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Abstract

An underwater manipulator is essential for underwater robotic sampling and other service operations. Con-
ventional rigid body underwater manipulators generally required substantial size and weight, leading to hin-
dered general applications. Pioneering soft robotic underwater manipulators have defied this by offering
dexterous and lightweight arms and grippers, but still requiring substantial actuation and control components to
withstand the water pressure and achieving the desired dynamic performance. In this work, we propose a novel
approach to underwater manipulator design and control, exploiting the unique characteristics of soft robots,
with a hybrid structure (rigid frame+soft actuator) for improved rigidity and force output, a uniform actuator
design allowing one compact hydraulic actuation system to drive all actuators, and a novel fully customizable
soft bladder design that improves performances in multiple areas: (1) force output of the actuator is decoupled
from the working depth, enabling wide working ranges; (2) all actuators are connected to the main hydraulic
line without actuator-specific control loop, resulting in a very compact actuation system especially for high-
dexterity cases; (3) dynamic responses were improved significantly compared with the counter system without
bladder. A prototype soft manipulator with 4-DOFs, dual bladders, and 15 N payload was developed; the entire
system (including actuation, control, and batteries) could be mounted onto a consumer-grade remotely operated
vehicle, with depth-independent performances validated by various laboratory and field test results across
various climatic and hydrographic conditions. Analytical models and validations of the proposed soft bladder
design were also presented as a guideline for other applications.
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Introduction

Underwater sampling is essential for the scientific
study of marine life.1,2 Conventionally, at least four

experienced divers are needed for underwater sampling in the
shallow depth water within the photonic zone,3,4 especially in
tropical waters with prominently vibrant biodiversity.5

Considering the high risk and physical limitations for divers
in the highly dynamic underwater environment, remotely

operated vehicles (ROVs) and autonomous underwater ve-
hicles are actively developed and widely used for underwater
exploration and intervention.6,7 However, underwater ma-
nipulation, with primary focuses in underwater intervention
with physical interactions, remains highly challenging, with
most commercially available underwater manipulators with
either primitive dexterity (1–2 DOFs) or heavy/bulky toward
heavy duty applications. The rigidity of conventional rigid
body manipulators also makes it very difficult for handling
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soft and fragile aquatic specimens. Also, high pressure hy-
draulic actuation and control systems, often heavier and
bulkier than the manipulators themselves, are generally re-
quired to drive such systems under the water pressure at the
working depth.8–10 In this case, a substantially large under-
water platform is required to provide underwater mobility for
such manipulators and the corresponding actuation systems.
The escalated size, weight, cost, and serviceability are sig-
nificantly restricting their wider applications.

Soft robotic offers a new approach to underwater manip-
ulation compared with conventional rigid-bodied robots.11–15

In particular, the inherent adaptation and waterproofing of
soft actuators are ideal for grabbing delicate and flexible
objects underwater,16–18 inherited from cable-driven19 and
biomimetic approaches.20–23 Fluidic elastomer actuators also
work well in underwater applications, in terms of continuum
structures,24 hybrid structures,25 and even modular struc-
tures,26 tested in a high pressure environment equivalent to
2300 m depth. Three-dimensional printed soft robotic ma-
nipulators have also been proven highly successful in deep-sea
operations,27,28 tested for more than 2200 m depth,29 offering
much better compactness and inherent compliance than rigid
manipulators for delicate underwater sampling.

However, the state-of-the-art solutions are still compro-
mised between compactness, lightweight, and dexterity,
mainly due to the hydraulic actuation and control compo-
nents for existing soft manipulators are still similar with those
of rigid manipulators: (1) for dexterity, multiple actuators
require dedicated pressure-regulation feedback loops; (2) for
working depth, matching actuation pressure is required to
counter the ambient water pressure at the working depth; (3)
for fast response time, a high power actuation unit is often
needed. Some efforts have been made to address the limita-
tions, from a compact pneumatic system with chemical re-
actions (not applicable for underwater application)30 to
jamming grippers with ambient water pressure compensation
for object picking with primitive dexterity.31,32 In particular,
an accumulator was made by Phillips et al.33 to both counter
ambient pressure and increase the flow rate in the actuation
level. A spring was used in the accumulator to hold ambient
pressure and provide an increased flow rate. Therefore, to
achieve compact, lightweight, and fast response simulta-
neously, innovations are required in the actuation and control
systems on the developing stage.

In this work, a novel hybrid underwater manipulator
framework is proposed, characterized, and demonstrated,
with uniform soft actuator design and soft bladder hydraulic
actuation (Fig. 1), achieving dexterity, compactness, depth
independence, and fast response, by using two compensating
soft bladders (CSBs) in the hydraulic actuation system.
Complete works on the mechanical design, analytical mod-
eling of the CSB and soft actuators, as well as prototyping
work are presented, together with various test results in con-
trolled- and open-water environments in different field sites in
the tropical areas with various hydrographic conditions.

The main contributions of this work are the proposed
multipurpose CSB concept and the overall soft manipulator
actuation and control approach based on it, achieving a un-
ique combination of experimentally verified characteristics
distinguishing from the state-of-the-art solutions: (1) high
compactness, with CSBs, the entire prototype arm with 15 N
payload and 4-DOF dexterity, weighed 2.5 kg (including

battery and electronics), and could be mounted onto a rec-
reational ROV platform; (2) depth independence, uniform
force output performance across the entire working depth
range, irrelevant of ambient water pressure changes; (3) im-
proved dynamic response, nearly twice faster response by
using CSBs in the hydraulic loop.

Results on the prototype manipulator are highly promising
for a dexterous, compact, and lightweight soft robotic ma-
nipulator with nearly uniform payload and dynamic perfor-
mances across the entire designated working depth range.
Following this approach, recreational-grade ROVs could be
equipped with easy-to-carry and easy-to-use soft arms,
leading to mass applications in both diver assistance and
underwater operations.

Conceptual Design and System Overview

Design requirements

The targeted design of a soft robotic manipulator for
general underwater sampling and manipulation tasks is de-
sirable to be compact, easy-to-operate, with large working
depth range, while also being responsive and task-capable.
These rather contradicting features are depicted in the fol-
lowing design requirements:

(1) Compactness. The complete self-containing under-
water system supporting the manipulator should be
able to fit a consumer-grade compact ROV, signifi-
cantly more compact than existing underwater ma-
nipulators. Therefore, conventional hydraulic tanks
should be eliminated, and compact pumps/valves are
preferred over conventional compressors/cylinders,
with minimalistic actuation and control hardware.

(2) Large working depth range. With the limited pressure
range from the compact hydraulic components being
used, ambient water pressure becomes a vital factor
to the hydraulic performance. Special measures are
required to ensure the operation and performance of
the soft manipulator being independent of the work-
ing depth.

(3) Fast response. Fast response and tracking capability
are critical for the dynamic tasks of sampling and

FIG. 1. The proposed underwater manipulator with soft
bladder-based hydraulic system mounted on a consumer-
grade ROV. ROV, remotely operated vehicle. Color images
are available online.
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manipulation. Considering the limited flow rate and
response time for the compact actuation components,
special measures are required to improve the dynamic
response.

(4) Soft arms. Considering the complex underwater en-
vironmental factors and the inherent compliant fea-
tures for soft robots, an easy-to-carry and easy-to-use
soft arm is needed for underwater sampling tasks.

Underwater manipulation system overview

The proposed underwater manipulation system was largely
modified compared with conventional hydraulic underwater
manipulators (Fig. 2) to meet the design requirements. The
key features are as follows:

(1) A CSB-based control strategy is used to minimize the
use of pumps, valves, and control hardware. Com-
pared with conventional underwater manipulators
that use individual control loops for each actuator, the
proposed hydraulic system only has two control loops
for all the actuators used in the manipulator. As the
two CSBs are linked to all the actuators, they act like
pressure control units. Also, the CSBs can protect
actuators from exceeding the maximum pressure
threshold by presetting the working pressure ranges.

(2) The two CSBs are exposed to ambient water to bal-
ance ambient water pressure. In this case, the pumps’
working pressure is independent of ambient water
depth. Compared with the accumulator used by
Phillips et al.,33 which used a spring to hold ambient

FIG. 2. Comparison between the conventional underwater manipulation system and the proposed CSB-based manipu-
lation system. (a) The conventional underwater manipulation system. The whole system is isolated from ambient water so
that an oil tank is needed as a liquid source. At least one high power hydraulic pump is required to counter ambient water
pressure. High power actuation units are also needed for fast response, and each actuator requires an individual feedback
loop for dexterous and accurate control. (b) The proposed underwater manipulation system. Only electronic components are
sealed. A liquid source directly comes from ambient water, and both CSBs and actuators are exposed to ambient water,
ensuring that the ambient water pressure is balanced. All the actuators are controlled by the inlet and outlet control loops
compactness and simplicity. The improved dynamic response can be achieved by using the elasticity of the two CSBs. CSB,
compensating soft bladder. Color images are available online.
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pressure, the two CSBs naturally counter ambient
pressure, taking advantage of the inherent compliance
of soft robots. In this case, the water depth factor can
be removed in the developing level.

(3) The inherent flexibility of the two CSBs is used to
achieve fast dynamic responses and tracking capabil-
ity. By setting a working pressure range for the CSBs,
pressure differences will be generated between the
CSBs and the actuators. In this case, water comes from
the pumps can be released with a much larger flow rate.
Also, by tuning materials and wall thickness using the
analytical model proposed in the Design and Modeling
of CSBs and Actuators section, the CSBs can be cus-
tomized for different applications.

(4) Modularized actuator design is carried out in the
underwater manipulation system. As soft actuators’
pressure can be controlled by two CSBs and corre-
sponding valves, sensors are not necessary for each
actuator. In this case, only valves and actuators need
to be added into the system when calling for more
degrees of freedom (DOFs). Also, the modular design
helps keep the compactness of the system when DOFs
are added.

The proposed CSB-based hydraulic control framework

The proposed hydraulic control framework shown in
Figure 3 serves multiple purposes including system com-
pactness, wide working depth range, and dynamic perfor-
mance. The hydraulic system consists of eight valves (2.5 W
each), two pumps (7.2 W each), two CSBs, two pressure
sensors, and one control unit. The maximum power con-
sumption is 34.4 W, which is less than half of the power
required for standard underwater manipulators.33 For the sake
of waterproofing and compactness, all the electronic com-
ponents are put into four acrylic tubes. The four tubes are

100 mm in diameter, and the length ranged from 140 to
250 mm. Overall the whole system, weighted 2.5 kg, can be fit
into a 400 · 500 · 250 mm box. The two pumps are connected
with two CSBs separately, and ambient water pressure is
balanced as the CSBs are exposed to ambient water. Three
actuators on the joint correspond to six valves, the rest two
valves are connected with the two actuators on the gripper as
these two actuators move simultaneously. All the actuators
are controlled by two CSBs and the corresponding valves.
The system’s dynamic performance is improved by presetting
two CSBs to pre-established pressure ranges, as the large
pressure differences created between actuators and two CSBs
will result in a higher flow rate. In this work, the maximum
pressure for the CSBs is set to 15 psi due to 3D printed parts
limitation.

When the hydraulic system is activated, the two CSBs are
pumped to the preset pressure ranges (inlet positive and outlet
negative) first. The pressure ranges are determined so that all
the actuators can perform within safe working pressure ran-
ges and the response time can be largely reduced. As the two
CSBs are exposed to water, they also act like water depth
pressure compensators. So whatever the depth is, the two
pumps only need to provide pressure difference. When a
command signal is received and an actuator needs to be
elongated or contracted, the corresponding valves are opened
by the control unit and water is released from (inlet)/to
(outlet) the two CSBs first. When the pressure in the two
CSBs exceeds the preset ranges, the two pumps are activated
again to keep the pressure ranges within the preset value.

Design of the hybrid manipulator

A hybrid design is carried out for the underwater manip-
ulator.34 On the one hand, giving complex underwater envi-
ronments, soft robotics has the advantage of inherent
compliance compared with conventional rigid-bodied robots.

FIG. 3. System overview. (a) Schematic drawing of the proposed underwater hydraulic system. (b) The underwater
hydraulic system with the manipulator. Color images are available online.
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On the other hand, better accuracy and larger payload can be
achieved by applying rigid parts in the design.

The underwater manipulator (Fig. 4) consists of two
parts: the gripper and the wrist. The gripper has two fingers,
both of which are covered with soft textures to increase
friction. The two fingers are mounted on the gripper base
and two gripper actuators are fixed in between the fingers
and the base. The gripper will close when these two actua-
tors are elongated, as these two actuators move simulta-
neously. The maximum opening angle b is 85�. The wrist
consists of three wrist actuators, a ball joint, and two 3D
printed plates. The top and bottom plates are connected by
the ball joint, and three soft actuators are placed triangularly
along the edge of the plates. When one actuator is elongated,
the other two will be contracted accordingly, which will
result in the bending motion along with contracted actua-
tors. The maximum bending angle a is 36�.

Design and Modeling of CSBs and Actuators

As a key component in the hydraulic system, the two CSBs
play an unequaled role in the whole system’s performance. In
this case, the development of the two CSBs is separated from
the hydraulic system to elaborate their functionalities in a
more detailed manner. The soft actuators, however, share the
same importance and similar fabrication process compared
with CSBs. In this case, the actuators’ development has been
put together with the CSBs for better understanding.

Design and fabrication of CSBs and actuators

The CSBs proposed in this work serve the purpose of re-
ducing system bulkiness and complexity while optimizing
the pump’s output so that control response time can be largely
reduced. To fulfill these goals, three major requirements need
to be satisfied: (1) Ambient water depth pressure can be
passively balanced so that the water depth factor can be re-
moved from the developing stage. (2) The pressure differ-
ences between the CSBs and the actuators have to be large
enough to achieve fast response but not too large to cause

damage to the actuators. (3) When pressure is increased, the
CSBs need to have enough volume change for the actuators.
Taking advantage of the inherent compliance and water-
proofing of soft robot, and by exposing the two CSBs in
water, ambient pressure no longer needs to be considered on
the developing stage. To further investigate the relationship
between the performance and the parameters of the CSBs, an
analytical model was built up in the Design and Modeling of
CSBs and Actuators section. And for the sake of easy in-
vestigation, the two CSBs were designed to deform in one
axis only (elongation and contraction).

There are two CSBs used in the hydraulic system, one in
the inlet (elongation) and the other in the outlet (contraction).
Both of them share the same shape, but the elongation one has
a fiber reinforcement layer, whereas the contraction one is
pure silicone. The molding process for the inlet CSB is shown
in Figure 5a. The inner layer was first molded (dragon skin
30; Smooth-On, Inc.). After putting on the fiber reinforce-
ment, the outer layer was molded (dragon skin 30; Smooth-
On, Inc.). When it was cured, the 3D printed mold core was
removed and clamps were added. For the outlet CSB, as there
was no fiber reinforcement, it was only molded once (dragon
skin 30; Smooth-On, Inc.).

All the five soft actuators used in the gripper and the wrist
share the same structure but different length to meet with
different requirements, for the purpose of reducing system
complexity and realizing modularized actuator design. In
particular, the two actuators used in the gripper are shorter to
achieve a larger opening angle, whereas the three actuators
used in the wrist are longer for larger bending angle. The
molding process is as follows (Fig. 5b): The soft chamber was
first molded (dragon skin 10; Smooth-On, Inc.) using 3D
printed molds. Once the silicone was cured, a fiber rein-
forcement layer was added to restrict radial expanding. Both
of the two sides of the soft chamber were then sealed using
3D printed clamps. Combining the hybrid manipulator de-
sign, one can modify the length and inner chamber radius of
the actuator based on the demand, without redesigning the
whole structure of the soft actuator.

FIG. 4. Manipulator characterization.
Schematic drawing of the manipulator’s
motion (left). Exposed view of the ma-
nipulator (middle). The dexterous hybrid
underwater manipulator (right). Color
images are available online.
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Analytical modeling of CSBs

To simplify the analytical model, all the materials used in
the CSB are considered incompressible, and the Neo-
Hookean hyperelastic material model is used. The strain
energy density function is given by

W ¼ l
2

I1� 3ð Þ, (1)

where l is the initial shear modulus, and I1 is the first in-
variant of the three principle stretch ratios k1, k2, and k3:

I1¼ k2
1þ k2

2þ k2
3: (2)

The principal stress is given by

si¼
qW

qki

� p

ki

, (3)

where p is the Lagrange multiplier. For incompressible ma-
terials, we have k1k2k3¼ 1. For the inlet CSB (Fig. 5c, upper
one), as there is one fiber reinforcement layer, the circum-
ferential strain is considered negligible, which gives k2e¼ 1.
It is then obtained by

k1e¼ ke; k2e¼ 1; k3e¼
1

ke

: (4)

For the outlet CSB shown in Figure 5c, as there are two
circular 3D printed parts at the two ends, the circumferential
strain at those two points is zero, which gives k2c¼ 1. While
the principal stretch in the circumferential direction at the
center of the CSB is k (k is a constant and 0 > k � 1). It can
be obtained by

k1c¼ kc; k2c¼ k; k3c¼
1

kkc

: (5)

For the sake of simplicity, although the inlet CSB consists
of different materials with different initial shear modulus,
they are considered as a homogeneous material with effective
initial shear modulus �l. For the inlet CSB, radial stress is
considered balanced through the thickness (i.e., s3¼ 0).
Considering a similar derivation procedure in the study by
Polygerinos et al.,35 Equation (3) is further simplified to

s1e¼ �l ke�
1

k3
e

 !
: (6)

For the outlet CSB, substituting Equations (1), (2), and (5)
into Equation (3) yields

s1c¼ �lkc�
p

kc

(7)

s2c¼ �lk� p

k
(8)

s3c¼
�l

kkc

� kkcp: (9)

For the inlet CSB, the balance is reached at the ends, which
gives

PeAe1¼ s1eAe2, (10)

where Pe is the pressure difference inside and outside the
CSB, Ae1 is the CSBs cross-sectional area, and Ae2 is the
cross-sectional area of the silicone. Assuming the CSB has
initial length le, radius re, and wall thickness te, substituting
Equation (3) into Equation (10) yields

Per2
e ¼ �l ke�

1

k3
e

 !
r2

e � re�
te

ke

� �2
 !

: (11)

For outlet CSB, when k¼ 1, the force generated by pres-
sure difference Pc is equal to the force generated by axial
stress. When k¼ kmin, radial stress is balanced by the pressure
difference Pc. It is then obtained by

PcAc1¼ s1cAc2 (12)

Pc¼ s3c: (13)

The initial condition of the CSB is given as lc, rc, and tc for
length, radius, and wall thickness, respectively. Combining
Equations (7) and (9) into Equations (12) and (13) gives

pPcr2
c ¼ p �lkc�

p

kc

� �
r2

c � rc�
tc

kc

� �2
 !

(14)

Pc¼
�l

kminkc

� kminkcp: (15)

Substituting Equation (15) into Equation (14) gives

Pc¼
�ltc(2rck2

mink
5
c � 2rckc� tck2

mink
4
c þ tc)

kminkc(kminr2
ck

4
c � 2tcrckcþ t2

c )
: (16)

Assuming pressure in the actuator is Pa and water flows
through the CSBs and actuators is incompressible, the
Darcy–Weisbach equation is given as

DP

L
¼ fD

q
2

v2

�D
, (17)

where DP is the pressure difference between the CSBs and
the actuator, L is the pipe length, q is the water density, v is
mean flow velocity, and D is the pipe inner diameter. For the
purpose of simplicity, although there are different pipe fit-
tings and pipes with different diameters, they are considered
as one single pipe with an effective length �L. fD is the Darcy
friction factor when it is laminar, fD¼ 64

Re
, where Re is the

Reynolds number. When it is turbulence, by applying the
Swamee–Jain equation

fD¼
0:25

log
e=D
3:7 þ 5:74

Re0:9

� �h i2
, (18)

where e is the absolute roughness. Substituting Equation (18)
into Equation (17) gives
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DP¼
64qLv2

2ReD
, laminar:

0:25

log
e=D

3:7 þ 5:74

Re0:9

� �� 	2

qLv2

2D
, turbulence:

8<
: (19)

CSB Validation Experiments

The working performance of CSBs is based on two key
features: (1) The CSBs need to have large enough defor-
mation to store enough water for the actuators. (2) The
pressure difference between the CSBs and the actuators
shall be large enough to generate large flow and increase
response time. In this case, the CSBs’ pressure versus strain
relationship was tested first. Then, the relationship between
flow rate and pressure difference was tested with the pro-
posed CSB-based hydraulic system. At last, the whole hy-
draulic system’s performance was evaluated compared with
no CSB condition.

Experimental setup

The experimental setup is shown in Figure 6. The hy-
draulic path in the experiment was the same as the hy-
draulic system mentioned in the Conceptual Design and
System Overview section, except there was only one ac-
tuator in the experimental setup. Three pressure sensors
(TSCDRRN015PDUCV; Honeywell International Inc.) were
used to record pressure for the CSBs and the actuator, re-
spectively. Two flow sensors (FS2012-1001-LQ; Integrated
Device Technology, Inc.) were placed in both the inlet path
and the outlet path right after the valves for CSBs’ flow rate
measurements. The actuator and CSBs used in the experi-
ments were the same as the ones in the hydraulic system and
the underwater manipulator. Both the actuator and the two
CSBs were fixed to the platform at one end while the other
end could freely move. The pipe length that connected the
CSBs and actuator to the pressure sensors was set so that
when the CSBs or the actuators were deforming, the resis-
tance of bending the pipe was negligible.

Pressure and strain validation

The pressure versus strain relationship was first tested in
this subsection. Principle stretch ratios (ke and kc) were
measured with every 1 psi pressure increased. This procedure
was repeated five times, and the mean value was used for
each point. Figure 5d shows the testing results. The two blue
curves are analytical models from Equations (11) and (16),
and the effective initial shear modulus �l was 65 psi for the

inlet CSB and 40 psi for the outlet CSB. Both the models
fitted well with experimental data; the root mean square error
(RMSE) was 0.012 for inlet CSB and 0.005 for outlet CSB,
illustrating that both the analytical models fitted well with
experimental data. One can specifically design the CSB with
respect to the amount of water needed to be stored by using
the pre-established model.

Flow rate and pressure difference
relationship validation

The relationships between pressure difference and flow
rate for the two CSBs were tested separately, as the two CSBs
had different analytical models. The inlet CSB testing steps
were as follows: (1) The pressure for the inlet CSB was set to
13 psi and water began to be pumped into the CSB. The inlet
valve remained closed and pressure in the actuator was 0. (2)
When the CSB reached the preset pressure, the inlet pump
was closed. Then, the inlet valve was opened and water began
to flow from the CSB to the actuator due to pressure differ-
ence. The flow rate and pressure of the CSB and actuator were
measured during this process. (3) When the pressure differ-
ence between the CSB and the actuator reached 0, the inlet
valve was closed. (4) The above procedures were repeated
five times. The outlet CSB followed similar steps except for
the outlet CSB was preset to negative pressure and the ac-
tuator was filled with water (pressure = 6 psi), so that the
pressure difference was also 13 psi at the beginning, and there
was enough water inside the actuator for the outlet CSB to
suck out. The testing results are shown in Figure 5e; the
effective length was 0.5 and 1 m for the inlet CSB and outlet
CSB, respectively. Both the analytical and experimental re-
sults indicated that for both of the CSBs, with the increase of
pressure difference, flow velocity would increase rapidly.
However, when the flow became turbulence, the rise of flow
velocity significantly reduced when the pressure difference
was increased.

Tracking performance evaluation

Four different system setups were tested to evaluate the
system’s tracking performance:

S-a: One wrist actuator, one inlet pump, no CSB.
S-b: One wrist actuator, one inlet CSB, one inlet pump.
S-c: One wrist actuator controlled by a hydraulic system
with both inlet and outlet CSBs and their corresponding
pumps.
S-d: S-c with a shorter gripper actuator.

FIG. 6. CSB testing platform setup.
Color images are available online.
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Three different pressure signals were given to the four
setups:

P-a: Was a step function with a 6-s time interval.
P-b: Was a 0.25 Hz sinusoidal signal.
P-c: Was a sinusoidal waveform with increased frequency.

The results are shown in Figure 7 and Table 1.
For P-a tracking (Fig. 7a and Table 1), S-b and S-c halved

the rising time compared with S-a, and S-c also halved the
falling time compared with S-a and S-b. Apart from that, S-d
had a significantly reduced rising and falling time (up to
687%) compared with the rest three systems, illustrating that
with the same CSB setup, the smaller the actuator, the faster
the charging/discharging rate. In the P-b tracking test
(Fig. 7b), S-c and S-d had much smaller RMSE compared
with S-a and S-b, and S-d had the smallest RMSE (0.19 psi).

For the sake of comparison and easy understanding, when
evaluating the tracking performance of P-c (Fig. 7c–f), we
assumed that when the RMSE was below 10% (0.4 psi), the
system was able to follow the given signal. Also, the time
when RMSE first exceeded, the threshold (critical time) was
recorded as a reference. Both S-b and S-c had a larger critical
time compared with S-a (Table 1). S-d had similar perfor-
mance compared with S-c; one possibility could be that al-
though S-d needed less water for the same pressure change,
the valve’s mechanical properties could not provide enough
switching frequency. In summary, it has been proven that the
CSB-based hydraulic system can significantly increase sys-
tem response time compared with no CSB systems.

Underwater Manipulation System Experiments

According to the design concepts, besides fast response
time, the underwater manipulation system also needs to sat-
isfy: (1) compactness and (2) wide working depth range. In
this case, the manipulator was fit into a consumer-grade ROV
and tested under different depths. Also, a specially designed
task was carried out to test the manipulator’s dexterity and
accuracy.

Soft actuator experiments

As illustrated in the Experimental Setup section, the five
actuators used in the manipulator followed the same design
for the purpose of modularization and simplicity. To justify
the feasibility of this design, the actuators’ stress versus
strain, and pressure versus force relationships were tested.
The testing setup is shown in Figure 8f. All the parts were
fixed except one end of the actuator could move along the
guiding bar. The friction between the guiding bar and the
actuator was negligible (<0.1 N).

The results for stress versus strain tests are shown in
Figure 8a and b. Both of the two kinds of actuators had little
elongation at the very beginning. The deformation became
more significant when the pressure reached between 30 and
40 kpa for both wrist actuators and gripper actuators. As the
pressure kept increasing, the elongation became slow again.
Actuators in the same group showed little difference in the
stress versus strain relationship. For wrist actuators, the mean
error was 0.022, and for gripper actuators, the mean error was
0.0138. Pressure versus force validation results are shown in
Figure 8c and d, both fitting curves fitted well with measured
data. For the wrist actuators, the RMSE was 0.58, 0.48, and
0.26 N, respectively, and the overall RMSE was 0.81 N. For
the gripper actuators, the RMSE was 0.49 and 0.39 N, re-
spectively, and the overall RMSE was 0.44 N.

Hybrid underwater gripper experiments

A bench test was first carried out to evaluate the gripper’s
gripping force. A force sensor was mounted at the tip of the
gripper (Fig. 8g) and the inlet CSB was set to three different
pressure ranges to see the CSBs influence on the gripping
force. As shown in Figure 8e, the CSBs working pressure and
gripping force had a positive relationship, illustrating that the
gripping force could be modified by adjusting the CSBs
working pressure ranges.

The manipulation system was also tested under different
water depths to demonstrate that the CSB-based hydraulic
system was decoupled with water depth. A 3D printed box
filled with clay was used for force measurement (Fig. 9b)
based on three reasons: (1) Ability to retain its shape after
testing and after leaving the water, and for long-term records
(in contrast, spring scale will return to normal length once
gripping was released). (2) Directly comparable results be-
tween different locations and depths, easily visualizable in
postanalysis. (3) Being a passive device, no additional power
or wiring was required, simple to implement in multisite
tests. The box was mounted at the tip of the gripper (Fig. 9a),
and the depth of the groove was measured on behalf of the
gripping force (Fig. 9b). To limit variables, all boxes were
weighted between 10.1 and 10.2 g, the gripping time was set
to 15 s, and CSBs working pressure was set to 13–14 psi. This
test was carried out in three different places: onshore, in a
water tank, and undersea; the onshore test was used as a
reference and three boxes were used for each depth.

The results are shown in Figure 9a. The groove depth
measured onshore was 6.05 mm (blue dashed line), and the
rest points were evenly distributed along the line, with an
RMSE of 0.3 mm. The conclusion can be drawn that the
CSB-based hydraulic system was independent of ambient
water depth.

Hybrid underwater manipulation system experiments

The experimental setup is shown in Figure 10b. Two 3D
printed rings were placed at two sides and a thin long stick
was in the middle. One needed to control the manipulator
using the controller and picked up two rings and placed them
through the stick in the middle (Fig. 10c). To quantify overall
system performance, assuming the inner diameter of the ring
was D, and the diameter of the stick was 3 mm, if the manip-
ulator could complete the task, the accuracy would be D� 3
mm. This task was carried out both onshore and underwater

Table 1. Tracking Performance Evaluation

System Rising(s) Falling(s)
First point of

tracking failure(s)

S-a 2.44 3.57 9.47
S-b 1.24 3.85 26.44
S-c 1.25 1.97 63.06
S-d 0.31 0.62 66.02
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(Supplementary Video S1). In both cases, the manipulator was
able to complete the task with an accuracy of 1 mm.

To evaluate the manipulation system’s influence on un-
derwater platforms, the whole system was mounted on a
consumer-grade ROV for a speed test. The ROV was weighted
about 3.8 kg, and the size was 465 · 270 · 126 mm. The ROV
was required to travel a 15 m water tunnel as shown in

Figure 10a. One round with the manipulation system (Fig. 10d,
right) and the other without (Fig. 10d, left). Due to the tensile
force on the cable, and the difficulty of direction control in the
narrow tunnel when velocity was too high, the ROVs power
rating was set to medium. Both setups were tested three times.
The results showed that when the manipulation system was on
board, the average velocity (0.28 m/s) was 37.8% slower than

FIG. 9. The proposed manipulation system test under different water depths. (a) Testing results. The test was carried out
onshore, in a water tank, and in the sea. (b) Clay box used to demonstrate gripping force. The bottom listed clay boxes with
all tested depths. Color images are available online.

FIG. 10. Hybrid manipulator system validation. (a) Fifteen-meter water tunnel for speed test. (b) Manipulator dexterity
and accuracy test (pick and place) setup (onshore). (c) Pick and place procedure. (d) Comparison between a single ROV and
the same ROV with the proposed underwater manipulation system in the speed test. Color images are available online.
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that when there was only the ROV (0.45 m/s). One main
reason for velocity loss was because the manipulation system
largely increased the cross-sectional area and destroyed the
streamline shape of the ROV. Given the speed of ocean current
(0.08–0.25 m/s),36 the results demonstrated that mounting the
manipulator would lead to a reduced speed of the ROV but still
within a viable range.

Conclusions and Future Work

An underwater hybrid manipulator with a lightweight CSB-
based hydraulic actuation control system was proposed in this
article. The hybrid manipulator was designed such that the
soft actuator design was decoupled with manipulator motion
generation. Two CSBs were added into the hydraulic system
for the purpose of equalizing ambient water pressure, reduc-
ing system bulkiness, and improving dynamic response. An
analytical model was elaborated to explore the CSBs perfor-
mance with respect to deformation, pressure, and flow rate,
with well-fitting experimental results. Also, the tracking
performance of the proposed hydraulic system was tested, and
compared with no CSB condition, the CSBs could signifi-
cantly improve system performance. Stress versus strain, and
pressure versus force relationships for the soft actuator were
also tested, and different individuals showed limited differ-
ences, justifying the feasibility of this modularized design.
Then, the hybrid manipulation system was tested both onshore
and underwater (see Appendix) with respect to gripping force
and accuracy. The results showed that water depth did not
have significant effects on the manipulator’s performance,
and the proposed underwater manipulation system could
handle underwater tasks with good accuracy even without
precise control feedback. Finally, a speed test was carried out
to evaluate the system’s compactness, and it turned out that
even a consumer-grade ROV could travel with reasonable
speed (0.28 m/s) with the proposed underwater manipulation
system.

This project has proven that with the proposed hybrid
manipulator and CSB-based hydraulic system, depth is no
longer a factor that determines underwater manipulation
performance, and even small underwater platforms (<4 kg)
can manage complex underwater sampling tasks as good as
heavy and expensive setups. The proposed design concepts of
the combined manipulator and hydraulic system could serve
as a benchmark for reducing system bulkiness and expenses,
as large and costly underwater platforms are no longer an
essential unit in shallow water sampling. Also, the enabling
of small commercial available underwater platforms largely
broadens the demographics of this field. The authors believe
that the capability of performing underwater sampling with
small size devices has great potential in underwater biology
study; the low cost also makes it appealing for a much wider
audience group.
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Appendix

The developed prototype of the proposed soft robotic
manipulator system has been field tested in three tropical and
subtropical locations (Appendix Fig. A1). These places are
hot spots of marine biodiversity,5 and the hydrographic and
climatic conditions are as follows:

(1) Hong Kong, tropical water (pH 8.4) with low tem-
perature (21–23�C) and low salinity (27–28 PSU for
open seawater, salinity not applicable for indoor tank
freshwater)—four testing locations: (a) indoor water

tank with shallow depth and still water, (b) indoor
water tunnel, (c) south beach, and (d) western pier
dockland.

(2) Taiwan, Guishan Island, subtropical water (25 m),
active undersea volcano harsh environment [pH = 6.1,
strong acid (sulfur)], highest temperature (33–36�C).

(3) Maldives, Kandima Island coral lagoon, shallow
(2 m) equatorial water (pH 8.5) with medium tem-
perature (28–29�C) and high salinity (34 PSU).

(Appendix continues /)
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APPENDIX FIG. A1.

The proposed underwater manipulation system validation studies in three hot spots of marine biodiversity with different
hydrographic and climatic conditions. (a) Maldives, Kandima Island coral lagoon. (b) Taiwan, Guishan Island. (c) Hong
Kong, west coast. Color images are available online.
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