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Abstract

Soft-bodied animals, such as worms and snakes, use many muscles in different ways to traverse
unstructured environments and inspire tools for accessing confined spaces. They demonstrate
versatility of locomotion which is essential for adaptation to changing terrain conditions. However,
replicating such versatility in untethered soft-bodied robots with multimodal locomotion
capabilities have been challenging due to complex fabrication processes and limitations of soft
body structures to accommodate hardware such as actuators, batteries and circuit boards. Here, we
present MetaCrawler, a 3D printed metamaterial soft robot designed for multimodal and
omnidirectional locomotion. Our design approach facilitated an easy fabrication process through a
discrete assembly of a modular nodal honeycomb lattice with soft and hard components. A crucial
benefit of the nodal honeycomb architecture is the ability of its hard components, nodes, to
accommodate a distributed actuation system, comprising servomotors, control circuits, and
batteries. Enabled by this distributed actuation, MetaCrawler achieves five locomotion modes:
peristalsis, sidewinding, sideways translation, turn-in-place, and anguilliform. Demonstrations
showcase MetaCrawler’s adaptability in confined channel navigation, vertical traversing, and maze
exploration. This soft robotic system holds the potential to offer easy-to-fabricate and accessible
solutions for multimodal locomotion in applications such as search and rescue, pipeline

inspection, and space missions.

1. Introduction

Animals like worms and snakes are able to use their
soft bodies to locomote in various modes to traverse
a wide variety of environmental situations on land
and water. Without legs, wheels or tracks, they cre-
ate paths in heterogeneous piles of rock and debris,
climb over roots, and squeeze into narrow burrows.
Limbless animals have multiple muscles that are dis-
tributed along the body [1-3]. High degrees of free-
dom (DoF) in actuation, combined with the soft-
ness of the animals’ body, enables the performance
of versatile locomotion modes, equivalent to differ-
ent walking gaits for different environments. In soft
robotics, mimicking these behaviors is essential for

© 2024 The Author(s). Published by IOP Publishing Ltd

accessing otherwise inaccessible confined spaces [4—
6]. While we and others have demonstrated soft bod-
ied locomotion, past iterations were generally lim-
ited in terms of the DoF of actuation and number of
actuator, limiting the multimodality of locomotions
[7, 8]. Also, operation in unstructured environment
as a target application requires the robot body to
accomodate on-board power and control hardware
in an untethered fashion. Achieving multimodal-
ity in soft-body locomotion arises from the chal-
lenges of fabricating a soft body and attaching many
electronic components (which are typically hard)
to the body structure (which is typically soft to
enable passive compliance). Therefore, simplicity of
fabrication and attainment of hardware integration
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may extend the capabilites of soft-bodied robots and
bridge the gap to their applicability in real-world
applications [9].

Soft robots are conventionally fabricated with
materials that are inherently soft. The use of such
materials enables these robots to conform to the
environment. However, a limitation of fully soft
robots is their dependence on external actuation
and power sources, such as pneumatic pumps and
batteries, thereby necessitating tethered connec-
tions that may limit operational range. In con-
trast, the incorporation of rigid elements within soft
robot structures has proven beneficial for achieving
autonomy in these systems [10, 11]. These robots,
categorized as ‘Employs Soft Matter’ in on onto-
logical classification of soft robots [12], facilitates
the integration of actuators and electronic devices
within the robot’s structure, without comprom-
ising its compliance. Similar approaches may be
followed to integrate sufficient number of actu-
ators which is required for versatile locomotion
modes.

One mode, peristaltic locomotion, is valuable
for operation in confined spaces by squizing seg-
ments which is achieved with soft actuators and soft
segments. Typically, perisaltic robots are designed
with multiple segments, each of which contains
actuators that elongate or contract sequentially [1].
For example, commonly used extensional pneu-
matic actuators generate segment elongation when
pressurized [13—17]. Similarly, actuatable materials
such as nitinol wires [18, 19] or polymers [20]
respond to heat by contracting or bending. Fach seg-
ment can have as many as two DoF if the robot can
steer.

Undulatory locomotion modes (e.g. serpentine,
sidewinding, anguilliform), which are essential for
efficient omnidirectional locomotion in open areas,
requires many segments and more bending at each
segment. Most soft robots are thus designed for one
primary mode of locomotion.

There have been successful attempts to integ-
rate soft robots with multimodal locomotion capab-
ility. 3D soft robotic snake, of which segments con-
sist of three extensional actuators, performs serpent-
ine, sidewinding and step climbing [21]. Another
example, the WSIM robot [22] which was designed
with compliant worm segments, actuated with ser-
vomotors, is capable of peristalsis and undulation.
Similarity of these examples is both designs depends
on integrated (hard) wheels in snake locomotion.
This dependance may be eliminated and locomotion
may be generated solely via soft body movements with
the integration of more and compact segments in the
body structure.

In entirely soft robots, it is not easy to scale up
the number of custom soft actuators per segment.
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Molding silicone tubes and placing fiber reinforce-
ments for pneumatic actuators [13, 23], integrat-
ing nitinol wires in soft mesh [18, 24] and prepar-
ing resistor-integrated polymers [20] require com-
plex and manual designs and fabrication processes.
Furthermore, soft robots are typically tethered to a
power source or a air/fluid pump through cables or
tubing which limit the range of motion.

Fortunately, robotic electronic components have
decreased in size in recent years such that they
are small enough to be embedded in soft robots.
Servomotors are typically the most robust and the
easiest-to-use actuators in terms of cost, reliability,
and physical simplicity and were utilized in previ-
ous studies [22, 25-27]. Servomotor control is pos-
sible using small sized microcontrollers and port-
able batteries that can be accommodated on board
the robot [22]. Our previous studies successfully
integrated servomotors with a compliant mesh body
structure of earthworm robots [28-30]. Our design
enabled studying sensor feedback [31], control of slip
[32], and speed and cost of transport optimization
[33]. Despite these achievements, the stiffness of the
mesh structure limited the bending angle in seg-
ments as well as undulation. Consequently, we have
been searching for body designs that provide a com-
bination of high compliance and secure mounting
points for electronic components such as servomo-
tors. Because a ‘confined space’ can have different
minimal passable diameters, we wanted a design that
scales. Ease of fabrication is also an important factor.
Thus, we approached the problem from a mater-
ials design perspective, leading to a metamaterial
approach.

Mechanical metamaterials are engineered struc-
tures of which mechanical properties primarily
originate from their unit cell geometries [34—
36]. Various structural configurations have been
developed to create mechanical metamaterials, such
as lattice [37, 38], origami [39, 40], kirigami [41, 42],
tensegrity [26], etc. to create unique programmable
functions like high Poisson’s ratio (v > 0.5), negat-
ive Poisson’s ratio [43], deployability [44], negative
compressibility [45], etc. For example, in our previ-
ous study, we reported an analytical model for nodal
honeycomb lattice, characterizing Poisson’s ratio and
Young’s modulus parameters, and demonstrated a
mathematical procedure providing its physical and
mechanical integration with auxetic anti-tetrachiral
lattice to create custom, shape morphing, soft-bodied
robots. With this and similar studies, lattice struc-
tures have reached the highest maturity level in the
field [35]; however, they are underutilized in soft
robotics—with a notable exception being hydrosnake
[27], of which sections was injection molded and
‘discretely assembled’ [46] with rivet connections.
Utilization of 3D printing would be more convenient
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than molding for quick development, and may result
in a robust multi-functional platform.

Here we present MetaCrawler, the first 3D printed
metamaterial soft robot capable of multiple loco-
motion modes (peristalsis, sidewinding, sideways
translation, turn-in-place and anguilliform). Our
design enables a simple, semi-automated fabrication
process to create the body structure with many com-
pact segments. Thus, the robot can perform mul-
tiple soft body locomotion without relying on assist-
ing hard-robotic components, like wheels. Enabled
by a judicious design and facile assembly of hard
and soft phases, servo actuators, batteries and elec-
tronic components are attached to the nodes in a
nodal honeycomb lattice. As a result, the robot oper-
ates untethered. Another advantage is that the speed
and passable dimensions for peristaltic locomotion
are functions of the lattice parameters, suggesting that
different designs can be printed for different environ-
ments. The robustness and scalability of this design
enabled us to provide unique demonstrations, includ-
ing swimming, retrieval of an object in a pipe, and
traversal of various mazes by combining different
modes. These demonstrations show the feasibility of
adapting this platform for future uses in search and
rescue, pipeline inspection or space missions in which
a soft robot may need to be printed on demand.

2. Design and fabrication of compliant
body structure

Our goal was to create an easy-to-fabricate soft body
that integrates all the actuation components. The soft
body needs to deform to enable the absolute value of
the effective Poission’s ratio to be large for peristaltic
locomotion [33], while the actuators need secure
attachment points with low local strain. The nodal
honeycomb, which we previously reported [47], satis-
fies these design goals with deformable ligaments and
stiff nodes (figure 1(a)).

We designed a tubular configuration of nodal
honeycomb to mimic slender bodies of limbless
animals. The structure was designed with octagonal
cross-sectional profile to maintain in-plane deform-
ation behavior of ligaments (figure 1(b)). To sim-
plify the fabrication process and create compatible
node design with servomotors, we modularized the
nodal honeycomb structure into hard nodes and soft
connectors (figure 1(c)). All components of mod-
ular nodal honeycomb structure were 3D printed
with a commercial desktop 3D printer (Ultimaker S3,
Ultimaker BV). Nodes as well as other rigid com-
ponents used in MetaCrawler are fabricated with
Polylactide filament (PLA, 3500 MPa) and connectors
were 3D printed with Thermoplastic Polyurethane
(TPU, 12 MPa). 3D printing process for all compon-
ents took 96 h with a single 3D printer. Technical
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details of the 3D printing process is available in
Supplementary Document.

Components were assembled by interlocking the
slots on the nodes with the blocks on the ends of con-
nectors via press-fit fastening (figure 1(e)). The robot
presented in this study was built with 12 segments.
Each segment of MetaCrawler body structure has 4
connectors and 4 nodes (48 connectors and 48 nodes
in total). At the standing state of the robot, nodes in a
segment are positioned as one on bottom, one on top
and two on sides.

3. System integration and control
architecture

The key to multimodal locomotion in MetaCrawler is
including high DoF provided by independently actu-
ated servomotors integrated in each segment, sim-
ilar to the way animals engage multiple muscles.
Hyper-redundant robots are typically considered dif-
ficult to make untethered because of limited space
in the body structures. MetaCrawler’s design over-
came this obstacle by accomodating the electronic
and actuation components distributed over the 48
nodes.

The nodes on the left and right sides of the body
housed the servomotors and the spools to which ten-
don strings are attached (figure 2(a)). We choose 9 g
metal geared micro servomotors (MG90S, ETMall)
for their compact size. The servo horns and spools
were placed on the motor shafts inside the nodes.
Circumferentially-running are tendons (abrasion res-
istant monofilament nylon fishing lines) which are
attached to the spools and connected to the top
and bottom nodes (figure 2(b)). When the servo-
motors rotate the spools, the tendons are pulled,
reducing the circumference of the segments on each
side (figures 2(c) and (d)). To keep tension in the
strings, the maximum segment diameter position is
designed to have an initial bias of 10% contraction
(figure 2(c)). The radius of spools is designed to
provide maximum contraction (minimum diameter)
when the servo angle reaches 180°. In other words,
semicircumference of the spool (for servomotors with
180° rotation range) must be equal with the applied
displacement range of connectors (figure 2(d), sup-
plementary document).

Control circuits and batteries, of which circuit
diagram shown in figure 2(e), are mounted on
top and bottom nodes. Further details on these
components are in the Supplementary Document.
Assembling the complete robot as shown in figure 2(f)
including body structure and system integration took
approximately 1 h and 30 min. The fully assembled
robot weighs 1.2 kg and measures 99.3 cm in length.

Different locomotion modes result from dif-
ferent sequences of actuation that travel down the
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left and right side of the robot’s body. These actu-

(c)

Modularization

Nodal honeycomb Tubular structure

connectors

Hard nodes

Assembly

Figure 1. Design and fabrication of the compliant metamaterial body. (a) The design of MetaCrawler was inspired by the
2-dimensional nodal honeycomb cellular structure of which unit cells contains nodes and ligaments. (b) Tubular form of nodal
honeycomb with an octagonal cross-section was used for body structure. (c) To simplify the design and fabrication, the structure
was modularized into nodes and connectors. (d) Connectors provide compliance to the structure and nodes facilitate actuation
and control components; therefore, nodes and connectors were 3D printed separately with hard and soft materials, respectively.
The 3D printer used in this study is an Ultimaker S3 (Ultimaker BV). (e) Nodes and connectors were assembled with press-fit
based attachment. The blocks on connector tips were connected in the slots on nodes. Dimensions of connectors and nodes are
presented in figure 3(b).

(e) Bluetooth module fy——9
mm ai b oL I

D gy

horn

\

.
Voltage

2% converter
Bias ~ =

{__. Microcontroller
A
Li-Po Battery

Covers

Figure 2. Actuation system integration on MetaCrawler. (a) Servo motors were placed on lateral nodes, and servo horns and
spools were mounted on the shaft. (b) Spools were connected to the top and bottom nodes with tendons. (c) In order to maintain
tension, tendons were placed applying a bias of 10% to connectors in expanded state of segments. (d) The diameter of spools was
set to fully contract connectors when servo angle is 180°. (e) Electronic schematics as shown were distributed along the body of
the robot and connecting wires were managed not to affect segment deformation. (f) After fully assembling the robot (sideview),
exteriors of nodes were capped with covers. The scale bar represents a length of 5 cm.

locomotion mode.
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Locomotion programs are

ation sequences are programmed in Arduino IDE
(Arduino) as while-loops which repeat the wave
propagation cycle until the operator at the com-
puter stops the sequence or switches to another

encoded in the microcontroller and remotely con-
trolled via Bluetooth communication (figure 2(f)).
Libraries used in programming are provided in the
supplementary document.
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Figure 3. Analysis of segment contraction. (a) Segments consist of nodal honeycomb unit cells which horizontally elongate under
applied vertical contraction. (b) Dimensions of geometrical features of unit cells and segments are demonstrated. Top: Front view
of a unit cell. Bottom: Cross-section view of a segment. (c) Compression tests on connectors show that the perpendicular and
lateral displacement of nodal honeycomb unit structure is non-linear. Yellow region on the plot is the deformation space which
servomotor control and generate locomotion with. Because tendons are placed in such a way that they apply a bias of a 10%

contraction on unit cells, yellow region starts from 6, = 5 mm.

At §,, = 45 mm, unit cells are fully contracted. (d) Non-linear

deformation on unit cells results in different robot speeds when different ranges of servomotor rotation are used. The velocities
from analytical predictions were compared with experiments for three servomotor rotation ranges: 0°-90°, 0°~180° and
90°-180°. Specifically, using only the first half of range (0°~90°) results in more than doubling speed. (e) The diameter of a
segment (D shown in (b)) at a specified applied displacement (d,) was analytically formulated (equation (54)) and plotted to
determine the effective servo angle at expanded state when traversing in confined channels, where speeds will need to be reduced.
(f) Locomotion speeds with six different waveforms were compared. Increasing number of waves improves speed because the
weight of contracted segments is distributed along the anchoring segments more evenly. Embedded images show top view of

MetaCrawler. The scale bar represents a length of 50 cm.

4. Segment contraction: peristaltic
locomotion

Peristaltic locomotion occurs when waves of con-
traction travel down the body. Synchronous actu-
ation of the two servomotors in a given segment
decreases in diameter of the segment while increasing
the length (figure 3(a)). This length-diameter coup-
ling underpins the peristaltic locomotion capability,
both forward and backward [48]. Accordingly, we
conducted compression tests of unit cells (figure 3(b))
to determine the relation between vertical contrac-
tion on unit cells, §, (which leads the cirumferen-
cial contraction), and the resulting lateral elonga-
tion, &, (figure 3(c)) across the full range of ser-
vomotor angles (0°-180°). Methods associated with
these mechanical tests on unit cells are detailed in
the Supplementary Document. The decreasing slope
of this line implies that the robot will move faster
when the servomotor angles move between 0° and
90° rather than utilizing the full range of rotation. An

analytical model is developed as detailed in the sup-
plementary document (equations (S1)—(S3)) to pre-
dict the velocity of the robot as a function of unit cell
elongation (d), stroke time of servomotots (T) and
the number of segments (S) and the number of con-
tracted segments (C).

We measured the velocity of the robot and
compared these results with analytical predictions
(figure 3(d)). Following the wave description con-
ventions in previous studies [28, 33] (Actuation
sequences of peristaltic locomotion modes are
demonstrated in figure S2 and example codes used
for programming locomotion are reported in sup-
plementary document), the fastest velocity resulted
from 2 x 3 peristalsis waveform (2 contracted seg-
ments per wave, and 3 waves along the body at any
time) (C = 6, S = 12). As predicted, the robot was
more than twice as fast when using the lower half
of the range of motion only (0°-90°) than when
using the upper half of the range of motion (90°-
180°). Thus, on flat smooth ground, keeping the
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Figure 4. Segment flexure and steering. (a) Flexure in a segment: Asynchronous actuation (actuating one servomotor in a
segment) results in flexure in a segment because segment elongates in only the actuated side. (b) Actuation sequence of
servomotors for turning (with 4 steering segments as an example): steering segments are asynchronously actuated segments
shown in Phase 0. The locomotion was gained with 2 X 2 peristaltic locomotion (Phase 1-6). (c) Turning radius depends on the
number of steering segments. The effect of number of steering segments were experimentally investigated and results were
plotted. Embedded images show top view of MetaCrawler. The scale bar represents a length of 50 cm.

diameter as large as possible provided faster speeds.
Specifically, from the relationship between 4, and
D show in figure 3(e), the fast peristalsis (0°-90°)
occurred at diameters from about 12 ¢cm to 10 cm.
This 2 cm change in diameter was sufficient to lift
contracted segments from the ground. As shown in
figure 3(d), the model (equations (S1)—(S3)) can pre-
dict the trends in velocities that are coherent with the
predictions by showing the same trend between selec-
ted servomotor rotation ranges. On the other hand,
the accuracy of the predictions got higher in low
speeds. We speculate that the ground friction influ-
ences motion at higher speeds. Because peristalsis is
a locomotion mode that is primarily valuable in con-
fined spaces, it may not always be possible to use the
larger end of the segment diameter range. The robot
can contract to as much as 60% of its maximum
diameter (figure 3(e)). And even at the reduced dia-
meter (e.g. within a 10 cm conduit), the robot still
locomoted, albeit with lower speeds by decreasing
the contracted segments (e.g. to 7 cm).

The unit cell behavior predicted overall robot
speed until the weight of the contracted segments
caused excessive deformation in the structure. We
demonstrated this by increasing the number of con-
tracted segments between anchoring segments for a
single wave on the body (figure 3(f)). Ideally, because
only the contracted segments are moving, increasing
the number of contracted (moving) segments should
increase the speed of the robot [33]. Experimentally,
the speed increased from 2 to 4 segments in a wave,
but when 5 segments were suspended between two
maximum diameter segments (anchors), the speed
decreases. This is because while a small number
of contracted segments can be easily lifted off the
ground, the increased weight of additional segments
results in segments dragging along the ground, a

trade-off discussed in our prior work [33]. Increasing
the number of waves reduces the effect of friction
by distributing the weight of contracted segments
along the whole robot; therefore, using waveforms
with higher number of waves results in higher speeds.

We also investigated the effect of cyclic loading on
soft connectors’ deformation behavior. Viscoelastic
characteristics of TPU caused a compressive deform-
ation resulting in ~8% of a reduction in the vertical
length of connectors that reached a steady state after
8% of the original span Y in the idle state after long
use. On the other hand, this is not a plastic deform-
ation; connectors recover after ~30 min of relaxa-
tion time. This experiment confirms that the long
use of the robot do not cause a permanent effect
on the body structure. The reason why TPU as a
lattice structure does not exhibit plastic behavior is
that applied load resulting in flexure in connectors
is significantly lower than previously reported load-
ing conditions [49]. The details of the conducted
experiment have been reported in the supplementary
document.

5. Segment flexure: steering and
undulatory locomotion modes

Steering and undulatory locomotion depend on the
body’s ability to bend [2, 50]. Segment flexure in
MetaCrawler is generated via asynchronous actu-
ation of the left and right servomotors. Contraction
on one side of a segment causes larger elong-
ation than the other, which bends the segment
(figure 4(a)). Bending generated in MetaCrawler
is measured as 15° per segment. We assessed the
turning radius of the robot with different actu-
ation sequences. We also investigated utilization
of segment flexure for undulatory locomotion. We
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Figure 5. Undulatory locomotion gained by segment flexure-based actuation sequences. Images show top view of the robot. (a)
MetaCrawler performs sidewinding with an actuation sequence forming a sine wave with the 4 right and 4 left bending segments
propagating along the body. (b) Sideways translation is achieved with two symmetric sine waves with 2 right and 2 left bending
segments propagating from the ends of the robot to the center. (c) Turn-in-place mode is programmed with two asymmetric sine
waves with 2 right and 2 left bending segments propagating from the ends of the robot to the center. (d) Anguilliform locomotion
is performed with a full-body undulation (6 right and 6 left segments). (e) Performing diverse locomotion modes, MetaCrawler

exhibits an omnidirectional movement with presented velocities and directions.

then programmed MetaCrawler to perform vari-
ous flexure-based waveforms generating sidewinding,
anguilliform, sideways translation and turn-in-place
(figure 5). Codes used for programming locomotion
modes has been reported in the supplementary
document.

5.1. Steering

First we demonstrated that segment flexure enables
the robot to change direction. On smooth flat
ground, MetaCrawler turned by bending the seg-
ments nearest the head of the robot while locomot-
ing with peristalsis. For example, steering with the

four front segments can be superimposed with 2 x 2
peristalsis, as shown in figure 4(b). The more seg-
ments were involved in steering, the tighter the turn
became (as shown by a decrease in turning radius in
figure 4(c)).

This is only one of many possible turning
strategies that can be explored with this platform.
For example, other robots have employed flexure-
based traveling waves that use bending all along the
body [51, 52]. Geometrically, it is sometimes pos-
sible to calculate actuation sequences which pre-
vent anchoring segments from slipping [53]. These
and many other combinations can be explored in
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future work as needed, especially for soft or rough
environments in which the robot cannot slide easily
across the substrate.

5.2. Mode: sidewinding

A basic undulatory waveform is a traveling wave
of four right bending, four left bending, and four
anchoring segments. This results in diagonal loco-
motion as shown in figure 5(a) in which the body does
not rotate, but translates such that when the cycle is
complete the robot takes a position which is paral-
lel to the previous position. We refer to this mode
as ‘sidewinding’ because sidewinding snakes similarly
move in a direction diagonal to the axis of their bodies
[54]. Sidewinding gait was also demonstrated by oth-
ers using orthogonal rotations to lift portions of the
body off the ground, especially in soft sand [55]. On
MetaCrawler, the expanded segments (anchors) have
a larger diameter than the partially-contracted bent
segments, reducing the surface contact on the ground
to approximate this effect. MetaCrawler’s sidewind-
ing velocity is 1.8 mm s~ !. The angle between the axis
of the body and the direction of movement is 67°.

5.3. Mode: sideways translation

In order to locomote in a perpendicular direction to
the axis of the body, two symmetric small sidewinding
waves (2 right and 2 left bending segments) start from
the ends and move to the center of the robot. The
locomotion starts with bending end segments to the
movement direction (Phase 1) (figure 5(b)). While
the undulation wave reaches central segments, end
sections anchor to the ground (Phase 3). When the
middle segments anchors, the robot pulls the central
segments to the movement direction by bending this
section in the opposite direction (Phase 5). Finally the
central section anchors to the ground and the next

cycle begins. The resulting velocity is 2.1 mm s~

5.4. Mode: turn-in-place

Having the front and back halves of the robot per-
form sidewinding, but in opposite directions, rotates
the robot in place about the normal axis to the ground
passing the center of the mass of the robot [56]. Turn-
in-place is performed with two asymmetric small
sidewinding waves (2 right and 2 left bending seg-
ments) propagating from ends to the center of the
body (figure 5(c)). The resultant angular velocity is
8.8°s 1.

5.5. Mode: anguilliform locomotion

For swimming, we implemented an anguilliform
waveform. Anguilliform locomotion is the mode of 2-
dimensional undulatory swimming waves propagat-
ing posteriorly along the length of the animal, pro-
pelling it forward [3]. Anguilliform was attained
by programming a full body undulation; a wave-
form that consists of 6 right and 6 left bending
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segments, forming sinusoidal curves (figure 5(d)).
In order to test this capability, the robot was
covered with a protective LDPE sleeve (supplement-
ary document), and placed in a swimming pool.
Anguilliform swimming was possible at a velocity
of 8.1 mm s~! with the robot floating on water
(figure 6(a), supplementary movie S1).

6. Example uses of multimodal
locomotion

We demonstrate various applications in different
environments to show that the above mentioned
modes can be easily combined to attain a range
of locomotive behaviors. Actuation sequences used
in referred supplementary movies were reported as
figures in the supplementary document.

6.1. Confined channels

A retrieval of an object in a confined channel is an
example of a potential use of MetaCrawler. As demon-
strated in supplementary movie S2, MetaCrawler
navigates in a channel which is ~10% narrower than
the expanded state of the body (figure 6(b)). The
robot approaches the target, a mouse toy, with 2 x 1
waveform peristalsis. At the target, the contraction in
the front segment is deactivated and peristalsis is per-
formed with the rest of the segments. When the head
of the robot is in position, the front segment is con-
tracted to secure the object and then held while the
robot moves backward, carrying the object. Confined
channels can also be traversed by MetaCrawler ver-
tically against gravity, demonstrating the capability of
the robot to traverse a pipe or conduit in any orienta-
tion (figure 6(c)). The radial stiffness of the metama-
terial body anchored the MetaCrawler on the chan-
nel surface. Supplementary movie S3 demonstrates
that MetaCrawler moves against gravity via peristalsis
when placed in a vertically positioned transparent
tubing. Small asymmetries in weight distribution and
surface contact caused the robot to gradually rotate
about the vertical axis but it did not impede the
locomotion. In this demonstraion, the traction was
increased by adhering rubber tapes (Scotch, 2228
Rubber Mastic Electrical Tape) on cover of the nodes.
Other non-climbing applications of the MetaCrawler
did not make use of rubber tapes because in our
experience with CMMWorm, lower friction favors a
faster locomotion [28].

Finally, we demonstrate that the combination of
locomotion modes can be used to enter confined
channels from open spaces, e.g. through a chamber
with gates at the far corners (figure 6(d), supplement-
ary movie S4). Each gait is an opening in the wall 30%
narrower than expanded diameter. The robot loco-
motes with 2 x 3 peristalsis through the first gate and
turns with 4 steering segments toward the second gate
(as in figure 4(b)). The operator adjusts the robot’s
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(a) Swimming (d) Moving towards target and (f) Sidewinding over intermittent terrain
traversing confined space [ e s O

(g) Reorienting for entering channels

‘ .,."-'~.'“-".'- l
(e) Passive turning after
n entry in confined space
(b) Retrieval in , :
conﬂned channel R | —

(h) Hairpin turn with sideways translation

—d

(i) Passive bending with combination
of gaits for short hairpin turn

-
=

Figure 6. Examples uses of multimodal locomotion. MetaCrawler was tested to observe its performance in various environments
and to demonstrate the significance of performing versatile locomotion. Videos from which the presented stills were taken are
reported as supplementary movies. (a) Anguilliform swimming was tested in a pool. The robot was covered with a LDPE sleeve to
secure electronics. The scale bar represents a length of 50 cm. (b) MetaCrawler traverses in confined channel with peristalsis and
retrieve an object. In this application, one of the end segments was used as a gripper to carry an object. (c) Radial stiffness the
nodal honeycomb segments enable the robot to climb up in a confined channel. To increase the friction, rubber tapes were added
on node covers. Outer diameter of channels shown in (b) and (c) is 12 cm. (d) The robot enters in a chamber and move towards
far corner via turning when required. It passes through the exit which is ~30% narrower than the diameter of the robot.

(e) T-mazes are challenging for limbless robots because of 90° turns. MetaCrawler can turn the head and tail in the desired
direction to make the entry to the channel. After entry, the robot performs regular peristalsis to continue the gait without
requiring additional turning actuation because the soft body structure passively turns itself. (f) Moving on intermittent terrains
are difficult with peristaltic locomotion because the rectilinear motion requires the axis of the robot body to be close to the
horizontal gaps which is a fall risk. Sidewinding enables continuous contact with the terrain without falling. (g) Turn-in-place is
an efficient locomotion to reorient the robot to take position for entering channels. (h) Sideways translation enables the robot to
move in the perpendicular direction of the body axis. This locomotion is efficient for hairpin turns. (i) When a hairpin turn is too
short to perform sideways translation, custom actuation sequences can be programmed for to enable the robot to continue the
gait. Actuation forces bend the compliant the body structure to take sharp turns in limited spaces to maneuver. Length of bricks
shown in (d)—(i) is 20.3 cm.

direction until the tip enters the second gate. Then
the robot locomotes with 2 x 3 peristalsis through the
second gate. This demonstrates that unlike for a rigid,
non-slipping robot little planning is required because
the robot passively adapts.

6.2. Maze demonstrations

6.2.1. T-mazes

Within a maze, the robot can make even tighter
turns than in open spaces because of passive bending
of the soft body (figure 6(e), supplementary movie
S5). This is important because infrastructure con-
duit networks often have 90° intersections. In the

first example, the channel width is 20 cm and yet
the turning mode in figure 4(b) is effective to access
the side passage even though the unobstructed turn-
ing radius is much larger at 75 cm (figure 4(c)).
The turning mode is only required at the beginning
of the turn, and then the peristalsis mode is effect-
ive at carrying the robot through the turn due to
passive compliance. The robot also can back-up and
continue moving in the original direction. In nar-
rower channels (12 cm), the same process takes addi-
tional time (an additional 60%) and more precise
control. The strategy we found effective was keeping
the front steering segments bent while peristaltically
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locomoting with remaining segments (1:10-1:15 of
supplementary movie S5). Then the robot can use
peristalsis to slide the rest of the body past the sharp
90° corner (1:15-1:56).

6.2.2. Intermittent terrain

Terrains with intermittent support (e.g. rough sur-
faces, floor grates, traction features, gaps between
platforms) can cause a robot to fall or get stuck. Here
we show that the robot can use a combination of
peristalsis and sidewinding to traverse gaps that are
close to the diameter of the robot (supplementary
movie S6, figure 6(f)). Peristalsis (2 x 3) is effect-
ive to move perpendicular to the gaps and sidewind-
ing enables motion parallel to the gaps. Note that the
operator adjusts the position to keep the robot on the
terrain.

6.2.3. Reorienting for entering channels

Not all channels intersect at right angles, the turn-in-
place mode can save time adjusting the position of the
body if, for example, multiple channels lead into a lar-
ger chamber, as we show in figure 6(g) and supple-
mentary movie S7.

6.2.4. Hairpin turns

Finally, we wanted to show passive bending in the
sharpest possible turns in which the channel changes
direction 180° (a.k.a. a hairpin turn). If there is room
for the tail to clear the wall that separates the two dir-
ections, the robot can simply switch from a peristaltic
mode to the sideways translation mode and back
(figure 6(h), supplementary movie S8). However,
even in a shorter hairpin turn, in which there is only
half the length of the prior example, MetaCrawler can
passively fold to make a turn (figure 6(i), supplement-
ary movie S9). The bend is initiated by steering into
a corner with peristalsis. Then an undulatory mode
with 2 right and 2 left bending segments quickly folds
the front of the robot against the back wall until the
tail is clear of the separating wall. Then the tail of
the robot leads peristaltic locomotion, and the body
straightens as it exits.

7. Discussions and conclusions

In this study, we built a soft robot body structure
through 3D printing and discrete assembly [46] of
modular nodal honeycomb [47] in a tubular form
which combines hard nodes and soft connectors
(figure 1). Soft connectors provided compliance to
the structure while hard nodes enable on-board integ-
ration of servomotors, batteries and control circuitry
(figure 2). We have shown the mechanical beha-
viour of nodal honeycomb unit cells and how their
deformation profile is utilized to estimate the speed
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and passable dimensions of confined spaces with
peristalsis (figure 3). We also demonstrated turn-
ing and undulatory locomotion modes resulted from
various flexure-based actuation sequences (figures 4
and 5). Finally, we demonstrated the utility of mul-
timodal locomotion in addressing potential chal-
lenges (figure 6).

An important aspect of this study lies in employ-
ing a lattice structure as a soft robot body, offer-
ing a simple design and fabrication process despite
its sophisticated functionality. The modular design
strategy enabled an easy fabrication process which
can be performed by any 3D printer. Press-fit-based
discrete assembly of 3D printed nodes and connect-
ors minimized manual labor. Therefore, this concept
offers scalability for different applications and cus-
tomizability for different objective functions. On the
other hand, the design is dependent on the size of ser-
vomotors. This concept can be scaled down for smal-
ler servomotors but it cannot be further miniaturized
for applications like gastrointestinal robots.

The ease of fabrication also faciliated the addi-
tion of segments to the robot more easily than previ-
ous designs, enabling the investigation of multimodal
locomotion. Table S1 presents comparable previ-
ous soft robots with their actuation systems, loco-
motion modes and segment lengths. This comparison
demonstrates how locomotion versatility is related to
the number of segments and segment length. The seg-
ment length of MetaCrawler is 34% shorter than the
closest counterpart which provides a better control
in body position and enable performing more loco-
motion modes (table S1).

Having short segment length in limbless robots
is important for efficient locomotion. Importance
of segment length is especially realized in steer-
ing and undulatory locomotion. For example, com-
pared to our previous design, CMMWorm-S [53],
MetaCrawler generates 35% higher bending per seg-
ment. On the other hand, when the bending is cal-
culated per unit length, MetaCrawler generates 2.5
times higher bending because the segment length
in MetaCrawler is 40% shorter than CMMWorm-S.
(table S1).

A major advantage of the nodal honeycomb
is accommodating the entire actuation system on-
board. Our approach enabled integrating commonly
used hard robotic tools in a compliant body struc-
ture. Utilization of servomotors, control circuits, and
batteries both simlified programming locomotion
modes and learning the operation of the robot.

The analytical model predicted the trends in
experimental velocities faithfully for different peri-
stalsis patterns under varying servomotor rotation
ranges. However, there were discrepancies between
the model and the experiments at higher speeds
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which we speculate to result from friction effects that
the model does not account for. Integrating friction as
a parameter in a mathematical model characterizing
the speed of the robot requires considering the mag-
nitude of deflection in contracted segments caused by
the gravity. Although this can be determined with a
finite element analysis, the complexity of the lattice
geometry makes the mathematical modeling signific-
antly challenging.

The actuation system in this design applies
dynamic loading on soft connectors and tendons,
which may raise concerns for long-term use. Our
investigation confirms that the viscoelastic property
of TPU causes a compressive deformation after pro-
longed use. Although this is not a permanent plastic
deformation and the connectors recover over time
after operations cease, this may affect the speed
because the connectors cannot regain their original
expansion state during locomotion. This issue can be
eliminated by using materials which are resistant to
viscoelastic effects; however, the current state of com-
mercial soft filaments cannot offer an alternative for
TPU. On the other hand, the tendons, which experi-
ence cyclic tension, do not exhibit significant deform-
ation. Another concern may arise from damage due
to the friction that occurs between the nodes and ten-
dons. Despite the fact that no damage was observed in
the nodes and tendons, this concern could be mitig-
ated by placing PTFE tubing at the tendon entry holes
on the side nodes. Considering that this concept is
compatible with scaling up, lubrication may be neces-
sary for larger versions of MetaCrawler.

The major limitation in our demonstrations is
that they are all limited to planar motion. Although
the segment contraction enables the robot to raise
the structure from the ground, it is not sufficient
to climb over obstacles. Three-dimensional move-
ment can be addressed with addition of actuators
on top and bottom nodes, and modification in the
nodal honeycomb structure to satisfy structural stiff-
ness requirements in future versions of the robot.
On the other hand, even the current prototype can
be helpful for certain usage. For example, as sup-
plementary movie S2 shows, the robot can be used
to retrieve objects by utilizing segment contraction
as a gripper. This ability can be useful for pipeline
or sewer maintenance. Especially a network of lines
where branching of pipes, or diametral variations in
transition points would be suitable for MetaCrawler.
Similarly, the robot can carry lightweight objects effi-
ciently which can be used to transport medication to
victims in disaster zones.

The next stage of this research includes test-
ing the MetaCrawler in real-world environments.
Unpredictability of unstructured environments
requires the robot to have versatility in locomotion.
Although the demonstrations in supplementary
movies are not unstructured environments, they

11

Y Dikici et al

exhibit certain challenges which the robot must over-
come to continue its travel. Unstructured environ-
ments, for example wreckages after earthquakes,
combine multiple challenges in the same mission.
Therefore, the ability that MetaCrawler demonstrates
in especially supplementary movies S3, 5 and 9 will be
extremely useful. Similarly, military surveillance and
reconnaissance missions may require travels on both
ground and water. Therefore, having both terrestrial
and aquatic locomotions will be helpful to complete
tracks.

Another improvement which needs to be done
is securing electronics from environmental damaging
factors such as dust, soil, mud, etc. Although we integ-
rated a sleeve on robot’s body for the swimming
tests, we observed that it is not compatible for on-
ground locomotion. The research will continue to
develop a skin for the robot which does not affect the
locomotion.

The robot demonstrated both multimodal and
omnidirectional locomotion. Bioinspired peristalsis,
sidewinding, anguilliform locomotion as well as
derivate sideways translation and turn-in-place were
implemented by programming the robot with spe-
cific actuation sequences of servomotors. Although,
previous studies have reported hard robots with mul-
timodal undulatory locomotion modes [57], current
study presents a robust alternative with structural
compliance as well as easy fabrcation.

As being the first metamaterial-based, untethered
soft bodied system with multimodal locomotion,
MetaCrawler is an important improvement in limb-
less soft robots. Its features make it suitable for vari-
ous applications, including search and rescue opera-
tions, pipeline inspection, undersea explorations, and
space missions. As we look to the future, potential
enhancements include integrating more motors for
3D locomotion, utilizing continuous servomotors for
larger segment contraction ranges, and sensor integ-
ration. The ease of use and the broad range of poten-
tial applications position MetaCrawler as a prom-
ising innovation with translational potential in the
soft robotics.
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