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Abstract— California blackworms constitute a recently iden-
tified animal system exhibiting unusual collective behaviors,
in which dozens to thousands of worms entangle to form a
“blob” capable of actions like locomotion as an aggregate.
In this paper we describe a system of pneumatic soft robots
inspired by the blackworms, intended for the study of collective
behaviors enabled and mediated by such physical entanglement.
Both the robots and worms have high aspect ratio (1:50),
intertwine in complex 3D configurations, operate both in air
and underwater, and can locomote both individually and as a
collective. We demonstrate and characterize locomotion for both
individual robots and entangled blobs, explore the tunability of
entanglement strength, and compare these to the analogous
versions in living worms. The robots provide a testbed for
studying mechanisms underlying behaviors observed in worm
blobs, as well as serving as a platform for studies of novel
collective behaviors based on physical entanglement.

I. INTRODUCTION

Swarm robotics is often inspired by the collective behavior
of social animals like birds, fish, and bees. The corresponding
robot systems share many features with the animals, such
as collective abilities beyond those of the individuals, ro-
bustness to loss of agents, and scalability to large numbers
[1]-[3]. Most work in swarm robotics focuses on traditional
rigid-bodied robots, and topics like exploration and flocking,
with physically separate robots spread out across a space [3].

A recently identified collective animal system, just starting
to be explored by biologists as well as roboticists, is that of
California blackworms (Lumbriculus variegatus), centimeter-
scale worms that form entangled “blobs” of dozens to
many thousands of individuals [4] (Fig. 1A, B). Sophisti-
cated collective behaviors exhibited by these worms, such
as directed locomotion of a blob, may rely on both the
flexibility of the worms and their physical entanglement [5]—
[7]. Artificial systems inspired by the worms, able to operate
both as individuals and as physically linked collectives, could
similarly demonstrate advantages like parallel operation in
the former mode (e.g., exploration of a large space) and
capabilities beyond those of individuals in the latter (e.g.,
crossing a gap). Still more complex abilities, such as a blob
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climbing or “chimneying” through coordinated actuation,
may be possible for systems with such properties even if
not observed in nature.

In this work we present a soft robotic analogue to the
worm blob system, in which pneumatically actuated, in-
dependently controlled soft robots with worm-like aspect
ratio (21:50) can operate both as individual agents and
as entangled collectives (Fig. 1C-E). We demonstrate and
quantitatively characterize locomotion in both the individual
and collective states, and characterize the cohesive strength
of both robot and worm blobs as the rigidity of the indi-
vidual agents is varied. The robot system provides a testbed
for studies of novel collective behaviors with coordination
mediated through physical entanglement, as well as for eval-
uating hypotheses about mechanisms underlying phenomena
observed in the biological system.

II. RELATED WORK

The physical interconnection fundamental to the topic of
worm blobs makes the research area of self-reconfigurable
modular robots [8]-[11] particularly relevant to the goals
in this study. Such systems consist of modules which are
independently controlled, physically connected, and capable
of rearranging their connectivity. Typically the goals are for
the composite robot to exhibit capabilities beyond those of
the individual modules. In some cases, individual modules
are not self-mobile, but achieve collective mobility through
the physical interactions among units [12]-[14]. In others,
each separate module is self-mobile on its own as well as
when part of a composite [15]-[18], as is the case for the
living worms and the goal for the robot worms. In some
systems, physical connectivity provides the ability for a
composite robot to traverse terrains which are unachievable
for an individual (e.g., crossing a gap) [17], [18], another
long-term goal of the robot system described here.

An important difference between the above systems and
those considered in this paper is that the former are rigid
robots. Typically they rely on that rigidity to achieve their
reconfiguration and locomotion; in a few cases, rigid modules
use flexible connectors to form collectives with some com-
pliance [18], [19]. Few studies have considered collective
behaviors with physically interconnected units which are
soft robots. One such system, Eciton robotica, involves self-
mobile individuals that are vermiform (aspect ratio ~1:4)
and attach together via a connection made between the head
or tail of one and the side of another [20]. Another, Foambot,
uses circular individuals that are not self-mobile and attach
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Fig. 1: (A) Living blackworm blob (~200 agents) under-
water. (B) Two individual California blackworms, coiled to
different extents. (C) Soft robotic worm blob (16 agents),
made with Dragon Skin 30, underwater. Colors are to aid
visual discrimination of different individuals. Thin blue tubes
are pneumatic lines. (D) Soft robotic worm blob (16 agents),
made with Elastosil M4601, in air. (E) Individual soft robot
worm made of silicone elastomer with an embedded fluidic
chamber. A—A is a cross-section of the robot, showing the
asymmetric chamber geometry that produces coiling when
pressurized.

to neighbors around their circumference [14], [21]. Both
these systems operate in two dimensions, with limited point
connections between units, whereas the blackworms and the
robots emulating them move in three dimensions and can
wrap around each other in topologically complex ways [22].

A recently developed gripper based on stochastic entan-
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Fig. 2: Experimental setup. (A) A pressure control system
drives robot operation either (B) in air (directly) or (C)
underwater (via dispensing syringes to go from pneumatic
to hydraulic pressure). Each channel drives either a single
independent robot (for n < 8 robots) or (D) two simultane-
ous robots using a splitter (for n = 16).

glement of long filaments [23] provides a mechanical system
where soft, high-aspect-ratio tendrils with asymmetric cross-
section curl and intertwine in complex ways when pressur-
ized. In that system, simultaneous pneumatic actuation of
many filaments causes them to tangle around objects to be
grasped as well as around each other. We adapt the design
and fabrication of that system to the robotic worm blob
system discussed here, in particular spatially separating the
filaments from their base manifold using extended silicone
tubing, and providing each with independent control, to allow
each to play the role of a distinct worm.

A recent study of California blackworms identifies and
characterizes certain collective behaviors in worm blobs, and
provides robophysical experiments to validate hypotheses
about collective locomotion, using rigid three-link robots
which connect at their surfaces though they do not physically
entangle [4].

III. METHODS
A. Robot Fabrication and Hardware

Each worm robot is designed as a long, slender, and
flexible body shape with length ~280mm and outer diameter
~5mm, made of silicone elastomer, with an embedded air
chamber along its length. The robot is fabricated using an
open mold with a tilted curing angle [23], [24], resulting
in a biased air chamber arrangement with opposite wall
thicknesses of ~0.5mm and ~2.5mm when unpressurized.
As a result, the robot curls when the internal air chamber is
pressurized (Fig. 1D).

We created two sets of such robots in this study. The
first, building directly on previous work [24], was made
from Elastosil M4601, molded with a 1.5mm rod angled at
10°. The second was made from Dragon Skin 30, molded
with a 2mm rod angled at 5°. Silicone colors (Silc Pig
from Smooth-On) were added to the latter to aid in visual
differentation between the robots. The Dragon Skin robots



exhibited more variability across robots in amount of curling
for a given pressure.

A custom pneumatic control system with eight indepen-
dent output channels was used to actuate multiple worm
robots (Fig. 2). The air pressure of each channel was
regulated by pneumatic solenoid valves and an embedded
PID controller. Like the living blackworms, these robots
are capable of operation in air or underwater; for the
latter case, a modification to the control system using
additional dispensing syringes (Fig. 2C) allows hydraulic
actuation of the robots without unwanted buoyancy effects
that could occur for pneumatic actuation with air. We ac-
tuated robots either with a simple sine function for pres-
sure, P(t) = Asin(wt —¢) + B, or a tilted sinusoid to
generate different inflation and deflation speeds, P(t) =
A arctan M + B where —1 < o < 1 is a tilting
«a « cos (wt—¢)
parameter. Adjusting the control parameters A, B,w, and
o makes it possible to generate different movements even
though a robot has only a single chamber in the body for
actuation. The different pressure channels can be set with
different parameter values, allowing desynchronization and
inter-robot variability as with the living worms.

B. Animals

We obtained California blackworms from Aquatic Foods
& Blackworms Co. and from Ward’s Science. They are
housed in a container filled with filtered water maintained at
~4°C. Their diet consists of tropical fish flakes given to them
once a week, while the water they inhabit is replaced every
day. More information about rearing and maintenance is
reported elsewhere [25], [26]. The experiments are performed
after habituating the worms to room temperature water
(~21°C). Studying these worms does not require approval
from the institutional animal care committee.

IV. EXPERIMENTS
A. Single-Agent Locomotion

In this section we quantify the movement of single agents
(robots and worms) under different conditions.

For the robots, we performed experiments with three
different actuation patterns (gaits): (1) pure sine, (2) fast
curl/slow uncurl (tilted sinusoid with a = 0.75), (3) slow
curl/fast uncurl (tilted sinusoid with o« = —0.75). For the
Elastosil robots, we used A = 10 PSI and B = 15 PSI;
for the Dragon Skin robots, because of their heterogeneity,
we chose A on a channel-by-channel basis such that robots
would empirically curl without breaking, from the range
15-20 PSI, and B = 20 PSI. We set ¢, = im/4 for the
ith of eight channels for maximum desynchronization, and
w = 7/5 in all cases (period 10 seconds).

For both materials and each of the three gaits, we put
five robots each through five actuation cycles. At the end
of each half-cycle, when the robot was fully curled and
fully uncurled, we recorded the position of the center of
mass (CM) and the robot’s orientation. We conducted these
experiments in air for the Elastosil robots and in water for
the Dragon Skin ones.

Agent type Condition | N Displacement (mm)

- Sine 25 [ 2619 ... -
Elastosil ST B I L
robot ok

SC/FU 25 | 53429
[ Sine 25 | 2819
D k
ragon Skin | g gy 25 | 44+ 36 ] |
robot ] HkE
SC/FU 25 | 98450 |
Livin 12°C 587 | T4L1.0 ]** :
wome 20°C 747 | 1.64£2.0 ] ok
28°C 737 | 1.7£1.2 ]

TABLE I: CM displacement per full cycle (robots) or
1-second period (worms). Asterisks mark statistically signifi-
cant differences between means (unpaired t-test): *: p<0.05;
**: p<0.01; ***: p<0.0001. FC/SU = fast curl/slow uncurl;
SC/FU = slow curl/fast uncurl; N = number of data points.

The results (Fig. 3C, E) did not support a hypothesis that
the orientation of the robot before actuation was predictive of
the direction of its motion. Rather, the motion was consistent
with a random walk. We explored this point further by
using our empirical data to simulate longer walks using
a resampling approach (Fig. 3B, D, F). The step size of
the walk can be tuned by changing the control parameters
(Fig. 3D, F; Table I).

For the living worms, single agents crawl using peristaltic
waves of contraction of their circular and longitudinal mus-
cles. The worms also have pairs of chaetae that help in
locomotion and traction at the surface [27]. We analyzed
worm motion by recording single worms moving freely in
a Petri dish at three different temperatures (12°C, 20°C,
and 28°C) and measuring their CM position and orientation
at 1-second intervals. This study performed a reanalysis of
data from experiments first reported in [5]. Each temperature
tested three worms, each recorded until it first reached
the edge of the dish. The results showed that unlike the
robots, the single-worm motion is not well approximated as a
straightforward random walk (Fig. 3B); a persistent random
walk is a better model [28]. Here the temperature can be
used to tune the effective speed or angular correlation.

For all three cases (both types of robots and living worms),
the movement of the agent can be modulated by an observer
(Table I): via the pressurization profile for the robots, and
via the temperature for the worms.

B. Collective Locomotion

In this section we quantify the movement of groups of
entangled agents (robots and worms) in different conditions.

Blackworm blobs have been observed to exhibit collective
locomotion along a temperature gradient [4]. The mechanism
of worm blob locomotion involves the worms inside the blob
performing different functions depending on the location
inside the blob. The worms at the top of the blob act as
entangling agents to keep the blob cohesive. The worms in
the movement direction of the blob (“pullers”) apply forward
propulsion. Worms underneath the blob (“wigglers”) reduce
friction with the substrate.

We performed experiments studying a worm blob’s ability
to perform chemotaxis, a capability not previously reported.
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Fig. 3: Single-agent locomotion. (A-B) Living worms; (C—
D) Dragon Skin robots; (E-F) Elastosil robots. (A, C, E)
Position and angle changes resulting from one pressurization
cycle (robots) or one 1-second period (worms). Each colored
arrow shows the CM position and angle at the end of
one such step, relative to the initial pose (black arrow).
Each shaded region shows the convex hull around all steps
observed for a given condition. (B, D, F) Root-mean-square
(RMS) distance from the origin in resampling experiments,
based on 100 trials, in each of which 1000 steps are randomly
selected for each gait. Shaded error regions show the standard
error of the mean. Dotted-line curves show RMS distance
from origin for the theoretical random walks that best fit
each of the experimental curves.

~200 worms were placed at one end of a 250mL Greiner
Bio-One cell culture flask and allowed to form a blob.
When food was introduced at the other end of the flask, the
blob locomoted across to it following the chemical gradient
(Fig. 4A). The chemotactic motion qualitatively resembled
the previously observed thermotaxis.

We next explored the robots’ ability to achieve analogous
collective locomotion. These experiments used Dragon Skin
robots in water. We created robot blobs of n robots with
m of them pressurized as entangling agents, and the other
n — m actuated with a sine gait using the parameters A =
12, B = 12,w = 7/5. For n = 3, the blobs were arranged by
hand. For n = 16, the blobs were allowed to self-assemble,
by putting the unpressurized robots randomly on a surface
and then pressurizing them, resulting in their entangling as
they curl (Video 1). For n = 8, the blobs were allowed to

self-assemble and then were minimally adjusted by hand.
To prevent plastic deformation of the worms, the pressure
amplitude values were occasionally adjusted within a range
of 3 psi, desynchronized with respect to phase. We explored
locomotion for blobs with {n = 3, m = 1}, {n = 8, m = 5},
and {n = 16,m = 12}.

We empirically found that friction of the main blob mass
against the substrate interfered with its motion when the
entangling agents were statically pressurized, but actuating
the entangling agents with a sine gait with A = 2 and
B = 22 £+ 3 psi let the blob move more smoothly and
quickly. This observation supports the earlier interpretation
of the wiggler worms as aiding motion for living worm blobs
by reducing friction [4].

Fig. 4 shows the robot blob’s progress over time qual-
itatively and quantitatively, for all blob sizes tested. The
blob’s qualitative ability to achieve collective locomotion was
present across this range of blob sizes, with no sensitive de-
pendence on specific numbers of robots or pushers. Notably,
for all n and m tested, the robot blob was driven by “pusher”
agents on the trailing edge opposite the direction of motion,
in contrast to the living blobs that were observed to be driven
by “puller” agents [4].

C. Entanglement Strength

In this section we quantitatively characterize how the
integrity of the blob is affected by the tightness of interaction
of the agents, for both robots and living wormes.

We first performed a quantitative experiment measuring
pull-apart force as a function of inflation pressure, using
a tensile testing machine (Instron 5544A). Because of the
more uniform actuation response to pressurization shown by
the Elastosil robots, we used those robots for these studies,
and conducted them with the robots in air for experimental
convenience. We created a blob by spreading out 16 robots
on a surface and pressurizing them; the robots naturally
entangle as they curl, without requiring careful initialization
or manual adjustment. Eight worms were then attached to
the top fixture of the testing machine while the other eight
worms were attached to the bottom fixture (Fig. 5A). The
load cell attached to the upper fixture measured the maximum
pulling force during tensile tests until the blob is separated
into two parts. The test was repeated 5 times each for
different pneumatic input pressures, of 19, 21, 23, and 25
psi. The results (Fig. 5B) show how the maximum pulling
force within a blob increases with higher pneumatic pressure.

These results are analogous to previous worm experiments
showing qualitatively [25] and quantitatively [29] that a
worm blob’s internal mechanical stress varies with the dis-
solved oxygen (DO) concentration in the surrounding water.
In particular, experiments directly analogous to our tests
above had a blob of ~250 worms entangle around a pair
of serrated parts, with one part attached to a load cell and
slowly raised while measuring the force with which the blob
resists that motion [29]. The results showed that when the
experiment was performed in air-saturated (normoxic) water
with DO ~8 mg/L, vs. in oxygen-depleted water with DO
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Fig. 4: Collective locomotion of worm and robot blobs. (A) ~200 living worms (side view). (B) Three robots, with two
acting as pushers (n = 3, m = 1) (top view). (C) Eight robots, with three pushers (n = 8, m = 5) (side view). (D) 16 robots,
with four pushers (n = 16, m = 12) (top view). The shaded regions in the plots show standard deviation of CM distance
traveled ((A), three trials; (B—D), six trials). Actuation cycle period is 10 seconds for robots in all cases. See also Video 1.

~1 mg/L,the maximum force recorded was significantly dif-
ferent (Mann-Whitney U-test, p=0.0022) (Fig. 5C). That is,
the entanglement force of the worm blob can be modulated
by DO concentration, analogous to the entanglement force
of the robot blob being modulated by inflation pressure.

We next investigated how the pull-apart force varies with
the number of tangled robots being separated. In these tests,
inflation pressure is kept fixed at 23 psi while the division of
robots between the two half-blobs is varied, from the most
asymmetric case with 1 on top and 15 below to the even
division of 8-and-8 as in the first set of experiments. The
results (Fig. 5D) show that the maximum force is greater
when the blob is more evenly divided, consistent with an
expectation that that condition corresponds to more points
of entanglement between the two half-blobs, which must be
broken to separate the halves. The force per top robot is
approximately constant, consistent with the idea that robots

in such a setup can be modeled as parallel springs.

V. DISCUSSION

In this work, we have presented a physical system of high-
aspect-ratio soft robots, capable of operation both in air and
underwater, and exhibiting collective behaviors relying on
physical entanglement. We demonstrated and characterized
individual and collective locomotion, and tunable cohesive
strength, for both robot and worm blobs. The analogous
results in the two systems highlight the versatility of flexible
entanglement-driven behavior across different scales and
tasks.

In future work, we will explore other collective behaviors
in which robot and worm blobs achieve tasks not possible
for individuals. One immediate such behavior is collective
transport, the act of moving objects too large for an in-
dividual to handle, a feat demonstrated by both natural
and artificial swarms [30], [31]. In preliminary tests, we
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plotted as dots. Inset shows the worms entangled around the
serrated part attached to the load cell. (Adapted from [29].)
(D) Maximum pulling force before separation, as division of
the 16 robots between the top and bottom plates is varied.

have demonstrated proof of concept for this task in both
robot and worm blobs (Fig. 6). The approach we take is a
composition of entangling and collective locomotion. If a
blob self-assembles while an object is present, the agents
can entangle with the object [23] at the same time as
they entangle with each other. The blob can then execute
collective locomotion as described above, and take the object
with it as it moves. At a destination, the blob can release the
object by disentangling: our robot blobs naturally disentangle
when depressurized (Video 1), while worm blobs can be
induced to disentangle via various methods such as applying
an electric shock [32]. Future work will explore this and
other possible behaviors in greater quantitative depth.

The robots and the living worms constitute two different
systems that can be used as experimental probes of collective
behaviors exhibited by entangled high-aspect-ratio agents.
For a given behavior, noting which aspects match quali-
tatively in the two systems (e.g., “wiggler” agents aiding
blob motion by reducing friction) and which differ (e.g.,
“puller” vs. “pusher” agents) may help identify what features
are those critical for achieving that behavior. As another
example, the detailed entangled geometry of a blob can

Fig. 6: Proof-of-concept demonstrations of collective trans-
port, with worm and robot blobs. The blob entangles with
an object, and carries it along as it undergoes collective
locomotion. The cargo object is highlighted with an arrow
in each case. (A) Worm blob (~200 worms) transporting a
plastic mesh. (B) Robot blob (n = 8, m = 6) transporting a
3D-printed bust. See also Video 1.

be determined by tomography for both systems [23], [32],
allowing evaluation of hypotheses about topological factors
underlying tangling and untangling [22].

Future steps for the development of the physical robot
system include incorporating embedded sensing into the
robots, to allow them to evaluate their configuration and
environment, and moving toward untethered versions with
microfluidic logic [33]. These features will allow the system
to move beyond the current limitations of external sensing
and control and restricted movement, expand potential appli-
cations, and achieve fully autonomous collective behaviors
by independent agents, as with the living blackworms.
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