape-change
procedure. Time evolution of φ for varying l/w performing the shape-
change procedure. The vertical dashed line represents denotes when the
"straight” to "u” configuration change begins.
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Fig. 6 Time evolution of volume fraction φ for various l/w and θ for the
internally-oscillated procedure. (a) l/w is varied ∈ [0.4,1.1] while θ = 10◦

is held constant. (b) θ is varied ∈ [5◦,30◦] while l/w= 0.7 is held constant.

the container’s weight was removed from the force calculation.
Fig. 8(a) reveals that the shape-change procedure requires the

most energy to perform, regardless of the aspect ratio. Indeed,
shape-change required greater than an order of magnitude in-
crease in energy compared to the internally-oscillated procedure,
which required generally the lowest amount of energy. Plotted in
Fig. 8(a) are all oscillation amplitudes in the internally-oscillated
procedure. As θ increases, the energy required to perform the
procedure also increase. Similarly, the energy to perform the pro-
cedure increases with l/w with the exception of local maxima at
l/w = 0.9.

Plotted in Fig. 8(b) is the energy as a function of oscillation
amplitude for various aspect ratios. Apart from l/w = 0.9, energy
tends to increase with amplitude. Next, given each procedure’s
energy expenditure, we measure how the average entanglement
in the collective varies for each procedure.

3.1.4 Entanglement

Since entanglement is affected by aspect ratio in externally-
activated procedures, we examine how it changes for internally-
activated procedures. After the collective has performed a proce-

Fig. 7 φ f fraction for the various procedures. (a) φ f versus l/w for all
procedures. For the internally-oscillated procedure, θ = 10◦ was used.
(b) φ f versus aspect ratio for the internally-oscillated system, each line
is has a different θ ∈ [5◦,30◦].

dure, the average number of entanglements, ⟨N⟩, between smar-
ticles was measured. ⟨N⟩ was measured for the non-actuated
(or static) procedure, the shape-change procedure, and the
internally- and externally-oscillated procedures. ⟨N⟩ was deter-
mined as follows: for each smarticle A, there exists a plane de-
fined by its 3 links. The number of smarticle links, not belonging
to A, which intercepts smarticle A’s plane is N. The mean of all
N, over all smarticles in a single time step, is ⟨N⟩ (see Fig. 9(a)
inset).

While entanglement is largely independent of aspect ratio in
the static, or inactive, procedure, it is more dependent on aspect
ratio in the active procedures Fig. 9(a). Apart from the shape-
change procedure, all other active procedures tend to display a
maximum of l/w ≈ 1.0. As l/w increases, the barbs increase in
size, thereby requiring more movement between two entangled
components to become disentangled. Larger barbs make disen-
tangling more difficult, this is true for an even greater degree in
confined systems. Although smarticles with larger l/w will re-
main entangled more readily, they are less likely to become en-
tangled10. The shape-change system does not have this issue: the
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Fig. 8 Comparing energy usage between procedures. (a) Comparisons
of energy output for different procedures as a function aspect ratio. The
internally-oscillated data are the unlabeled lines where θ is varied. All
data points are averaged from three trials. (b) Energy usage for the
internal oscillation procedure as a function of θ with a constant l/w= 0.7.

entangling action happens during the straight to u-shape transi-
tion. During this time, a barb’s length does not act to restrict
a new entanglement from arising, as the smarticle shape starts
from a convex (straight) shape. Therefore, higher values of l/w
increase the likelihood of entanglements happening in the shape-
change system, as the area defining interpenetration is larger.

Now we examine how θ and l/w affect ⟨N⟩ in the internally-
oscillated system. In these trials, we measured entanglements
over θ = [5◦ − 30◦] for all l/w in Fig. 9(b). At l/w < 0.7, as θ

increases, the number of entanglements decrease. At larger l/w,
⟨N⟩ becomes more independent of l/w. The functional form of
entanglement, as a function of amplitude, changes as aspect ra-
tio increase. At low aspect ratios, l/w = [0.4− 0.5], the curve is
monotonically decreasing. However, as l/w increases, the curve
is no longer monotonic: the peak forms between θ = [10◦−15◦].
As barbs increase in size, the location of the peak also increase.
Furthermore, the peak’s relative amplitude to the rest of the curve
also increase. We posit that this is related to the argument stated

Fig. 9 Comparing entangling procedures. (a) Comparisons of entangle-
ments for all procedures at various aspect ratios. The internal oscillation
line for each point has an amplitude θ = 10◦. (b) Entanglement with
respect to l/w for the internally-oscillated system θ ∈ [5◦,30◦]. (c) Entan-
glement as a function of θ for internally-oscillated systems l/w∈ [0.4,1.1].

before: at low l/w, there is an increased likelihood to both en-
tangle and to disentangle; therefore, the barbs can break the en-
tanglements faster than new ones are generated. However, if the
arms are longer, the same arc length travelled will not tend to
disentangle an existing connection. The amplitude, as well as the
energy threshold that is necessary to break pre-existing bonds, is
larger.

The static system (not shown in the energy plot) has zero en-
ergy input, and the ⟨N⟩ is the lowest for all aspect ratios mea-
sured. The internally- and externally-oscillated procedures have
similar energy inputs; although the internally-driven system is
slightly lower. In the internally-driven system, however, the num-
ber of entanglements measured after the deposition phase is no-
ticeably higher. Aside from requiring different amounts of energy
to prepare each procedure, each procedure also tends to impart
different collective attributes. Since entangling allows a collective
to support tensile loads, next we test how well each procedure al-
lows a collective to both sculpt in a cast, and keep its shape after
the cast is removed.

3.1.5 Melting behavior

We check the qualitative differences between collections of smar-
ticles after each procedure was performed and after the confining
walls were removed. Inspired by heat-treatment annealing pro-
cedures in metallurgy and their effects on a metal’s final hardness
properties during fast and slow cooling, respectively, we test how
shape-change and internal oscillation change the properties of the
collective49. Furthermore, we study how these preparation pro-
cedures allowed cohesive smarticle collectives to be sculpted by
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Fig. 10 Melting behavior for active procedures.(a,c) Renders of a shape-change trial and internally-oscillated trial, respectively, at three instances.
(b,d) The z-plane center-of-mass (CoM) of the collective vs. time, where the three renders from (a,c) are indicated with black points.

the container.

After the deposition and activation of smarticle collectives,
in Fig. 10(a-d) we removed the outer boundary and examined
how the unconfined collective settles. The shape-change system,
Fig. 10(a-b), does not break apart nor do the particles on the pe-
riphery disengage from the collective: the collective holds firmly
together. Since shape-change narrows the base and increases the
height, this procedure tends to produce less stable structures. In-
deed, in the illustrated example, the structure falls onto its side
in Fig. 10(a.3). The internally-oscillated system reacts differently
than the shape-change system when the confinement is removed.
Since the internally-oscillated procedure increases in φ , lowering
the height of the collective while maintaining its width, the sta-
bility of the final collective is improved compared to the initial
state after deposition. However, because the amount of entan-
glement was lower than in the shape-change procedure after the
walls were removed, some smarticles on the outer edge slough
off as they are not entangled tightly with neighbors in the struc-
ture. In the next section, we will look in more detail at structure
forming using these two procedures.

3.1.6 Casting

Here, we show how certain shapes are formed or sculpted
through the activity of the smarticles in the collective. Starting
in the u-shape position, we deposited smarticles into a three-
tiered empty structure with each tier smaller than the one below
(Fig. 11(a). After depositing the smarticles, the smarticles were
activated using the two aforementioned internal activation proce-

dures: internal oscillation in Fig. 11(b-top) and shape-change in
Fig. 11(b-lower). The container serves to define the final shape.

While activation procedures tend to compact a collection, they
do so in distinct ways; these distinctions lead to the macroscopic
differences visible in the remaining structure after the container is
removed. Internal oscillation imparts the fluid-like property of be-
ing able to fill its container, and the activity tends to help smarti-
cles flow into voids. While the container is filled more completely
(as shown by the increase in φ), this does not imply increases
in entanglement. This is evident in Fig. 11(b) in the instant the
walls were removed. The system has the shape of the container
but, shortly afterward, the overhangs tend to fall apart. For the
shape-change procedure, while the particles become more com-
pact, it is not due to an improved container space usage. The
walls serve to give a basic tubular shape, but the particle struc-
ture consolidates inward and grows upward, rather than outward.
Previously, we showed the resulting effects caused by the number
of entanglements produced by the different procedures (Fig. 9).
Shape-change produces a higher entanglement allowing particles
to stay together more readily, but it does not sculpt to the con-
tainer as easily as the internally-oscillated procedure. After the
activation procedure completion in the shape-change procedure,
the system exhibits properties of a hardened structure, whereas
the internally-oscillated procedure tends to flow apart and is com-
parably softer, eroding at its surface after the removal of the walls.
We find analogies between the shape-change and internal oscilla-
tion procedure and rapid and slow quenching in metallic systems.
In metals, rapid temperature reduction in the quenching process
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Fig. 11 Smarticle aggregate sculpting capabilities. (a) Particles are deposited in a three-tiered system at l/w = 0.8 with each tier smaller than the
one below. In (b), after the activation state has occurred, (top is internally-oscillated at θ = 10◦ and bottom is the shape-change) the outer walls
are removed. (c) The piles one second after the container is removed for the internally-oscillated (top) and shape-change (bottom) procedures.
(Supplementary Movie S1)

Fig. 12 Measuring force as a function of entanglement procedure. Two
hooks, colored red, were embedded in an already entangled pile. The
force necessary to raise the top hook out of the pile, at constant speed,
was measured, while the bottom hook was kept fixed to anchor the pile.

tends to leave a metal harder but more brittle, with a great deal
of internal stress. Conversely, a slowly quenched metal will see
a reduction in the internal stress as well as becoming softer49.
These effects are further supported through quantitative tests in
the simulated fracture tests and in the biological experiments per-
formed in the next sections.

3.1.7 Tensile loading and fracture

To determine the relationship between entanglement and ten-
sile loading ability, we measured the force required to raise a

hook embedded in the various smarticle preparations as shown
in Fig. 12(a-c). Specifically, we measured the force as a function
of aspect ratio, F(l/w). The force required to raise the top hook
was measured three times for each aspect ratio.

To investigate how materials properties are affected, we per-
formed various fracture tests. In Fig. 13(a) for the three proce-
dures, the peak force output and the entanglements (Fig. 9(a)) do
not keep the same ordering. The shape-change system shows the
highest peak force output, whereas internal oscillation displays
the least amount of tensile strength. There is agreement between
force generated as a function of internal oscillation as shown in
Fig. 13(b) and in the number of entanglements for a given os-
cillation amplitude as shown in Fig. 9(b). Using this simulated
system, we found a connection between tensile strength, mea-
sured through a fracture test, and the number of entanglements:
the shape-change procedure, which produces the highest average
number of entanglements, improves the tensile strength of the
system. Next, we compare emergent properties that arises from
simulations to physically-entangled collective dynamics found in
biology.

3.2 Biological Experiment

Here, inspired by the results from simulations, we conducted ex-
periments using an analogous entangled system found in nature.
Similar to how smarticles display the metallurgical dynamics of
annealing, worm blobs can emergently display a few of these be-
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Fig. 13 Tensile force measurements for the various preparation proce-
dures. Force shown here is a unitless quantity scaled by Ws, the weight
of the smarticles, and n, the number of smarticles in the trial. Each line
is averaged over 3 trials. (a) Force versus time for the various procedures
at l/w = 0.7, (b-c) Force versus time for the internally-oscillated system.
In (b), l/w = 0.7 and θ is varied, and (c) θ = 10◦ as l/w varies.

haviors from their entanglement. Of course, we note that in con-
trast to smarticles, blackworms are highly dynamic and flexible
with aspect ratios >4032 and can generate thrust using muscles
across its body length54,55. Additionally, worms can display a
wide range of length as it extends and contracts its body.

As an analogy to states achieved upon shape-changes, worms
blobs can display either very high or very low entanglement in
steady state environmental parameters. Similar to the smarticle
simulations, low levels of entanglement occurs when worms are
extended (Fig. 1(b)) like when the barbs travel π/2 outwards
(Fig. 2(d)). However, when transitioning between levels of
environmental parameters, worms can reversibly vary their
activity levels and change their level of entanglement, an analogy
for internal oscillations. For example, according to Tuazon, et al.,
worm blobs show less activity and less structural exposed surface
area in high DO (>8 mg/L) as opposed to hypoxic conditions
(<2 mg/L)42. Furthermore, worm blobs in high DO shows
higher internal mechanical stress, which was demonstrated by
lifting worm blobs using a 3D-printed serrated endpiece in two
extreme levels of DO. Additionally, according to Ozkan-Aydin, et
al.4, a highly entangled, "solid-like" blob was observed in lower
temperatures (T<25◦C). However, when exposed to higher tem-
peratures T>25◦C, the blob slowly disentangled into a "fluid-like"
aggregate which demonstrates that higher temperature leads to
higher internal oscillations, followed by full disentanglement.
In short, worm blobs in low temperatures and/or in high DO
environments tend to display solid-like structural properties and
vice versa.

Fig. 14 Evolution of a worm blob from a rigid structure at high con-
centration of DO to a loosely entangled state in a lower concentration
of DO. (a) The red dot depicts the centroid, which decreases over time
as DO is consumed by the worms. Blackworms supplement respiration
by disentangling their posterior segments and raising it upwards, emer-
gently relaxing the structure. (b) The normalized height of the blob’s
centroid, h(t)

hmax
, plotted as a function of time. Numbers in the time series

correspond to the snapshots shown in (a). n = 5 trials. (Supplementary
Movie S2)

3.2.1 Packing behavior

Inspired by the packing behavior of smarticles presented in Fig-
ure 4, we placed an 8 mg worm blob in a cylindrical container
filled with air-saturated water and allow the worms to deplete
the oxygen. The water was aerated with ambient air bubbles
before each trial to ensure consistent initial DO conditions. As
previously described, the high DO results in the worms forming a
highly rigid structure (Figure 14(a.1)). As DO decreased, worms
began to extend and wave their posterior segments, weakening
the overall structural integrity of the blob (see Supplementary
Movie S2). This created a situation qualitatively similar to the
internally-oscillated ensemble of smarticles and the blob begins
to decrease in height (Figure 14(a.1-3)). The normalized height
of the centroid, h(t)

hmax
, of the blob is plotted as a function of time

in (Figure 14(b)). As individual worms moved to obtain oxygen,
the height of centroid monotonically decreases.

3.2.2 Structural stability

To emphasize the structural rigidity of the worm blob as a func-
tion of DO, we designed and performed another experiment in-
spired by the simulations presented in Figure 10. A schematic
render of the experimental setup is presented in Figure 15. It
consists of a cylindrical wall holding the blob into shape while
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Fig. 15 The experimental setup for testing the structural stability of the
worm blobs under different DO concentrations. Worms were first added
into the cylinder then the inner concentric cylindrical wall was lifted up
by the linear actuator.

the whole assembly is housed in a glass beaker. The cylindrical
wall was held in a stand connected to a linear actuator which
lifted out the wall at a constant speed of ≈ 14 mm/s. We per-
formed this experiment with both high and low DO concentra-
tions. When the cylindrical wall was removed, worm blobs in
high DO toppled over due to its high rigidity (Figure 16a) (see
Supplementary Movie S3).

In low DO concentration, the blob is much more "relaxed” and
exhibits significantly less rigidity. Once the wall is removed, the
worms slowly adjusts to the shape of the container. The corre-
sponding time series for the normalized height of the blob’s cen-
troid is plotted in Figure 16(b,d).

3.2.3 Tensile strength

To quantify the tensile strength of the blob in the two DO concen-
trations, i.e., two different levels of entanglement, we designed
an experiment to incorporate a load cell (Figure 17(a)). The
setup is similar to the one presented in Tuazon, et al., with the
addition of an anchor point, which is a stationary serrated piece
attached at the base of the container42. The upper 3D-printed
piece was attached to a load cell, which was connected to a lin-
ear actuator. The load cell was added to measure the amount of
force that the worms blob are applying as the upper piece was

pulled upwards. Snapshots of this experiment are presented for
two different DO levels in Figure 17(b).

In high DO, worm blobs resists the removal of the 3D-printed
piece. The timeseries of the force applied on the load cell in the
two DO conditions is plotted in Figure 17(c). This plot shows
that worm blobs applies significantly greater amount of force un-
der tensile stress in a high DO (high entanglement) environment.
The maximum force applied by the blobs from 6 repetitions of
this experiment is presented in Figure 17(d) for two different DO
concentrations. We find that the maximum force applied under
tensile stress is significantly different (p<0.01) for the case of
high DO compared to that of low DO environments.

4 Conclusions

We performed, to our knowledge, the first study of time-
dependent material-properties of soft amorphous entangled mat-
ter through simulations and through living systems. Despite
the seemingly complex interactions which comprise the mate-
rial properties of a collective, we found that amount of entangle-
ment, which encodes much of the material properties, is control-
lable. Building upon previous studies of entangleable materials,
we found that fracture force increased with the degree of entan-
glement in a simulation. Next, we compared our simulations to
the physically-entangled collective behavior of blackworms. By
exposing them to varying DO conditions, worm blobs displayed
both solid- and fluid-like structural dynamics. We found that
worms in high DO conditions interweave strongly to one another
and exert significantly more force than in low DO conditions.

In the future, we envision an adaptable material capable of
maximal or minimal entanglement in response to stimuli (i.e. fire
ants’ raft formations in the presence of flooding3,29). Addition-
ally, it would also be interesting to look for the presence of biaxial
nematic, cholesteric, or twist-bend properties of the smarticles56.

This entanglement response should be able to spread through
the collective "organically”, or via local communication, rather
than through a global or centralized mechanism. We believe that
another insight from this study is that the choice of how limbs
may be activated to alter entanglement is optimizable as a func-
tion of energy cost. Due to improvements in the field of rheology
over the last century, there has been an explosion in the number
of goods with designed material properties based on their pur-
pose: from detergents, to plastics, to hydrophobic clothing57. We
posit that by improving our understanding of the emergent collec-
tive dynamics of mutable active particles, we may someday take
a major step towards creating adaptive, shape-shifting and task-
capable soft, super-materials58.
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Fig. 16 Tumbling worm blobs. Timelapse of a tumbling worm blob (∼8.5 g) at three instances when present in a (a) high DO and a (b) low DO
environment. (c) Timeseries of the normalized height of the blob’s centroid, h(t)

hmax
, over time. T = 0s represents the instance where the inside wall was

lifted outside of the water in high DO (blue dotted curves). The gray shaded region indicates the large drop in centroid height when toppling occured
for one trial in high DO conditions. n = 4 trials for each DO levels. (Supplementary Movie S3)
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