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Abstract— This paper presents AquaMILR+, an untethered
limbless robot designed for agile navigation in complex aquatic
environments. The robot features a bilateral actuation mech-
anism that models musculoskeletal actuation in many anguil-
liform swimming organisms which propagates a moving wave
from head to tail allowing open fluid undulatory swimming.
This actuation mechanism employs mechanical intelligence
through programmable body compliance, enhancing the robot’s
open-loop maneuverability when interacting with obstacles.
AquaMILR+ also includes a compact depth control system
inspired by the swim bladder and lung structures of eels and
sea snakes. The mechanism, driven by a syringe and telescoping
leadscrew, enables depth and pitch control – capabilities that
are difficult for most anguilliform swimming robots to achieve.
Additional structures, such as fins and a tail, further improve
stability and propulsion efficiency. Our tests in both open water
and laboratory models of 2D and 3D heterogeneous aquatic
environments highlight AquaMILR+’s capabilities and suggest
a promising system for complex underwater tasks such as
search and rescue and deep-sea exploration.

I. INTRODUCTION

The development of novel underwater robots offers
promising solutions for a variety of applications, includ-
ing deep-sea exploration, search and rescue, infrastructure
inspection, environmental monitoring, and underwater con-
struction. Among these, autonomous underwater vehicles
(AUVs) have been extensively studied, demonstrating their
reliability and efficacy for basic tasks. However, their tradi-
tionally rigid design can hinder performance in confined or
cluttered environments [1].

Beyond traditional AUVs, various other types of underwa-
ter robots have been developed to address these challenges
across different application scenarios [2]–[7]. Moreover,
bio-inspired designs have significantly improved swimming
speed and capability for specific tasks [8]–[14]. Despite
advancements in bioinspired and engineered designs, many
underwater robots still struggle with agility and robustness
in cluttered or dynamic aquatic environments [1], [15].

Limbless robots have emerged as a promising solution
for navigating complex terrains, particularly in confined
terrestrial spaces, thanks to their hyper-redundant body struc-
tures [16]–[18]. Inspired by anguilliform swimmers such as
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Fig. 1: The aquatic limbless robot AquaMILR+ designed for loco-
motion in complex and cluttered environments. (A) Full robot as-
sembly, featuring a modular self-contained untethered architecture.
(B) AquaMILR+ navigating a laboratory obstacle-rich environment
(vertical posts).

eels and sea snakes, limbless robots have shown potential
for similar applications in underwater environments [19]–
[23]. However, while their many degrees of freedom offer
precise body modulation, they can also introduce challenges–
most current limbless underwater robots lack sufficient depth
control and passive body compliance, limiting their ability to
effectively navigate dynamic and obstacle-rich environments.

In this paper, we introduce AquaMILR+ (Fig. 1), an
untethered, limbless underwater robot designed to overcome
these challenges (building upon previous works [16], [24]).
AquaMILR+ incorporates a bilateral actuation mechanism
inspired by the musculoskeletal movements of anguilliform
swimmers, allowing for open-loop obstacle navigation abil-
ities via anisotropic body compliance. In addition, the robot
features a completely waterproof design as well as a depth
control system that enables 3D control of the robot in open
water, whereas in our previous work on AquaMILR [24], the
robot remains on the water surface. Our evaluations show
that AquaMILR+ can self-propel in both open-water and
cluttered environments, demonstrating promise for a wide
range of applications, including search and rescue, marine
exploration, and environmental monitoring.
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Fig. 2: Detailed design of AquaMILR+. (A) An assembly of 4 modules with 3 joints. (B) The electronics module contained within the
head module, features onboard power, a single-board computer, and a waterproof power switch. (C) An internal diagram of each module
and inter-module enclosure, including the depth control and cable-driving servo motors, cable routing, and revolute joint. (D) The primary
waterproofing method between modules, including a gasket seal to clamp modules with in between O-ring.

II. ROBOT DESIGN

A. Design overview

AquaMILR+ is an untethered cable-driven undulatory
robot with full control over body shape and depth, featuring
programmable body compliance (Fig. 2A). It has a body
length of 1 m, with 4 primary modules and 3 joints. The
robot’s fully waterproof design includes completely onboard
power and communication enclosed in the head module, and
a distributed depth control system in each module. It also
holds appendages including multiple fins, a tail, and ventral
rollers for effective in-water propulsion and stability.

Mass Single Module: 0.68 kg
Full 4 Module Robot: 6.15 kg

Dimensions 10 cm Diameter
101.3 cm Length

Power 11.1 V, 1.0 A (normal operation)

Communication Wi-Fi (external)
RS-485 Serial (internal)

Depth >1.52 m (maximum depth tested)

Sensing Individual cable length and tension
Leadscrew position

Actuation Cable Motors: 1.4 Nm (stall)
Leadscrew Motors: 0.92 Nm (stall)

TABLE I: AquaMILR+ specifications and ratings.

B. Module components

Each of the primary resin-printed modules is 100 cm
in length and 10.8 cm in diameter. Inside each module
lays a PLA insert which serves as the attachment point
to all components in the module assembly. This insert is
hollowed out, filled with 2-mm-diameter lead balls, and

sealed, creating a form-fitting weight to achieve neutral
buoyancy. Additionally, the insert has bottom-side cutouts
for twin syringe-leadscrew assemblies for depth control. On
the top-side, it has mounts for the cable-driving servo motor
and the depth-control servo motor (Fig. 2C).

On the outside of the modules, each side has four mount-
ing holes in the resin holding screw-to-expand threaded
inserts allowing for easy fastening of fins on all sides. On
the bottom side, a set of four low-profile acrylic rollers
are attached to provide anisotropic ventral friction allowing
AquaMILR+ to effectively move on the seabed and hard
ground [25]. The pectoral fins on the sides are helpful for
robot stability and pitch control in relatively open-water areas
but can be removed to allow dense obstacle navigation.

C. Waterproofing

AquaMILR+ features a robust, waterproof design which
allows for safe operation at depth. External module casings
and mating parts were made from resin on the Elegoo Saturn
3 Ultra MSLA 3D printer, preventing the possibility of water
seepage through layer lines. The primary sealing method is a
flange-gasket system, where each side of the module casings
has a gland to hold an 8.9-cm-diameter O-ring (Fig. 2D). The
connecting ring includes an 8-screw circular pattern which
clamps against the O-ring, providing even pressure.

These connecting rings are a part of the inter-module
enclosure, which includes an 8.9-cm-diameter PVC flex-duct
ventilation tubing fixed to the resin connecting ring on each
side for a total length of 15 cm (Fig. 2A). These parts are
fixed and sealed together using 3M Marine Adhesive Sealant
5200 at their intersection. On top of these seals, an 8.9-cm
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stainless steel hose clamp is fastened as a mechanical con-
straint taking any potential load off of the sealant. Flex-duct
tubing was selected because of its extensibility, essential to
allow the collapse of one side and the extension of another as
the joint bends. Its spring steel reinforcement maintains the
structure of this flexible membrane, resulting in a relatively
constant volume through different depths to not dramatically
influence buoyancy. This inter-module enclosure offers a
simple watertight solution for wiring between modules as
well as joint actuation solution does add volume (and thus
requires extra mass for neutral buoyancy) to the system,
the extra space allows for the depth control system, weight
storage, and a reliable static seal.

D. Bilateral cable actuation

To enable locomotion, AquaMILR+ includes a bilateral
actuation mechanism, leveraging a dual pulley-cable system
at each joint (Fig. 2C). Each module contains a Robotis
Dynamixel 2XL430-W250-T dual-axis servo motor with a
10-mm-diameter pulley connected to each axis. In between
each module is a single-degree-of-freedom revolute joint,
where a male and female PLA component are fastened to
their respective module inserts and held together by an M4
shoulder bolt with wingnut. Additionally, this joint assembly
features detachable PLA cable guides to relieve tension on
the resin components. Rikimaru braided fishing line (800
N strength) is tied to each pulley and routed through their
respective joint’s cable guide and connecting rings, ensuring
the calculated cable path. The cable is finally tied to the
opposite connecting ring on the next module allowing the
two cables to control the angle of the revolute joint between
each module.

E. Power and communication

Different from the other modules, the head module con-
tains all of the power and communication components
(Fig. 2B). When combining this with the RS-485 serial
communication protocol used by all of the Dynamixel servo
motors, AquaMILR+ maintains 3 wires running along its
body length with a simple disconnect at each joint. This
structure enforces the modularity of the design, where to
extend the robot length or disassemble it for servicing,
modules can be simply connected in series to one another.

On this electronics tray, there are four main boards tightly
packed in the head with an 11.1 V 1000 mAh LiPo battery
fixed to the first joint. This battery provides its full voltage
to the servo motors through the Robotis power distribution
board and then splits off to a voltage regulator that outputs
5 V, protecting the rest of the electronics. From here, 5 V
is provided to a Raspberry Pi Zero 2W which serves as
the main computer for AquaMILR+, containing the relevant
libraries and sequences. The Raspberry Pi is then connected
to the Robotis U2D2 motor control board, which handles
the bulk motor reading and writing commands with RS-
485 serial communication protocol. With this power setup
and consumption of around 1.0 A under normal operation,
AquaMILR+ can run continuously for one hour before

A

B
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leadscrew Secondary

leadscrew

Outer casing
Primary stage

Secondary stage

Water inlet

Fig. 3: Self-contained depth control system. (A) A telescopic
leadscrew design for syringe activation, granting extra stroke in
a compact space. (B) The water channel used by the syringes to
change AquaMILR+’s buoyancy.

requiring battery replacement. External to AquaMILR+, the
Raspberry Pi connects through Wi-Fi to an external computer
so that the operator can remotely control the untethered
robot via remote desktop (RealVNC) Finally, the battery
is wired in series with the main power switch mounted
on the outside top surface of the rounded head attachment
(Fig. 2B). This switch also includes a visible LED allowing
visual confirmation of activation and battery life. On top of
this switch, there is a silicone cover cast from Smooth-On
ECOFLEX 00-35 Fast. This is sealed over the switch with
J-B Weld Marine Epoxy allowing the switch to be externally
activated without compromising AquaMILR+’s seals.

F. Depth control system

Through the use of local fluid exchange with surrounding
waters [12], [26], AquaMILR+ features a self-contained
depth control system that maintains a constant external vol-
ume. This is accomplished through the use of a dual-syringe
water exchange system in every module which connects to
open water just underneath the modules (Fig. 3B). The robot
mass was carefully calibrated to achieve neutral buoyancy,
allowing a small volume of fluid displacement to impact the
robot’s acceleration. This calibration was achieved by adding
sealed packets of 2-mm-diameter lead balls in each module
and inter-module enclosure, allowing easy adjustments based
on environment or attachment changes. Syringes were chosen
due to their preferred form factor, simple actuation, and lim-
ited inertial consequences as a result of their inextensibility.
These syringes each have a 35-mL internal volume with a
24-mm diameter, maximizing the available module space.

Despite pre-existing architectures on syringe actuation [2],
traditional linear actuation systems struggle to remain vol-
ume efficient, where the primary actuator is often longer
than the stroke length needed. To avoid this and allow a
greater maximum depth acceleration of AquaMILR+, a novel
FDM printed telescopic leadscrew mechanism was developed
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(Fig. 3A). This leadscrew mechanism operates similarly to
traditional leadscrews but with a cascading secondary stage
allowing a 60% increase in stroke length in comparison. In
this design, the primary leadscrew (yellow) has a slotted key
with the secondary leadscrew (orange), effectively making
them rotationally coupled while allowing motion linearly.
From here, similarly to standard leadscrews, the primary
leadscrew is threaded into the primary stage (green). This
primary stage has 3 tabs along its circumference that mate
with slots on the outer casing (lavender), which constrains
the primary stage to move linearly upon rotation of the
primary leadscrew. The secondary leadscrew is then able
to travel linearly with the primary stage, and a secondary
stage (pink) is constrained similarly as it is threaded with
the secondary leadscrew and slotted with the primary stage.
When combined, the driving of the primary leadscrew results
in the telescoping of the mechanism’s two stages for a greater
overall stroke (see supplementary movie).

To adapt to the syringe, the outer casing is press-fit
into the syringe’s inner diameter and the secondary stage
is adapted to hold the silicone plunger (black) from the
syringe. The primary leadscrew is axially constrained with
the outer casing to keep the mechanism stable, and two of
these leadscrew assemblies are slotted and locked into each
module insert. Finally, the two leadscrew assemblies in each
module are driven by a Robotis Dynamixel XC330-T288-T
servo motor attached to a 36-tooth spur gear (Fig. 2C). This
spur gear meshes with the 16-tooth spur gear at the end of
each primary leadscrew, controlling both syringes.

III. ROBOT CONTROL

A. Bilateral body actuation

1) Suggested gait: To implement a basic traveling-wave
locomotion pattern in AquaMILR+, we employed a shape
control scheme following the “serpenoid” curve template,
originally introduced by [27]. This approach enables a wave
to propagate from the robot’s head to its tail, governed by
the following equation for the i-th joint angle, αi, at time t:

αi(t) = A sin

(
2πξ

i

N
− 2πωt

)
+ φ, (1)

where A represents the amplitude, ξ is the spatial frequency,
ω is the temporal frequency, φ is the angle offset, i denotes
the joint index, and N is the total number of joints. This
value of αi is referred to as the “suggested” joint angle.

To accurately achieve the joint angle α as defined in Eq. 1,
the lengths of the left and right cables around each joint must
be properly adjusted, ensuring appropriate shortening of both
sides (as depicted in Fig. 4A). Since we utilize nonelastic
cables, their deformation is negligible. The lengths of the left
cable (Ll) and right cable (Lr) are dictated by the robot’s
geometry, and they follow these expressions:

Ll(α) = 2
√
L2
c + L2

j cos

[
−α

2
+ tan−1

(
Lc

Lj

)]
,

Lr(α) = 2
√
L2
c + L2

j cos

[
α

2
+ tan−1

(
Lc

Lj

)]
.

(2)

Joint

LinkLink

A

B Force
Force

Force
Force Force

Force

Bidirectionally
non-compliant

Directionally
compliant

Bidirectionally
compliant

Fig. 4: Programmable body compliance through bilateral cable
actuation mechanism. (A) A geometric model illustrating a single
joint, used to determine the exact lengths of the left and right
cables necessary to deploy a specified joint angle. (B) A schematic
displaying various compliance states based on the generalized
compliance variable G. Figures adapted from [16].

2) Programmable body compliance: Using Eq. 2, we can
precisely implement body postures for lateral undulation
gaits in AquaMILR+. The bilateral actuation mechanism
offers the additional benefit of programming body compli-
ance by selectively loosening the cables. By applying the
generalized compliance variable (G), as defined in [16], we
can quantify the robot’s body compliance. The cable length
control scheme adjusts the lengths of each pair of left and
right cables (Ll

i and Lr
i ) according to the corresponding

suggested angle (αi):

Ll
i(αi) =

{
Ll
i(αi), if αi ≤ −γ

Ll
i[−min(A, γ)] + l0 · [γ + αi], if αi > −γ

Lr
i (αi) =

{
Lr
i (αi), if αi ≥ γ

Lr
i [min(A, γ)] + l0 · [γ − αi], if αi < γ

(3)
Here, the superscripts l and r refer to the left and right
cables, and γ = (2Gi − 1)A. l0 is a design parameter
to tune the amount of loosening length of the cables (for
more detail on deriving and selecting l0 refer to [16]).
According to Eq. 3, AquaMILR+ can achieve three rep-
resentative compliance states by varying G (Fig. 4B): 1)
bidirectionally non-compliant (G = 0), where each joint
strictly adheres to the suggested gait template from Eq. 1; 2)
directionally compliant (G = 0.5), where joints are allowed
to deviate to form a larger angle than suggested; and 3)
bidirectionally compliant (G = 1), where joints can deviate
in both directions, regulated by Eq. 3.

B. Depth and pitch control

As displayed in Fig. 2C and D, each of AquaMILR+’s
modules is equipped with a dual leadscrew system attached
to twin syringes which allows for swift and precise control
of the robot’s overall depth and pitch, independent from
the main body undulation. AquaMILR+’s net mass was
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carefully calibrated to be neutrally buoyant when the syringes
hold 50% of their stroke length, allowing equal capability
in diving and ascension as the syringes exchange water.
Throughout this exchange, the robot volume is assumed
constant with a changing mass. This leads to a change of
weight in each module, resulting in individual forces (weight
or buoyancy) in the respective directions. When the total
mass is greater than the neutrally buoyant mass, the robot
will accelerate downward and vice versa. This resulting
motion is opposed by drag as the robot dives through the
water column.

Additionally, AquaMILR+ has the ability to pitch its
body due to having per-module mass control. By altering
the syringe actuation percentages, the full body center of
mass can move along the major axis of the robot, creating
a moment with the buoyant force. This moment rotates
the robot until the center of mass is positioned below the
centroid. These relationships allow for both acceleration of
the robot vertically in the water column and fine-tuned pitch
control due to the precision of the servo motors that actuate
the syringes.

IV. EVALUATION

A. Open water locomotion

We first evaluated AquaMILR+’s performance in an open
water environment with a 3 m × 2 m × 0.5 m (L×W ×H)
indoor pool. In open water tests, we kept gait parameters
consistent with A = 30◦, ξ = 0.5, ω = 0.2, and φ = 0 in
Eq. 1, and we set G = 0 (noncompliant). We found that
AquaMILR+ is capable of generating propulsion through
this gait (Fig. 5A), where the robot maintained a straight
trajectory moving at 0.062 ± 0.006 m/s (mean ± standard
deviation) and 0.305±0.031 BL/cycle. Note the gaits shown
have been optimized for consistent direction and obstacle
navigation, but greater speeds can be achieved by increasing
the robot’s amplitude and temporal frequency.

To achieve turning behavior (Fig. 5A), we set the offset
φ = 20◦ in Eq. 1 to enable the robot to do a right offset
turn [28] where the remaining gait parameters unchanged as
in the straight undulation evaluations. AquaMILR+ can turn
in place with 6.21◦/s (32.1◦/cycle) within a sweeping area of
an estimated radius of 0.6 m. Note that this in-place turning
performance can be further improved by either increasing
the offset or employing more efficient gaits such as omega
turns [29].

B. Depth control experiments

The depth control system of AquaMILR+ is independent
of the body actuation system, allowing us to tune the robot’s
depth and body pitch without the concern of gait interference.
We first evaluated the depth control system alone within a
4.88 m × 1.82 m × 1.82 m (L × W × H) water tank.
During the evaluation, the syringes were slowly controlled
from empty to full of water over 20 seconds (Fig. 5B) in
which the robot was able to reach a controlled descent to a
depth of 1.52 m. This was done while the robot was loco-
moting forward, as this continuous change in volume during

A (i)

(ii)

t = 0 t = 15s t = 28s

t = 0

t = 6s
t = 11s

t = 0

t = 3s

t = 16s

t = 20s

t = 23s

B

20 cm

20 cm

Fig. 5: Demonstration of locomotion and depth control capabilities
of AquaMILR+. (A)(i) Straight locomotion across a 3-m-long pool;
(ii) implementation of a turning gait, where the robot can turn with
a tight sweeping area. (B) A demonstration of a controlled, slow
descent to 1.52 m deep while locomoting forward about 1 m.

the gait proves essential to consider, altering the buoyancy
characteristics compared to the straightened position. At this
depth, the robot was still able to quickly ascend again with
no compromise in seal integrity. Note that the 1.52 m depth
is the maximum depth we could test with the facility; the
full capability of AquaMILR+ is yet to be determined. This
demonstrated the effectiveness of the depth-control system
independent of the locomotion task at hand.

Understanding this, we then evaluated the robot’s ability to
follow more complex 3D trajectories to verify general open
water performance applicable to navigation in cluttered en-
vironments. To test this, a sequence of syringe positions was
commanded during the instructed undulation gait, resulting
in a forward motion with changing depth to follow a complex
path (Fig. 6). With these tests, AquaMILR+ demonstrated
effective open-loop locomotion in 3D aquatic environments
through independent depth and gait control.

C. Obstacle experiments

To evaluate AquaMILR+’s capability of locomoting in
cluttered aquatic environments, we set up an adjustable
lattice structure in the indoor pool mentioned previously. To
properly mount obstacles to the pool and avoid corrosion,
an aluminum frame was assembled with adjustable spacing.
Next, 7.6-cm-diameter PVC tubes were press-fit into PLA
adapters that slide and fasten onto the aluminum frame. In
this set of tests, the lattice was set up with a hexagonal
pattern with 25 cm spacing.

To verify that body compliance enabled by the bilateral
actuation mechanism (G) facilitates effective obstacle navi-
gation, we compared the performance of the robot with no
compliance (G = 0), directional compliance (G = 0.5),
and bidirectional compliance (G = 1). In experiments,
the robot was placed in identical initial positions, and the
robot was allowed to navigate the lattice until either it
made it through (marked as a success), or it completely
halted forward progress/overloaded the motors (marked as a
failure). The gait parameters were set to A = 50◦, ξ = 0.6,
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BA

4.88 m

1.82 m

1.82 m

t = 0 t = 11s t = 33s t = 37s t = 41s
Fig. 6: Evaluation of AquaMILR+ locomotor capabilities, with independent depth control during undulation. (A) The path of the robot in
the tank, showing control authority over movement direction. (B) Video frames throughout the locomotion from a front-camera view.

(i)A

B

(ii)

Failure

Success

G = 0

G = 1

t = 0
t = 43s

t = 105s

t = 200s

t = 68s

t = 0

t = 82s
t = 0

20 cm

Fig. 7: Locomotion capability test in 2D and 3D obstacle-rich
environments. (A) AquaMILR+ locomoting in a hexagonal obstacle
lattice (i) without body compliance (G = 0), where the robot can-
not traverse obstacles; and (ii) with bidirectional body compliance
(G = 1) where the robot navigates the lattice successfully. (B)
AquaMILR+ successfully navigates a complex environments with
both vertical and horizontal obstacles (front view on the left) with
body compliance (G = 1) and buoyancy control.

and ω = 0.1 throughout all trials. We observed that with
compliance (both G = 0.5 and G = 1), the robot could
navigate through the lattice whereas without compliance
the robot becomes stuck between obstacles frequently and
failed to traverse (Fig. 7A), demonstrating that mechanical
intelligence facilitated by bilateral actuation can improve the
robot’s capability of navigating obstacles without the need
of sensor or motor feedback controls [16], [24].

Further, we continued to evaluate AquaMILR+’s obsta-
cle navigation now in complex, 3D environments. Similar
rows of PVC on the aluminum frame were used, but with
greater row spacing and added lateral obstacles, forcing a
combination of locomotion with depth control to escape.
During these tests, bidirectional compliance (G = 1) was
applied, along with the same gait parameters used in previous

2D lattice experiments. Throughout the test, depth had to
be modulated such that the robot would avoid the lateral
obstacles while staying off the pool bottom to avoid the
aluminum framing. These trials successfully demonstrated
AquaMILR+’s ability to navigate 3D obstacles through its
independent depth control and body compliance (Fig. 7B).

Video clips of robot experiments can be found in the
supplementary movie.

V. CONCLUSION
In this work, we present the development of AquaMILR+,

an aquatic limbless robot designed for navigating cluttered,
obstacle-dense environments. The system demonstrates wa-
tertight integrity at tested depths, along with precise control
over body shape, depth, and locomotion direction. Addition-
ally, AquaMILR+ highlights the advantages of mechanical
intelligence through its programmable anisotropic body com-
pliance, enhancing its ability to navigate obstacles without
the need to sense its surroundings and actively tune body
shapes. The decentralized compliance strategy employed
in this platform opens the door to future advancements,
such as closed-loop gait selection and tactile sensing of the
surrounding environment.

Moving forward, we aim to further test AquaMILR+’s
capabilities in navigating cluttered environments, focusing on
both rigid and compliant obstacles in 2D and 3D settings.
In parallel, we are developing a closed-loop depth controller
that utilizes surrounding water pressure and attitude sensing
(with a pressure sensor and an IMU) to inform the robot’s
current state relative to its target depth. Further, gait pa-
rameters and body morphology (such as fin architecture)
will be tuned to increase swimming kinematic efficiency.
We will also test AquaMILR+ in deeper environments until
a significant decline in performance or seal integrity is
observed. This work showcases an effective and scalable
architecture, with potential applications in aquatic and other
extreme environments.
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