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obotic systems that can explore the sea floor,

collect marine samples, gather shallow water

refuse, and perform other underwater tasks are

interesting and important in several fields, from

biology and ecology to off-shore industry. In this
article, we present a robotic platform that is, to our
knowledge, the first to combine benthic legged
locomotion and soft continuum manipulation to perform
real-world underwater mission-like experiments. We
experimentally exploit inverse kinematics for spatial
manipulation in a laboratory environment and then
examine the robot’s workspace extensibility, force, energy
consumption, and grasping ability in different undersea
scenarios.

A six-legged benthic robotic platform, the Seabed Interac-
tion Legged Vehicle for Exploration and Research, Version 2
(SILVER2), acted as the soft manipulation system’s mobile
base. The results show that the soft manipulator’s workspace
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can be significantly extended by adding a benthic legged
robot as a mobile base. We show that this system can precisely
and effectively approach objects and perform dexterous
grasping tasks, including retrieving objects from deep aper-
tures in overhang environments. This robotic system has the
potential to scale up to make shallow water collection tasks
safer and more efficient.

Deep Sea Challenges

Oceanic exploration is considered a frontier for under-
standing our planet and its changes, searching for new
resources, sustaining populations, and even discovering
novel medical therapies. At present, however, less than
five percent of our oceans has been thoroughly
explored. Oceanic exploration can be costly, dangerous,
impractical, and logistically challenging [1]. During
recent years, demand for robots capable of underwater
exploration and manipulation has grown immensely
and is expected to continue to increase during the com-
ing decades. Researchers and marine enterprises require
reliable and low-cost underwater robots to unveil the
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mysteries of the oceans and boost the so-called blue
economy [2].

Underwater Mobile Manipulation
The two main categories of underwater robots are remotely
operated vehicles (ROVs) and autonomous underwater vehi-
cles (AUVs). ROVs are usually employed for interaction tasks,
with manipulators mounted to the main frame to facilitate
remote operation. This subcategory of ROVs, known as the
underwater vehicle-manipulator system (UVMS), is essentially
a mobile robot that performs so-called floating manipulation
[3]. This complex task requires a shared controller between
the operator and the vehicle: high-level requests from the
operator to hold a position or interact with an object are
transformed into an actuator command for a vehicles thrust
and manipulation systems. But optimal UVMS performance
is challenged by the mathematical complexity of the robotic
system, imprecise modeling of thruster dynamics, limited
sensing capabilities, and harsh and rapidly changing environ-
mental conditions [4]. Researchers have devoted considerable
attention to improving the floating manipulation and control
of UVMSs during recent years. In simulations [5], undis-
turbed swimming pools [6], and pools with a current-like dis-
turbance, researchers have demonstrated control capabilities
that have errors on the order of a few centimeters. Despite
these promising results, most ROV still need to rest on the
seafloor for stability when manipulation is required [7].
Another class of underwater vehicles, called benthic
crawlers, facilitates interaction with underwater structures,
without increasing control complexity, by maneuvering on
the seabed via tracks and wheels. They are routinely used for
heavy work duties, shallow water investigations, and long-
term monitoring despite the fact that they are limited to
substrates where tracks and wheels can be used [8]. A few
recent examples of legged benthic robots, developed to
withstand high currents [9], [10], move across uneven ter-
rain [11], operate without disturbing the environment [12],
and work in shallow water, promise to integrate the advan-
tages of benthic crawlers with the dexterity of legged robots.
With legged systems, researchers envision the possibility of
precise and swift seabed interaction without the added com-
plexity of controlling underwater stability. In addition,
improved visibility can be achieved by the benthic crawler’s
legs (compared to propellers) while performing locomotion
on sandy substrates. The actions of propellers often raise
sand particles, which can reduce visibility; in our case, pre-
cise and slow positioning of the legs could prevent this from
happening.

Underwater Soft Manipulation

A robot’s manipulator system is another essential component
to facilitate optimal underwater performance. Traditional
underwater hydraulic robotic arms and grippers are designed
for missions with heavy payloads and high levels of force [13].
These metal components are poorly suited for grasping fragile
and squishable objects. Additionally, a massive metal arm has

a large inertia, making underwater mobility challenging for a
robot in unsteady conditions. Soft materials and bioinspired
structures have immense potential to integrate flexible, light-
weight elements into manipulators to reduce the mass and
decrease the chance of damaging fragile objects. For example,
previous work on an octopus-inspired soft arm achieved teth-
ered motion under water [14], and a dexterous subsea hand
[15] has been tested as a gripper. More recently, studies on
soft robotic manipulation have begun to focus on underwater
applications [16], [17], a silicone-rubber gripper [18], a mod-
ular soft robotic wrist [19], a dexterous glove-based soft arm
[20], and a jamming gripper [21] have all been tested to grasp
delicate underwater organisms at shallow-to-deep-sea depths.
Thus, a soft manipulator—a combination of a soft arm and a
gripper—may be a practical tool for real-world mobile under-
water manipulation.

In this article, we investigate, for the first time, an integrat-
ed mobile benthic platform and a soft manipulator (Figure 1).
For the benthic platform, we use SILVER2 [22], a six-legged,
crab-inspired robot developed for exploration and environ-
mental monitoring. For the manipulator, we use a soft device
with a four-fingered soft gripper that can move in a 3D
domain and perform delicate grasping. We experimentally
employ spatial manipulation with inverse kinematics specifi-
cally for collecting tasks in a natural underwater environment.
Both systems have been separately designed and optimized to
serve as general-purpose underwater robots with locomotion
and manipulation capabilities, respectively. SILVER2 was
designed to have payload capacity for instruments, sensors,
and a robot arm. The soft arm was planned to be mounted on
underwater vehicles in a general way, and it fits SILVER?2, as
well. The possibility of integrating these two robots offers
unique opportunities for testing each system and showing the
benthic operation of robots. We hypothesize that fusing a
benthic platform and a soft manipulator will combine the
advantages of both innovative solutions for underwater oper-
ations.
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Figure 1. SILVER2 and its soft manipulator collecting a plastic
bottle from the seabed. Scale bar: 15 cm.
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Experimental Platform

The SILVER?2 platform has several promising features, includ-
ing efficient aquatic walking ability, underwater self-stabiliza-
tion, and functional payload capacity for supporting the soft
arm. SILVER2 was previously introduced in [12] and is briefly
reviewed here for the necessary context. It consists of a central
body with six articulated legs. The body is an open frame
structure composed of two vertical plates connected by hori-
zontal beams. Two main canisters (pressurized cylinders)
mounted on the frame contain the battery pack (with a 300-
Wh lithium polymer battery) and all the electronic compo-
nents of the system (excluding cameras and actuators),
respectively. A third auxiliary canister, with a transparent
dome and two cameras, is attached to the front. The cameras
are fixed to an actuated gimbal with two degrees of freedom
(DoF). Floating foam and weights are attached to the frame to
balance the system and obtain a weak negative buoyancy.
Extra weights can be added to achieve a desired wet weight,
depending on the nature of the mission. In the present study,
the wet weight of the robot, including the manipulator, was
44kg.

Each leg is composed of two links and three actuators. The
links are square aluminum bars, and each actuator is encapsu-
lated in its own dedicated canister. The first actuator (the coxa
motor) controls the yaw [g; in Figure 2(a) and (b)] of the leg
compared to the main body and is fixed to the main frame.
The second actuator (the femur motor) is mounted close to
the first and attached to the shaft of the first through an alu-
minum connector. The second and third actuators (the tibia
motor) move the two-leg segments on the vertical plane [with
angles g, and g3, as shown in Figure 2(c)]. The second seg-
ment is connected to the third actuator shaft through a tor-
sional elastic joint that is tuned to achieve the behavior
predicted by the underwater spring-loaded inverted pendu-
lum (USLIP) model, as in previous multilegged
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Figure 2. SILVER2's leg kinematics. (a) One leg's geometries, with
a reference frame centered on the shaft of the coxa motor. All
motors are represented as shadowed cylinders. Auxiliary views
are reported in (b) and (c). Plane (r, z) in (c) is also called the
coxa plane: its orientation around the z-axis is given by gy, while
the leg's position within the coxa plane is defined by angles g,
and gs.
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implementations [11]. The elastic joint and the third actuator
form the serial elastic actuator (SEA) of the leg [23].

SILVER? is capable of static and dynamic locomotion.
Static gaits are preprogrammed walking cycles for which the
operator can choose the direction, speed, and other parame-
ters. Dynamic locomotion is based on a hopping gait accord-
ing to USLIP dynamics [24]. The operator can select key
locomotion parameters on a computer, and self-stabilizing
open-loop cycles ensure terrain negotiation. Due to the short
distance required for the present analysis, only static walking
gaits were employed. Each of the second segments of SIL-
VER2’s legs has a foot. A foot consists of an encapsulated
piezoelectric disk and a hammer-hinge mechanism that com-
presses the piezoelectric component on contact with the
ground, which sends a signal to the electronics canister. All
canisters are connected with flexible underwater wires and
penetrators.

A cable connects the platform to a floating buoy equipped
with a Wi-Fi antenna to connect the operator and SILVER2.
For all the present tests, a mechanical interface component
was added to enable the addition of the soft arm. The arm
was fixed at the top left of the structural frame. An additional
underwater camera was mounted on the top right to provide
visual feedback for the arm’s operator.

SILVER2 Kinematics

For convenience, this section briefly summarizes SILVER2’s
kinematics and control; for further details, consult [12]. Using
Figure 2(a)—(c) as a reference, the (x, y, z) position (see Fig-
ure 2 for the notation) of a SILVER2 leg is derived from direct
kinematics:

x = (lo+12cosqa+ I5c08(g2 — q3)) cosq1 — licos
y=(lo+hcosqa+I5c0s(q2—g3)) sing: — lisinq
z=lsingy + I3sin(q2 — q3).

(1a)
Angles are retrieved by inverse kinematic equations:
L=/x +y2
B = atan2(y, x)
y = atan2(ly, yI* = I7)
r=Lcos(y)—lo
m=yr+z (1b)
Q=B
_ G+m>—13 >
q> = acos( 2m +atan2(z, 1)
=n- acos(—l% —m + 13 >
_q3 2615

where [ and [, are the lengths of an L-shaped connecting ele-
ment that links the coxa motor to the femur motor and the first
segment of the leg, [,. Eventually, link /3 connects the knee of
the leg to the foot. The DoF are the angular quantities

Authorized licensed use limited to: BEIHANG UNIVERSITY. Downloaded on November 05,2020 at 04:34:01 UTC from IEEE Xplore. Restrictions apply.



This article has been accepted for inclusion in a future issue of this journal. Content is final as presented, with the exception of pagination.

41,92 q3 and L, B, v, r, and m denotes simple auxiliary geo-
metrical quantities that are easily derived from Figure 2(a)-(c).
In Figure 2, r is an auxiliary axis that defines the plane of the
second and third segments of a leg. Since this plane is defined
by the coxa angle g1, we refer to it as the coxa plane. The femur
and tibia motors move the leg within the coxa plane (1, 2), as
shown in Figure 2(b). (The femur and tibia actually belong to a
plane parallel to the coxa plane since segment /; produces a
normal translation.)

By exploiting the relationships in (1a) and (1b), we imple-
ment a walking gait as linear trajectories (stance phases) fol-
lowed by arcs (gliding phases) executed continuously by all
the feet [see Figure 2(b)]. Feet trajectories are defined by two
parameters: the elevation of the arc z; and the linear distance
on the ground dy. Additional parameters can be selected to
define different gaits, such as the elevation of the body from
the ground, the width of the stance, the period required to
execute the foot trajectory, the phase difference among leg
activations, the duty factor of the walking motion, and the
walking direction [12].

Soft Manipulator Kinematics

The soft manipulator is designed and fabricated for underwa-
ter grasping; its structure is shown in Figure 3. It primarily
consists of three soft actuator modules and one soft gripper as
the end effector and also has 10 pneumatic chambers there are
three bending segments, and each has three chambers. The
end effector four-fingered soft gripper is actuated by a single
air inlet. The soft actuator modules and the soft gripper are
modularly assembled by 3D-printed connectors and universal
pneumatic joints. The soft manipulator is 435 mm in length
(the soft arm is 310 mm, and the gripper is 125 mm) and 48
mm in diameter, with a total mass of 2,050 g in the air (210 g
in water).

The inverse kinematics of soft continuum robots have
attracted researchers’ attention for a long time [25]-[27].
Here, we propose a rapid inverse solution based on the
opposing actuation pattern [28]. We positioned the second
soft actuator module to be a mirror image of the first seg-
ment. This optimized design simplifies the inverse kinematics
modeling: by actuating opposite chambers in the first two
segments, the segments generate the same curvature but in
opposite directions, thus forming a sigmoidal “S” shape [Fig-
ure 3(a)]. Because of this structural design, the attitudes of the
two bending segments are directly related. As a result, solving
the inverse kinematics of a soft manipulator with opposing
bending curvature requires computing only geometric func-
tions when modeling the whole manipulator, so less compu-
tation time and fewer hardware resources are necessary. This
actuation coupling reduces the modeling complexity of the
soft manipulator.

When solving the inverse kinematics, we resolve the
transformation from the given end effector coordinate
{x3, 3, 23, 03, 3} to chamber length {I;}, then to chamber
pressure {p;}, where the transformation is from the task
space to the joint space, and, finally, to the actuation space.

More specifically, {p;} represents the pressure within the
chambers, and {/;} indicates the chamber lengths, where, for
pij and [, the indexes i = 1,2,3 and j = 1, 2, 3 refer to the
ith segment and the jth chamber. In addition, the initial
length of the chambers {/;jint} and constant parameter d could
be measured before initiating actuation.

The constraints of our kinematics modeling were

01 =0,
pr=¢2tm

(1)
n=n

Li=hi(i=1,2,3).

As discussed previously, the manipulator has five DoF in
coordinate space {xs, y3, 23, 03, @3} and six independent
chambers {ln (lzl), L1 (lzz), li3 (123) and 31, I3, 133}. To obtain
the chamber lengths (six outputs) from the coordinates (five
inputs), we implement another constraint condition for the
inverse kinematics: at most, two chambers in the third seg-
ment are actuated at the same time, and at least one chamber
in the third segment remains at its initial length.

With this constraint, the first step of this approach is deter-
mining which chamber of the third segment should not be
actuated. Based on the geometric relationship shown in Fig-
ure 3(c) and (d), we developed an equation that represents the
initial lengths regarding the arc parameters {rs, @3, 63}:

(L31ine = 03131 = 03 (13 — d sin @3),

if%<(ps<5?”

Loine = 03130 = 63~ [1’3 + dcos<(/73 - %)],
i 1
22 < gy < 32 (1d)

I33int = 03133 = 03 - [1’3 - dCOS<¢3 + %)],

if37”<(p; <2mor0<g; < %
By combining the given end effector coordinate
{x3, 3, 23, 03, 3} and (1d), we can obtain the value of r3
and 0. Then, based on the geometric relationship shown
in Figure 3(a), we developed another equation from the
given coordinates:

x3—73(1 — cos03) cos 3

X1 = > =r1(1 —cos61)cos g
—13(1 — cos0s3) sin
y1= ys =1 2 2)sings =r1(1 —cos61)sing;
_ Z3—138in03 _ .
zZ1 == = r18in 0.

(1e)

In (1e), only 71, @1, and 6, are unknown. Combining (1d)
and (1e) enables 71, @1, and 61 to be analytically solved. Next,
the calculated arc parameters {r;, ¢;, 6;} provide all the cham-
ber parameters {ln, liz, li3}:
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lh =06; (ri—dsin qo,')

lp = 6,--[r;+ dcos(@-%)]

li3 =0; [T’i - dCOS((pi + %)]

Thus, we obtained a specific inverse transformation from
{x3, V3 23, 03, 503} to  {li(l21), li2(l22), l13(123), I31, I32, 133}
Adding a calibrated pressure length relationship [Figure 3(e)]
enables us to calculate the driving pressure {pi, pi, pis} from
the chamber length {111 (121), l12(l22), 113 (123), 131, l32, 133} to
complete the model-based control.

Considering the influence of the rigid interface and buoy-
ancy in the underwater environment, laboratory tests were
carried out to compensate for the angle loss by adding a

(1f)

pneumatic pressure offset for each chamber to ensure that the
opposite-bending S shape is maintained. In the calibration
process, we use a parameter a to adjust the air pressure in the
bending segments,

pi=a-p;+b, (1g)
where p; is the pressure of the jth chamber in segment 1 and
D2 is the pressure of the jth chamber in segment 2. This equa-
tion is fitted with the experimental calibration. The experiment
suggests, that when a = 1.02 and b =—0.89 (linear fitting
R*=0.9996), (1g) works for the pneumatics actuation. As a
result, the first and second segments of the soft manipulator
achieve the expected orientation, i.e., the S-shape bend.
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Figure 3. (a) A digital rendering of the soft manipulator. (b) A schema of the soft manipulator. (c) The geometric schematic of
the bending segment of the constant-curvature soft manipulator. (d) The geometric functions in a bending segment, where ¢; is
the deflection angle around the z-axis, 6; is the curvature angle around the y-axis, and r; is the curvature radius. (e) The simulated
workspace of the soft manipulator. (f) The programmed trajectory paths based on the inverse kinematics method. Dashed lines
indicate the helical-shaped trajectory, red dots denote the connection between chambers, and blue curves represent the time
histories of soft arm movements during the tracking process. (g) The chamber lengths of the bending segments as a hysteretic
function of the actuation pressure (0-60 kPa) in pressurization (red) and depressurization (blue).
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The simulated workspace of the manipulator is displayed
in Figure 3(f). The result shows that the manipulator can
operate within a 3D space with a length of 500 mm, a width
of 520 mm, and a height of 304 mm. The soft manipulator is
actuated and controlled via the multichannel pneumatic con-
trol system presented in Figure 4. This system generates a sep-
arate pressure for all 10 pneumatic chambers, according to the
inverse kinematic model. This system was offboarded and
above water during all tests. Pneumatic tubes connect the sys-
tem and the soft manipulator.

Experimental Protocols

We experimentally verified our system through a bottom-up
approach that ended with mission-like trials. Protocols from
A to C tested specific capabilities—the manipulator’s force
and precision—that could be compared with state-of-the-art
results from traditional underwater robots. We further con-
firmed the systems effectiveness through two additional pro-
tocols, D and E, which aimed to 1) collect varied and fragile
objects from the seabed and 2) manipulate objects in con-
fined spaces, respectively. All experiments were performed in
real shallow water mission conditions in the Tyrrhenian Sea,
on the seabed at a specific depth of roughly 1.2 m, and all tests
were repeated at least five times.

Force Protocol

The first protocol aimed to measure the maximum pulling
forces generated by SILVER2 and the soft arm system [Figure
5(a)]. Similar to conducting a vertical bollard pull, only static
vertical pulling forces were measured in this study. For all
tests, a hemispherical rubber handle was fixed close to the
ground. The handle was attached to a load cell connected ver-
tically to a plate. The plate was firmly anchored to the seafloor
by a substantial amount of lead weight. The load cell was then
connected to a force gauge (PCE_FM1000). For each test, the
robot was manually positioned above the handle to ensure the
vertical alignment of the arm and the correct gripper position.
The test was interrupted when the maximum force value was
reached or when the gripping failed. The highest force value
was then recorded.

Since the robotic system can generate pulling force by
either actuating the arm or extending the legs, we tested dif-
ferent configurations to highlight different capabilities. In
configuration A, we measured the pulling force of the legs
alone. The gripper was actuated to hold the handle, and then
the legs were quickly extended (~200 mm/s) to generate a
pulling force. In configuration B, we measured the maximum
pulling force of the arm alone (~50 mm/s) while SILVER2
maintained a static position. In configuration C, we measured
the interaction of the two main systems: the gripper grasped
the handle, and the arm and the legs jointly performed a pull-
ing action. In configuration D, we replicated the configuration
A design but with the legs extending slowly (~50 mm/s).
Finally, in configuration E, we connected SILVER2, without
the arm, directly to the handle with a not-extensible wire. SIL-
VER2’s movements were monitored by an operator, and the
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Figure 4. The multichannel pneumatic control system for the soft
manipulator. (a) The framework of the system. (b) The hardware
of the system, which contains a vacuum pump, 10 proportional
valves, and 10 air pressure sensors.

arm movement was controlled with a camera mounted on the
SILVER2 platform itself.

Workspace Protocol

The workspace protocol focused on measuring the enlarge-
ment of the manipulator workspace when it was mounted on
SILVER2. In this protocol, SILVER2 and the manipulator
grasped an object from a lower platform and released it in a
target area at a height of 37 cm [Figure 5(b)]. The test consist-
ed of two steps: first, SILVER2 was placed in front of the plat-
form, and the soft manipulator grasped the object from the
lower platform. Second, SILVER2 extended its legs without
walking, and the manipulator executed several movements
(~50 mm/s) to release the object at the target location. Specifi-
cally, the legs were elongated to gain approximately 20 cm in
the vertical direction. Releasing the object on the target could
be considered a success. The error was measured as the dis-
tance between the center of the object and that of the red, cir-
cular target. We also tested the performance of the soft
manipulator without SILVER2. We placed the soft manipula-
tor alone in the water tank and performed the same soft
manipulator routine: moving an object from the bottom of
the target area. Then, we measured the maximum height of
the target area to which the soft manipulator could reach and
release the object.

Mobile Pick-and-Place Protocol
This protocol [Figure 5(c)] was used to measure the perfor-
mance of the whole system in a typical mobile manipulation
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task. It enabled us to estimate the precision and effectiveness of
the combined SILVER2-manipulator arm system. The test
began with the arm grabbing the target object (a shell) and lift-
ing it from the platform. Then, SILVER2 initiated a lateral walk-
ing gait (~150 mm/s) to reach the target zone, which was 2 m
from the starting point. Once the target was within the work-
space of the arm, the arm was actuated to place and release the
object onto the target plate. The system’s performance was eval-
uated by measuring the distance between the center of the object
and that of the red circle for each trial. Releasing the object on
the target plate could be considered a success.

Collecting Litter and Objects
With this protocol, we aimed to qualitatively assess the sys-
tem’s performance during a typical collection mission, either

(d) (e)

Figure 5. The experimental setup for different protocols conducted on the seafloor
(depicted here as a dry environment for demonstration purposes). The (a) force protocol,
(b) workspace protocol, (c) mobile pick-and-place protocol, and (d) and (e) confined
environment protocol. The robot's initial position is represented by a labeled square.

Scale bar: 15 cm.
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to perform seabed cleaning or retrieve a fragile biological

specimen. The selected test objects were a hard silicone sea-

shell; an eggshell, which simulated a fragile biological speci-
men; and three pieces of common trash found on the

seabed: a plastic shopping bag, a plastic bottle (0.5 L), and a

nylon fishing net (400 cm?). Additionally, the net was tested

in an entangled condition: a small rock (0.35 kg) was posi-
tioned directly in the middle of the net and placed onto the
seabed.

The system’s performance was evaluated by verifying
whether the equipment was capable of completing the task.
As is shown in Figure 6, the following steps were carried out
and evaluated.

1) Approaching the object: The system
should move roughly 2 m until the
object is within the arm’s work-
space.

2) Grasping the object: The arm should
retrieve the object from the seabed
and firmly hold it against hydrody-
namic disturbances.

3)Releasing the object: The gripper
should be able to open its fin-
gers to allow the object to fall
freely.

4) Collecting the object: The target
object should be stored in the side-
mounted basket.

Collecting Objects in
Confined Spaces
In this protocol, we investigated wheth-
er our soft manipulator could retrieve
objects from confined spaces and
whether its light weight and compliance
would be beneficial for underwater
manipulation. Two tests were carried
out to estimate the performance of the
manipulator in a confined underwater
environment. The first focused on col-
lecting objects from a half-open box
[Figure 5(d)]. The object and a real-
time underwater camera (transmitting
images via cables) were placed on the
bottom of the box, and half of the box
was then covered by a metal plate. The
grasping task was executed in three
steps:

1) SILVER2 was placed in front of the
box, with the manipulator fully con-
tracted, and it extended its legs to
ensure that the manipulator was
above the box.

2) SILVER?2 lowered its legs, and the
manipulator was able to reach into
the box.

Target Area
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3) The manipulator grasped the object via the arm inverse
kinematics model and took the article out of the box.

The performance during this test was evaluated by measuring

the length of the opening area and verifying whether the sys-

tem successfully grasped and collected the object.
The second test was carried out to collect objects

from a simulated overhang environment [Figure 5(e)]. A

transparent plate was fixed to a frame to create an overhang

barrier, and the object was placed on the seabed. The grasping
task consisted of two steps:

1) SILVER2 was placed in front of the frame, with the soft
manipulator fully contracted.

2) The manipulator grasped the object using the soft arm (via
the inverse kinematics model) and took the object from
beneath the overhang.

The system’s performance was evaluated by measuring the

height of the plate and verifying whether the manipulator suc-

cessfully grasped and collected the object.

Results

We conducted all experiments in realistic sea conditions, on
both cloudy and sunny days without rain. The average depth
of the robot for all tests was approximately 0.8 m; a pressure
sensor placed beside one of the canisters recorded the actual
depth of the body, which was above the seabed. A movie of
the experiments is available in the supplementary video,
which can be found on IEEE Xplore.

()

Force Experiments
Figure 7 conveys the results of the force tests. By evaluating dif-
ferent components separately and together, we were able to
determine the relationship between the system’s energy con-
sumption and exerted force. The arm alone can exert a signifi-
cant pulling force of roughly 16 N, on average (Figure 7b),
using only the manipulator’s pneumatic chambers. As a reac-
tion to the pulling force, the legs required additional thrust to
the motors to hold a static position, which led to a slightly
increased energy consumption (electrical power from ~30 to
~36 W). This result can be directly compared to the power
consumption of intervention AUVs (I-AUVs), which, like SIL-
VER?2, have onboard batteries. Experiments from 6-h opera-
tions of the Girona 500 show an overall energy consumption
(during underwater transects and without actual arm interac-
tion) of 1,026 Wh, with 570 Wh powering the thrusters and
the remaining 456 Wh considered to be hotel energy. In the
case of SILVER?2 with an attached arm, operating (e.g., pulling
an object) for 6 h will drain only 180 Wh of energy from the
legs’ motors, of which 35 Wh are required for SILVER2 to
stand without operating. The advantages of benthic systems
compared to hovering ones in terms of energy consumption
are intuitively clear, and our reported results suggest possible
energy savings of up to one order of magnitude.

Using the legs and the gripper [Figure 7(a)], we recorded
a momentary but significant reduction in the average pull-
ing force (8 N) and a corresponding increase in the power

Approach
! rget

Figure 6. An example of fragile object collection. (a) The robot starts a few meters away from the object and (b) moves close enough
so that the object (c) is within the arm’s workspace. (d) The soft manipulator grasps the object via the inverse kinematics model and
(e) moves it into (f) the onboard collection basket. Scale bar: 15 cm.
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demand (roughly 132 W) for less than 1 s (0.8 s). The
increase in the power consumption is consistent with a
quick activation of the 12 motors to raise the body. The
reduction in the pulling force is related to the opening of the
soft gripper, which, subject to high acceleration, is not capa-
ble of conforming to the handle and establishing a firm grip.
By using the arm and the legs together, we recorded a pull-
ing force of 15 N [Figure 7(c)], similar to that achieved by
the arm alone. By activating the arm first, the robot posi-
tioned the gripper in a suitable grasping position, so the
subsequent activation of the legs fully exploited the potential
of the gripper. By activating the legs very slowly and allow-
ing the soft gripper to conform well to the handle [Figure
7(d)], we recorded an average force of approximately 18 N,
confirming that slow acceleration enables a greater pulling
force. In this case, the power consumption was reduced to a
maximum value of roughly 96 W, even though the motion
was maintained for 6 s, with an average power draw of 70 W
[Figure 7(c)-(d)].

We also measured the power consumption of the soft
manipulator (while grasping a shell with a size similar to the
one that had been gripped on the seafloor) in the laboratory
water tank. The system’s power was recorded every 5 s by a
power meter device (Zhejiang Shixin Electric). We calculated
the average power consumption of the soft manipulator by
recording data for 40 s. We also repeated each experimental
scenario five times to acquire the mean value. The pneumatic
control system’s average power consumption was 25 £ 1 W.
This result highlights a less-studied aspect of using a soft grip-
per for underwater grasping. Most existing research examines
novel actuation methodologies, modeling, sensing, and fabri-
cation methods. Our results indicate that the arm’s speed and
acceleration greatly influence the maximum grasping force. In
addition to underwater operations, this finding may be par-
ticularly relevant for factories, warehouses, and other indus-
trial settings that require quick handling.

Finally, the pulling force of the legs was measured by
directly connecting a cable between the force sensor and

Force (N)
W
o

,,,,,,,

Figure 7. Typical results of the force protocol. The different experimental conditions are as follows: (a) the quick action of the legs
and the gripper, (b) the arm movement alone, (c) the combined action of the legs and the arm, (d) the slow action of the legs and
the gripper, and (e) the action of the legs alone (with a direct connection between the force sensor and the robot body). The power
consumption, depth, tilt, and force of the robot are reported in the different rows of the figure. The force is given as a box plot of all
collected data. The blue, pink, and yellow backgrounds represent the grasping, pulling, and releasing phases, respectively. Identical
time windows are shown in the supplementary video, which can be found on IEEE Xplore.
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the robot’s body, without the involvement of the soft arm.
Theoretically, the stall torque of the motors (3.8 N-m)
exerted on a tibia length of approximately 0.35 m should
result in a force of roughly 65 N for all the legs together.
Actual measurements from experiments reported an
average force of 44 N [Figure 7(e)]. The ratio between
the measured and nominal forces is roughly 0.68, con-
sistent with the expected losses from a servo motor sys-
tem. For underwater vehicles, even with optimized blade
designs, the efficiency would be reduced by the propeller
efficiency to approximately 0.8 [29]. For an optimized
AUV, the overall power efficiency for 7-N navigation is
reported as 0.49. It is a reasonable expectation that direct
transmission would slightly increase the force manage-
ment and possibly exert a higher force on the environ-
ment. However, an ROV of comparable size to SILVER2
(the BlueROV2) demonstrates a nominal bollard vertical
thrust of between 69 and 88 N. Without the necessary data
for comparison, we can assume that the force and power
consumption of SILVER2’s legs alone fall between those of
asmall ROV and an [-AUV.

150

Workspace Protocol

An intrinsic advantage of mobile manipulation is that loco-
motion enables the manipulator workspace to be extended.
Our protocol investigated vertical extensions first, as shown in
Figure 8. In this case, the robot moved into a starting position
and initiated a test. Compared with the soft manipulator
working alone, we found that the vertical workspace of the
soft manipulator increased 85% (from 20 to 37 cm) when it
was integrated on SILVER2. With an average release error of
6.1 cm, the arm was capable of placing a portion of the shell
in the red target area. Such an error is comparable to remotely
controlled tests performed in the swimming pool [6], where a
yellow tube was grasped during a collection task. In that
example, precise positioning was not required if the mission
was satisfactorily completed.

In previous work [5], simulations were performed for
button-pushing and valve-turning tasks. The reported
alignment error and the gripper and button modeling were
slightly better than our present results. However, our results
suggest that the button-pushing task could be accom-
plished, even with our average placement offset. In [30], the
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Figure 8. The results of the workspace protocol. The (a) power consumption, (b) SILVER2 depth, (c) body orientation and (d)
placement error distances, representing all data collected during the experiments. (e) The yellow, pink, and purple backgrounds
represent the grasping, standing, and releasing phases, respectively. (f) The object placement results. Scale bar: 5 cm.
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authors report good results for the end effector positioning
within an experimental tank and under a monodirectional
simulated current. In that experiment, six cameras and
Qualisys Track Manager (QTM) software were employed to
evaluate the system’s underwater pose. With an error of
approximately 5.8 £ 3 cm, the experimental results demon-
strate very accurate mobility and positioning. It is worth
noting that the testing conditions presented in our experi-
ments are poorly represented in the existing literature. All
related work either accomplishes the target task through
simulation or in controlled environments, such as a swim-
ming pool or a tank. It is correctly reported in [30] that the
position error via the QTM is difficult to obtain in field
conditions, so the reported performance could vary signifi-
cantly among different underwater environments.

Mobile Pick and Place

Compared to the results of the workspace protocol, the per-
formance decreased in the horizontal workspace extension
during an evaluation known as the pick-and-place test. In all
attempts, the robot succeeded in bringing the target within

the manipulator workspace (i.e., between the legs). During
the release, we observed an average error of roughly 15.7 cm
[Figure 9(d)]. This result enabled us to place the object in the
desired area but not always within the red, circular target. We
observed a primary reason for this decrease in the perfor-
mance: disturbances on the benthic platform and the soft
manipulator. SILVER2 does not have closed-loop station-
keeping control, and we did not modify the position of the
robot when unexpected currents significantly shifted it from
the desired final location. With respect to the arm, although
we never observed significant displacements, small vibrations
may have impaired the release speed and increased the error.

It is worth mentioning that, in one trial, the shell was acci-
dentally released during the walking phase from the starting
point to the target area. This happened when we tested a fast-
er walking speed (20 cm/s) and induced additional shaking in
the arm. All the remaining trials were performed at an
approximate walking speed of 5 cm/s. It is also worth remark-
ing that all tests were conducted in conditions with relatively
poor visibility that limited the details the underwater cameras
could provide.
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Figure 9. The results of the mobile pick and place. The (a) power consumption, (b) gripper depth, (c) body orientation, and (d) object
placement offset distances, representing all the data collected during the experiments. (e) The yellow, pink, and purple backgrounds

represent the grasping, standing, and releasing phases, respectively.
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Litter and Fragile Object Collection

The results of this protocol are presented by object type. We
qualitatively report (Figure 10) the binary success/failure of
approaching, grasping, releasing, and collecting each object.
The whole set of tested objects was successfully approached
and grasped. The legs did not induce disturbances on the
objects themselves, and the arm was capable of gripping and
lifting the articles. Objects with a defined and solid shape (the
plastic bottle, eggshell, and silicone seashell) were also posi-
tively released and collected. Objects that significantly
deformed, namely, the plastic bag and the fishing net (proto-
cols C and D), posed significant challenges for the gripper.
Even though the objects were successfully released in some
situations, in most trials, they got tangled in the gripper’s fin-
gers. The prevention of a proper release also impaired the col-
lection into the onboard basket. In addition, we tested the
system’s disentangling force by placing the net below a large
rock [Figure 10(f)]. In this case, the gripper was able to grasp
the net, the legs helped disentangle the net by increasing the
vertical workspace, and the motion eventually freed the net
from the robot. In this case, the net was easily released by
using a clear pinching grasp.

Collecting Objects in a Confined Space

This final protocol showcased the soft arm’s ability to navigate
and grasp in confined spaces. Given the rigid part of the
manipulator’s nominal size of 12 cm, we tested how well we
were able to collect objects in a confined space. The

e

~ i’

Plastic Bag

| )

! «—Egg Shell E

(b)

minimum height of the overhang [Figure 11(a)] under which
the robot succeeded in retrieving an object was 17 cm. The
arm alone was sufficient for this task. During the box test
[Figure 11(b)], the arm successfully negotiated a minimum
14-cm aperture. In this case, the legs controlled the vertical
workspace to enable the arm to reach the most distant part of
the box and helped move the object outside the box once the
item was grasped. Without assistance from the legs, the arm
released the shell after trying to force its way out of the con-
fined environment.

Discussion

Our study investigated the interaction between a completely
soft arm and a legged robot in a real-world underwater envi-
ronment. In this section, we discuss the experimental results
of the underwater manipulation, including both force and
precision, and the application of those features for more com-
plicated mission-like underwater experiments.

Simplifying the Soft Manipulator’s Inverse
Kinematics Problem

Solving higher-order nonlinear equations and training a prac-
tical kinematics model in oceanic environments remain chal-
lenging [28]. In this article, we proposed a simple and inverse
kinematics solution for a soft manipulator—the opposite-
bending S shape. The structure design offers advantages for
the kinematic modeling of the manipulator since the attitudes
of the two bending segments are directly related. As a result,

oach
L |

-
Appr

Figure 10. The results of the litter and fragile object collection protocol. The color of the marker in the table denotes a successful
(yellow) or failed (red) step of each test. Different objects, such as (a) a seashell, (b) an eggshell, (c) and (f) a net, (d) a plastic bag,
and (e) a plastic bottle, were used during the experiments. Scale bar: 5 cm.
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solving the inverse kinematics of the soft manipulator with
opposing curvature requires computing only geometric func-
tions when modeling the whole manipulator. Compared with
the previous opposite-bending-and-stretching structure mod-
eling method [28] (with a computational time of 8.2 ms), the
computational time (11 ys) of the current modeling method
is notably shortened.

Meanwhile, with the addition of the bending of the third
soft segment, the workspace of the current soft manipulator
(500 mm in length, 520 mm in width, and 304 mm in height)
is greatly enhanced compared with the previous version (260
mm in length, 240 mm in width, and 220 mm in height).
Therefore, this method enhances the practical use of the
manipulator for underwater grasping in the natural environ-
ment. Note that there is a tradeoft between the reduced defor-
mation configuration space and the computational complexity.
This tradeoff depends on the application backgrounds. We
expect that this method will have a broader range of applica-
tions in the future: it may shed light on the modeling of other
soft continuum robots that use actuation approaches other
than pneumatic, such as tendon-driving manipulators, origa-
mi-structure-based manipulators, and so forth [31].

Protocols A-C
In all three scenarios, data were collected in uncontrolled sea
conditions, with waves ranging from 5 to 15 cm. The

_-Over Cliff

Figure 11. The results of undersea grasping in confined spaces.
(a) The simulated overhang environment, where h is the height
of the overhang. (b) The simulated enclosed environment,
where / is the length of the opening. Scale bar: 5 cm.
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experiments were conducted at an average depth of roughly
80 cm. Drag forces, depending on the wave motion and the
water speed, were constantly influencing the performance of
the system. Furthermore, the tests were performed only a few
meters from shore, which increased the hydrodynamic dis-
turbance. Although the pitch, roll, and yaw of the robot were
somewhat affected by these disturbances, the compliance of
the arm and the gripper compensated for this to some extent.
Eventually, the experiments assessed the system performance
in real-world conditions, which demonstrated the effective-
ness of the presented solution.

The results of these protocols highlight how the robotic
system was capable of exerting significant forces comparable
to those obtained with an I-AUV or a small ROV but with
significantly decreased power requirements. However, our
benthic approach exhibits limitations related to long-range
(kilometer-range) mobility. We expect benthic vehicles to
complement AUV operations in small, defined areas where
more accurate exploration and intervention tasks are
required, while AUVs will remain the preferred choice for
wide-area screening. Additionally, the soft arm benefited
from operating from a stable base, and, even with real sea dis-
turbances, effectively manipulated objects within a target area.
A benthic mobile robot from which active controls can be
executed seems to be a practical enhancement for UVMSs.
The soft arm alone is able to exert significant force, with the
qualitative advantages of grasping adaptation and high dex-
terity. The gripper design [32] could be improved to exploit
the full potential of a pneumatic arm: a stiffness-changing
solution, as presented in [33], could possibly improve both
the strength and the compliance.

Protocols D-E

Tasks such as collecting objects from the sea bed require
precise locomotion, arm dexterity to collect and place
items, enough force to lift and free entangled objects, and a
delicate touch from the gripper. The objects selected for
protocol D represented a small variety of heterogeneous
yet relevant categories: fragile objects, plastic litter, and
solid articles. The confined spaces prepared for protocol E
also represent possible man-made environments where
similar tasks have to be performed. Results from these two
protocols highlight the positive interaction between the
legged system and the soft arm. The thruster dynamics of
other systems may displace low-density target objects and
damage fragile ones. With the current approach, we were
able to select a slow operating speed that barely affected
the environment and enabled the robot to precisely
approach a target object.

In protocol D, the uncontrolled lowering motion of the
legs at the end of the walking phase influenced the arms final
position, which suggests the adoption of other stopping strat-
egies, but, in all experiments, the robot was capable of placing
the object within the arm’s workspace and retrieving objects
from the seabed. There were some unexpected problems dur-
ing the object release. We recognize that quasi-floating,
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low-density objects, such as plastic bags and fishing nets, are
unique articles and poorly investigated. The dexterity
required to free the gripper from ensnaring objects (i.e., those
that wrap around the gripper fingers) is not present in our
current solution and in other grippers. We believe that, as
robotic hands and grippers face increasingly complex tasks,
the release problem may be the subject of further research.

Eventually, costly and dangerous tasks that human div-
ers currently perform, such as turning valves, replacing
components, and pushing buttons in confined spaces and
cluttered environments, will become common applications
for underwater robotic systems. However, even these
apparently simple tasks are complex for underwater robots,
and, to our knowledge, no attempts have been made to ana-
lyze underwater manipulation in confined environments.
Our tests, although straightforward, conceptually highlight
the benefit of a continuum soft arm for underwater envi-
ronments. Contact with side walls did not impair the task
completion, and the dexterity of the arm and gripper most-
ly compensated for disturbances and inaccurate positioning
of the robot.

Furthermore, with the contribution of a mobile base, it
was possible to retrieve objects from even very deep and nar-
row apertures. In constrained environments, where the arm
alone was unable to exit, the robot’s legs could effectively
retract the arm from the aperture. Unexpected contact was
damped by the passive elastic components of the arm, which
helped maintain the stability of the system as a whole. A rigid
solution would require computation and sensing capabilities
that are often not available for underwater systems.

Conclusions

To our knowledge, this article is the first to document a syner-
getic robotic system composed of a benthic legged platform
and soft continuum manipulator performing real-world
underwater mission-like experiments. We examined the
workspace extensibility, force, energy consumption, and
grasping ability of the robot under different experimental sce-
narios. We found that the soft manipulator’s workspace could
be significantly extended by adding a benthic legged robot as
a mobile base. The robot precisely approached and collected
objects without disturbing the undersea environment, which
is a common challenge for traditional screw propeller-driven
ROV systems. The robot could also retrieve objects from deep
apertures in overhang environments. One current limitation
is that the soft manipulator and legged robot are controlled by
separate systems. In the future, we aim to develop a robot
with a fully integrated control system for both the soft contin-
uum manipulation and the benthic legged locomotion.
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