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Abstract— Soft robotic manipulators have inherent advan-
tages in underwater applications, as they generate motion by
deforming seamless muscles rather than having rotational joints
or sliding cylinders, as well as having excellent passive adapt-
ability. However, limited by insufficient structural stiffness,
achieving high payload and positioning accuracy remains chal-
lenging in existing soft manipulator designs. In this work, we
propose an innovative approach to underwater soft manipulator
design: 1) by constraining high- power optimized actuators
with densely spaced lateral supporting plates, we could sig-
nificantly enhance structural stiffness as well as improve the
model accuracy drastically; 2) compaired with a novel flow-
controllable open-circuit hydraulic actuation, we could keep the
manipulator smoothly operated and depth-compensation-free;
3) in result, the manipulator could be modelled kinematically
in a simplified way for position control. The entire workflow
from mechanical design to actuation and control is presented.
A prototype soft manipulator was developed to validate the
proposed design experimentally.

Index Terms— Soft robotics, underwater manipulator, hy-
draulic control system, kinematics.

I. INTRODUCTION

Underwater (UW) manipulation and sampling are chal-
lenging tasks in marine exploration [1], [2], where remotely
operated vehicles (ROVs) are often employed to replace
human divers to reduce life risks [1], [3]. However, with
manipulation being the core of such tasks, UW manipulators,
with their sizes, weights, payloads, and accuracies, are es-
sential factors largely determining the operation capabilities
of such ROV platforms [4]-[6]. Dominating conventional
rigid UW manipulators achieve high payload and control
accuracy with generally bulky and heavy bodies and high-
power hydraulic, motor-based control [5], [7] or cable-driven
rigid manipulator [8] lacking sufficient compliance when
handling fragile or flexible UW objects [9], [10].
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Trending soft UW manipulators excel in this regard with
their inherent, material-induced flexibility, passive adaptabil-
ity and seamless nature [11]-[14], at a price of having moder-
ate payloads and accuracies due to limited structural rigidity
insufficient against UW disturbances [7], [15]. Soft-rigid
hybrid (SRH) design appears to be a promising approach,
using soft muscles to drive rigid kinematic components,
achieving substantial increases (by orders of magnitudes)
in both payload and accuracy in grippers and manipulators
[2], while also benefiting from the soft robot’s inherent
compliance and water-proofing advantages [14]-[16]. While,
SRH designs are also restricted by the added rigid kinematic
structures, e.g., joints and hinges, offering compliance only in
selected directions, while having similar waterproofing [16],
[17] and working depth compensation problems [18], [19]
seen in rigid UW robots.

Soft continuum manipulator could be an appropriate de-
sign with multiple DoFs and omnidirectionally compliance,
while granting sufficient structural stiffness and payload
capability [20]. We have revealed that the absence of spine-
like rigid linkages [21] as central support requires careful
consideration of the axial spacing between two adjacent
supporting plates in relation to the radius of the soft muscle
actuators [22]. Without this dimensional constraint, the ma-
nipulator segment is prone to significant buckling under axial
compressional loading [20], [23]. Additionally, the constraint
is less significant with lateral spacing of the soft actuators,
as reported in the literature regarding contractile type of
manipulators [24], [25].

In this work, we propose a novel high-performance UW
soft manipulator system, to achieve strong, dexterous, ac-
curate UW operations without depth compensation while
remaining compliant, compact and lightweight. The main
novelties and contributions are:

1) Mechanical design: we have shown that using densely-
bundled soft-actuators in continuum manipulators could
achieve bidirectional actuation with high strength; and adding
intermediate structural support between adjacent supporting
plates could significantly reduce lateral and shear buckling,
while substantially improve modeling accuracy for actuation
and control.

2) Actuation and control: a Flow-controllable Open-
Circulation (FOC) compact hydraulic actuation system was
proposed. Based on the principle of connected vessels and
power-controllable gear pumps, the system is featured with
smooth and depth-compensation free pressure control.

3) Base on the above two aspects, we proposed the
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Fig. 1. Concept of the proposed PBOC design. (al), (bl) and (c1) Natural
state of contractile type muscle based joint, densely-bundled soft muscle
based joint and PBOC joint design with DSHO actuator. (a2), (b2) and
(c2) Actuation directionality of the three types of joints. (a3), (b3) and
(c3) Deformation with axial load of the three designs. (a4), (b4) and (c4)
Deformation with lateral load of the three designs. (d) The design concept
and principle of the FOC actuation system.

design of a novel dual-segment hydraulic-enhanced origami
(DSHO) soft actuator incorporating the over-constrain de-
sign method, and an omnidirectionally compliant, Planarly-
bundled and Overly-Constrained (PBOC) soft-robotic joint
constructed with DSHO actuators, which exhibited promi-
nent compliance with Constant Curvature Assumption
(CCA) [26] and consequently accurate position and pressure
tracking with primitive semi-open-loop control utilized in our
FOC system.

The rest of this article is organized as follows. The concept
of the PBOC design is presented in Section II. Modeling
of the DSHO actuator and the PBOC manipulator joint
and control method is presented in Section III. Section IV
presents experiment validations of the DSHO actuator, joint
and manipulator. And Section V makes a conclusion.

II. SYSTEM CONCEPT AND DESIGN
A. System Concept

Distinctive from the joints based on contractile type ac-
tuators, such as McKibben actuators, where the relationship
between actuator length, L and inter-actuator spacing, D,
is crucial design parameters (Fig.1(al)) [24], [25], those
based on densely-bundled soft muscle actuators possess a
bidirectional actuation capability instead of contraction only
(Fig.1(a2)(b2)) and diameters not neglectable, which makes
the relationship between actuator length, L and actuator
diameter, d, is more significant (Fig.1(al)) [22]. However,

both of these two types of joints may suffer from buckling
[20] while being loaded axially (Fig.1(a3)(b3)) or shearing
while being loaded laterally (Fig.1(a4)(b4)). In this work, to
strength the structural stiffness of a joint based on densely-
bundled soft muscle actuators, over-constrain design method
was excuted by spliting the actuator length, L, into two frac-
tions with a supporting plate (Fig.1(c1)). In section I'V. B, this
modification was proven to be able to restrict buckling even
if a heavy axial payload is exerted (Fig.1(c3)), and result in
bending instead of shearing, that is, the actuator axis will be
approximately arc-shaped, under lateral payload (Fig.1(c4)).
Equiped with the supporting plate, a joint obtained largely
lifted accordance with CCA, enabling the development an
effective kinematic model.

The flow-controllable and depth-compensation free char-
acteristics were facilitated by the FOC compact hydraulic
actuation system (Fig.1(d)), which comprises a fully open-
circulation framework with introducing in-situ water inlet &
outlet by connecting one side of the pipeline to the envi-
ronment, therefore the ambient water pressure is balanced
out and so the pumps are only required to generate pressure
increment over the ambient pressure to drive the actuators,
even if the depth changes. Different from our previous work
[2], the proposed FOC system realizes multipath-independent
pressure control with unique power-controllable gear pumps,
paving the way for spatial kinematic control and smooth
pressure tracking, which is validated in section IV. E.

Integrating the over-constrain design and the FOC actu-
ation system, the manipulator system was experimentally
validated in section IV. D to be competent to achieve
accuracy trajectory tracking underwater.

B. Design of Actuator and Joint

1) The Design of DSHO actuator:
Based on our preliminary exploration of soft origami ac-
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Fig. 2. Exploded drawing of the DSHO actuator (a) and the PBOC joint
(b). (c1) The top view and the side view (c2) of the PBOC joint. The top
view (d1) and the side view (d2) of the DSHO actuator.
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Fig. 3. (a) Architecture of the FOC actuation system. (b) (A)Lateral view
and top view (B) of the FOC actuation s¥stem prototype.
TABLE

GEOMETRY OF THE ACTUATOR AND THE JOINT

lo Initial height of the folding segment 25.8 mm
ho Initial height between two folding peaks 8.6 mm

t Thickness of the actuator 2 mm

1 Radius of actuator neck 12 mm

« Dihedral angle of two trapezoid facets 73.4°

In Length of actuator neck 4 mm

lp Thickness of folding segments’ end plane 2 mm

r 23.71 mm
Ta Cross-sectional sizes of the actuator 22.6 mm
T 17.51 mm
D Radius of the joint end panel 122 mm
R Assembling radius of actuators 35 mm
ht Total height of the PBOC joint 93.6 mm
hp Upper-lower end plate distance 71.6 mm

tuators [27]-[29], we presented a DSHO actuator with opti-
mal materials and geometry. The thermoplastic polyurethane
(TPU) soft body of the DSHO actuator was designed with a
neck to adapt the supporting plate. The aluminum alloy end
caps with tube connector were adhered to the soft body with
superglue for sealing. The overview of DSHO actuator design
is shown in Fig.2(a). The geometrical parameters could be
found in Fig.2(d1)(d2), and Table I.

2) The Design of the PBOC joint:

A joint based on the PBOC design was proposed with
geometric parameters shown in Fig.2(c1)(c2), and Table
I. The assembly is shown in Fig.2(b). Three aluminum
alloy plates in the joint made 4 adjacent paralleled DSHO
actuators mutually restraint in the radial direction of the joint.
Moreover, joints could be connected serially with nylon joint
connectors.

3) The FOC actuation system:

The FOC actuation system was designed to implement
channel-independent pressure regulation for the robotic sys-
tem. The system architecture is illustrated in Fig.3(a) and
the constructed system is shown in Fig.3(b) with two com-

ponents:

Electronic control layer. In Fig.3(b)(B), the pressure
information from the relative hydraulic pressure sensors

(24PCDFAG6D, Honeywell) is sampled by the external ADC
board (AD7490, ADI) and then sent to the core controller
(STM32F411CEU6, STM), whose commands are conducted
by the valve controller (PCA9539, NXP and CAOS8A-P,
Macrowis) and the DC pump controller (160D, ELECFANS).

Mechanical actuation layer. Pressures regulation in the
DSHO actuators is undertaken by a group of solenoid valves
(VDWI12EA, SMC) and gear pumps (ZC-530, LAZC) jointly
(see in Fig.3(b)(A)). All of electronics had been encapsulated
with epoxy resin for waterproofing. A detailed theoretical
analysis of the control system is shown in III. C.

III. MODELING AND CONTROL
A. Modeling of The DSHO Actuator

The output force Fj,q; of a DSHO actuator depends on
the force generated by spring-like deformation AL and the
force produced from the relative pressure P, [27]:

Fiotar = Fq (AL) + Fs (Pp) . (1)

According to the geometric parameters of DSHO actuator
in Table I, the total length can be derived as

2
L= %Pm-i-%-i-ln-&-?lo, ?)
where D, is the actuator effective diameter and K the
stiffness coefficient, both of which could be determined
experimentally. The model will be validated in IV. A and
%ppligd in IV. E. )

. Kinematics of The PBOC Joint

Following the constant curvature assumption (CCA) [26],
a DSHO actuator tends to bend as an arc, as shown in
Fig.4(a)(b). We defined 6 as the bending angle, i.e., the
intersection angle of plane O>X5Y5 and O, X1Y1, k as the
curvature of [; (virtual arc passes through the two planes’
origins, O as the virtual center of [;, and ¢ as intersection
angle of O1X; and m respectively in the configuration
space. {l1,la,13,14} are the arc lengths of actuators and can
be calculated from internal relative pressure {p1,p2,p3,p4}
with (2). The constraints of this model are defined as [;x=1,
lj =70, lj:(ll +la+ 15+ l4)/4 and [y + l3=1y + 4.

1) Forward Kinematics Model:

Forward kinematics transforms lengths of the DSHO actu-
ators {l1,l2,13,14} to pose {x,y, z, raw, pitch, yaw} of the
endpoint of the joint. The arc parameters were derived as

The Relationship between the Length and
Pressure of DSHO actuator

Task space

8

Length of DSHO Actuator \ mm

= Pressure I);:lhn-nw\ km;n (c)

Fig. 4. Actuator and Joint Specification. (a) The simplified structural
diagram and kinematics models of the joint. (b) The top view of (a). (c)
The relationship between the length and the pressure of the DSHO actuator.
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¢ =arctan (la — l2,lz — 11), ¢ € [0,27],

Iy —12)% + (I3 — 11)?
9:\/(4 2)* + (I3 — 1) ,GE[O,E],
2R 2
r= 2R ,m € (0, +00) .
\/(l4 —12)% + (Is — 11)?

Applying D-H method and considerating the deviation of
the real fabricated joint from the ideal model, the transfor-
mation from the actuator space to the task space was given

as the following equations:

3)

p(cd—1)+1  spcp(chd —1)  cpsh rep (1 — ch)
20 _ | spce (0 —1) s%2p(ch—1)+1 spsd rse(l—ch)
1t = )
—cpsb —spsh cp rsf
0 0 0 1
“4)

Xideal = [z, vy, Z}T =[rep (1 —ch),rsp (1 —ch), rsG]T, (5)

Xtask = Xideal + f (Xideal) =
1T + [awz® +boz4ca, ayy® +byy+cy, az22+b2+c.

6
7 (6)

)

[2,y, 2

where 2T is the transformation matrix from coordinate
01 X1Y1Z1 10 O3 X5Y5 75, Xidea 18 the theorical translation
of the endpoint, X:qsx is the endpoint position in task space
with deviation compensation function f(X;4eq:) Obtained
by forward kinematic test experiment. This model will be
validated experimentally in IV. D.

2) Inverse Kinematics Modeling:
According to forward kinematics, the configuration pa-
rameters could be derived from (5): ¢ = arctan (y;/x;),

0 = 2arctan (\/mi2+yi2/zi), and r = z;/sinf, where

{i,yi,zi} (2; > 0) is the ideal endpoint position solvable
with the desired position {z4,yd,z4} (24 > 0), and (6).
Furthermore, using (3) and (5), we solve {l1,ls,13,04} as

1, 12,13, l4]T =0 [r — Rcosp,r — Rsinp,r + Rcosp,r + Rsine].
(7N
With the model of the DSHO actuator from section A, we

can calculate target internal relative pressure {p1, pa, ps, P4}
of the DSHO actuators using the lengths result in (7). The

18sug10%ir1(1) zbzi%‘z%ef d;lnd verified experimentally in IV. E.

The position control architecture consists high-level (HL)
position-control loop and low-level (LL) pressure-control
loop (see in Fig.5(a)). The HL controller estimates the PBOC
joint position with AP, from relative pressure sensors and
computes required relative pressures AP;, of a target posi-
tion, where P, is the ambient water pressure and Ppsrro;
is the internal pressure of the i-th DSHO actuator.

Given AP, from the HL controller, the LL controller
regulates the relative pressure of each DSHO actuator chan-
nel independently in realtime with a binary control strategy
with deadzones by operating pumps and valves. In the LL
control strategy, three operation modes (see in Fig.5(b))
are conducted depending on the magnitudes of AP,,... The
hydraulic flows of pumps in the FOC system could be
regulated by the HL controller, which is shown in Section
IV. E.

Additionally, a trajectory planner was designed to control
the PBOC manipulator along the desired path. A continuous
trajectory can be discretized into a target position sequence
transmitted to the HL controller. The position control and
trajectory tracking will be validated in section IV. D and E.

IV. EXPERIMENT VALIDATIONS
A. Performance Test of the DSHO Actuator

1) Actuator Active Actuation Test:

The actuation tests of DSHO actuator were conducted
in the test platform (Fig.6(a)). A laser displacement sensor
(HG-C1200, Panasonic) measured the length of the DSHO
actuator. An axial force sensor (AR-DN102, ARIZON) mea-
sured output force. A relative pressure sensor connected to
the pipeline measured the relative internal pressure. The
hydraulic pressure was exterted by regulating the air pressure
in the half-filled water tank, with two air pumps and two
solenoid valves.

The right side of the DSHO actuator was mounted on a
fixed base and the left side was connected to a slider installed
on two linear slideways. By fixing the slider, the relationship
of internal pressure and output force of a DSHO actuator in
5 different fixed lengths was recorded and shown in Fig.6(e).
And the relationship of internal pressure and length with the
actuator extending free was recorded and plotted in Fig.4(c).
The curve-fitting result shows the length-pressure model of
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the two in square P are positive group. (h) Relationship between force and
pressure difference under different maximum negative pressure.

the DSHO actuator is L = 0.3532P,, + 63.41. The D, in (2)
was obtained as 41.01 mm and the stiffness coefficient K as
3.74 N/mm in equation (2). Additionally, it was shown that
the single DSHO actuator achieved a payload of 134.571 N
maximum, 216.248 times of its weight.

2) Actuator Lateral Stiffness Test:

Fulfilled with water and connected to the atmosphere,
a DSHO actuator was pulled laterally by a linear motion
module at a constant velocity, while a force sensor was
measuring the tension. The test result was recorded and
shown in Fig.6(g). The data was linearly fitted by a line
with a slope of kpsro.aterar = 0.219N/mm.

B. Characteristics Test of The PBOC Joint

1) Joint Axial Characteristics Test:

With the mechanism similar to the part with fixed lengths
in IV. A. 1), the joint axial characteristics test was performed
on the setup shown in Fig.6(c), in which four DSHO actu-
ators shared one pipeline. The result and fitting lines are

shown in Fig.6(f). The stiffness coefficient of the joint in the
axial direction was calculated with the results of the equi-

librium points of pressure with distinct ALs as Kjoint_azial =
10.24N/mm, while the joint achieved a maximum force of
559 N, 91.119 times its weight (626 g in air).

2) Joint Lateral Characteristics Test:

The lateral stiffness test shares the device used in IV. A. 2)
shown in Fig.6(d). Four DSHO actuators shared one pipeline
and were connected with the atmosphere. The test result is in
Fig.6 (g), the lateral stiffness of the joint was calculated to be
Ejoint tateral =2.338N/mm by linear fitting. The test results
in IV. A. 2). and this section show that the lateral stiffness
gain Glateral = kjoint,lateral/kDSHO,lateral =10.67>4. The
lateral stiffness of the joint is amplified by a factor of 10.67,
enhancing the resistance to lateral disturbances.

Futhermore, the lateral output force test was carried out
with the force sensor fixed and modifications on the pipeline
connections of actuators: the positive group and the negative
one shared a water pipeline respectively (see in Fig.6(d)). The
internal pressure of P group was regulated to a fixed positive
pressure (60 kPa), while that of N group was regulated to
various negative pressures shown in Fig.6(h). As shown in
the figure, the joint’s maximum lateral output force was 93.1
N.

C. The Depth-compensation Free Actuation Test

As is shown in Fig.7(d), we set up a minimum relative
pressure regulator, consisting of a gear pump, two hydraulic
solenoid valves, and a relative pressure sensor. A DSHO
actuator was installed on a structure similar to that in IV.
A. 1), with dual springs simulating a payload. The ambient
hydraulic pressure at 10m increments from Om to 60m was
simulated in the high-pressure water tank of the ocean depth

. — 700
60 m

Test Depth

Achieved Pressure 5o

40m

100

10m

53.3kPa 48 LVikPa 55.5kPa 53.46kPa 46.34kPa 4‘11}[’.\ 53, ‘)ib[l.l i
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) o 50 100 150 200 250 300 350 400 450 500
time /s
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Length 0.1782 0.1842 0.1928 0.1818 02007 0.1975 0.1853
Pressure

Fig. 7. (a) Total view of the test device, (b) cap of the ocean depth simulator
tank, (c) the minimum actuation device placed in the tank, (d) minimum
actuation device with a pump, two valves and a DSHO actuator, (el) and
(e2) show the original and actuated state of the DSHO actuator at 60 m
depth in the ocean depth simulator tank, (f) the simulated ambient pressure
curve and control results. Table (g) shows all tests’ numerical results. The
other test images at different depths are shown in the attached video.
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(a) Forward kinematics testing device. The kinematic test plane I (b1l) and plane II (c1). Relationships between position deviation and distance

from the initial point and the polynomial-fitted curves without payload on plane I (b2) and plane II (c2). Calculated and measured endpoint positions
without payload on plane I (b3) and plane II (c3) after deviation compensating with MAE values. Calculated and measured endpoint positions with payload
on plane I (b4) and plane II (c4) with MAE values. (d) The disturbance test device. (e) The result of joint with the supporting plate when a lateral payload
was applied. (f) The result of joint without the supporting plate when a lateral payload was applied. (g) The workspace and measured endpoints.

simulator (YUEXIN, 0 m~1000 m), and the regulator was
operated by the control system through the signal wires
externally (see in Fig.7(a)(b)(c)). The tolerable depth of the
regulator is limited by the potential closed cavities.

At each depth, the target relative pressure was set at 50
kPa to initiate actuation (see in Fig.7(el) and (e2)), while
the relative pressures, achieved length, and ratio of length to
pressure of the DSHO actuator were recorded and shown in
Fig.7(f) and (g). The standard deviation of all ratio values is
0.0084 mm/kPa, therefore, the performance of the actuation
and control system is consistent within 60 m depth.

D. Joint Forward Kinematics and Lateral Payload Test

1) Forward Kinematics Test:

Experiment verificating the forward kinematics of the
PBOC joint was implemented with the device in Fig.8(a).
The actuator pressures in the joint were manually regulated
to a series of symmetric combinations, which resulted in
theoretical endpoint positions in two symmetric planes of the
joint (see in Fig.8(bl)(c1)), while actual endpoint positions
were measured with three laser displacement sensors. Pro-
cedures above were repeated with 1kg payload installed on
the top of the joint. The results and fitted curves under two
distinct conditions are shown in Fig.8(b2)(c2). It could be
observed that the model deviation increases as the distance
of the target point from the initial position increases, either
with or without payload.

The position error of the measured points was calculated

by ||Xe'r'r|| = ”Xmeasured”._ ”X'i,de.al”- The pOlynOI:nial
coefficients in the compensation function (6) were obtained

by applying curve fitting with 2-order polynomial in X, Y,
and Z axis direction respectively between Xe, and Xidear:

laz, be,ca] = [0.01,1,0], [ay, by, cy] = [0.005227, 1, 0],
(e b 2] [—0.012743, 11.256808, —88.142427], z > 83,
@20, C2 [—0.001267,1.210322, —9.084263], z < 83.

Endpoint position calculated with compensated model and
the actual endpoint positions without payload are shown
in Fig.8(b3) and (c3) with mean average errors (MAE)
in different areas, while Fig.8(b4) and (c4) show those
with payload installed. The MAE is defined as MAFE =
(1/n) =7 lyi — f(x:)|, where y; is the i-th actual endpoint
position ¢, f(z;) the i-th calculated endpoint position, and n
the amount of test points. The results illustrated the high
agreement between the test results of actively actuation
and the calculated results by CCA-based kinematic model
without payload. And it could be observed that the total MAE
was enlarged after introducing a payload on the joint.

2) CCA Kinematic Model Compliance Test:

In this test, the joint was passively deformed along the
lateral direction by a suspending 2kg mass (see in Fig.8(d)).
The endpoint pose {x, y, z, raw, pitch, yaw} w.r.t. the initial
one were measured with three laser displacement sensors and
an IMU (CH100, HiPNUC) respectively in stasis.

P, and P, were the stable poses with and without

the supporting plate respectively in Fig.8(e)(f). P;
was (=5.3 mm, 0 mm, 0.2 mm,0°,—3.7°,0°) with
the supporting plate. Given the position component
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of P;, the orientation calculated by the CCA-based
kinematic model is (—0.01°,—3.69°,0.1°). P> was
(=7.3mm,0 mm,0.2 mm,0.2°,—4.6°,0°) without the
supporting plate. The orientation of P, was calculated with
model to be (0.13°, —9.42°, —0.01°). The deviation ratio
of model prediction is 0.27% with the supporting plate,
nevertheless, without the supporting plate, the deviation
ratio ended up being 51.16%. In consequence, it was proven
to be effective for enhancing the compliance with CCA of
the kinematic model of the joint to insert a supporting plate
between end plates.

E. Trajectory Tracking Test

In this section, with the flow control reducing the pres-
sure oscillations, the endpoint trajectory tracking test was
conducted with circular and linear paths to demonstrate
the performance of the manipulator system. The experiment
setup is shown in Fig.9(a), in which the PBOC manipulator
was fixed 80 cm underwater in the water tank, camera 1
fixed above the manipulator for top-view recording, and
camera 2 fixed on the tank wall for side-view recording.
The manipulator was constructed by connecting two PBOC
joints in series (Fig.9(b)), whose kinematic model was also
derived for trajectory tracking.

With the pumps operating in full power, the consequence
pressures from a sequence of target pressures were recorded
and plotted in Fig.9(c), which shows severe oscillations
interferring feedback control due to hydraulic hammer effect,
and then hindering the implementation of trajectory tracking.
After reducing the pump power to 40%, the pressure oscil-
lations exhibited a milder behavior, as shown in Fig.9(d).
To characterize the difference quantatively, the power sums
of the base-frequency and harmonic components of oscil-
lations in the frequency spectrum of pressure signals were
calculated. The power sum with full pump power is 0.6853
W, while that with 40% pump power is 0.0446 W. Based
on the signal analysis results, it could be claimed that the
flow control in the FOC hydraulic actuation system could
significantly reduce the power sum by 93.49% in pressure

regulation, thus enhance the stability of subsequent trajectory
tracking.

In order to simplify multi-solution problems in redundant
soft manipulators, two joints were to commanded to perform
the same motion or an opposite motion (see in Fig.9(e2)(2)).
Fig.9(el)(f1)(gl) show the trajectory tracking measurement
results in the view of camera 1, while (e2)(f2)(g2) compare
distinct target trajectories, measured trajectories, and MAEs
respectively. It could be concluded that the manipulator
system exhibited millimeter-level accuracy in the trajectory
tracking test with the integration of adding support plate in
the joint and FOC actuation system.

V. CONCLUSION AND FUTURE WORK

In this work, a novel underwater manipulator system
based on PBOC joints was proposed with outstanding pay-
load capability, excellent structural stiffness, and accurate
kinematic operations, effectively achieved through adding
lateral supporting plates between the over-distant plates. The
payload capability of a single proposed PBOC joint achieved
a maximum linear output force 559N without buckling, and
a manipulator system weighs 5.83 kg with a load-to-weight
ratio of 9.78. And the experiment results show that utilizing
over-constrain design, the joint accords with CCA-based
kinematic model well, with a sharply decreased prediction
deviation (from 51.16% to 0.27%) under lateral payload
compared to the one without over-constrain.

An FOC hydraulic actuation system with flow-controllable
and depth-compensation free characteristics was developed,
proved to work underwater with 60 m depth, and have
reduced pressure oscillations by 93.49% in regulation with
flow control, which could alleviate vibrations of the ma-
nipulator in trajectory tracking. Based on the developed
kinematic models and semi-open-loop controller, the ma-
nipulator achieved accurate trajectory tracking in validation
experiment. The summary of the performance of the pro-
posed manipulator system is shown in Table II with the
comparison with other manipulator systems. Besides the
accuracy of the same order as typical SRH UW manipulators,

TABLE II

SUMMARY OF THE MANIPULATOR PERFORMANCE AND COMPARISON WITH OTHERS WORKS
Publications This Work [8] [2] [15] [30] [7]
Stiffness Soft Rigid Soft-rigid hybrid Soft Soft-rigid hybrid Rigid
Actuation System Hydraulic Cable Hydraulic compressed Air compressed Air Motor
Maximum 559 N 441 N ISN - 19.6 N 245 N
Payload
Typical Position 1.7 mm 1.02 mm, (0.07°) 1 mm 13.4 mm 1.5 mm ;
Control Accuracy
System Weight in Air 5.83 kg 24.75 kg 2.5 kg - 3.5 kg 25 kg
Load-to-weight Ratio 9.78 0.182 0.612 - 0.5714 1
Working Range: 188 mm,(103.9%) 31.4 mm,(62.8%) 250 mm,(60.1%) 1550 mm,(165%)
X, Y, Z axis 188 mm,(103.9%) - 31.4 mm,(62.8%) 260 mm,(62.5%) - - -)
(% of Length) 70 mm,(38.7%) 7.7 mm,(15.4%) 230 mm,(55.3%) 1000 mm,(106.5%)
Peak Power 50 W - 344 W - - 25 W
DOFs 5 4 3 6 5
Maximum tested 60 m - 4 m 10 m - 300 m
depth
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Fig. 9. (a) Trajectory tracking test device. (b) The manipulator detail.
(c) and (d) Pressure tracking test signal at full and 40% pump power
respectively. The pressure oscillations in the regulation process were caused
by solenoid valve operation and the hydraulic hammer effect. (el) circular
trajectory 1 (f1) circular trajectory 2 (gl) straight trajectory in the view of
camera 1 with measured points. And (e2) circular trajectory 1 (f2) circular
trajectory 2 in camera 1 (g3) straight trajectory measured points and planned
points.

this work performed a load-to-weight ratio one to two order
of magnitude higher than the typical UW rigid manipulators.

Future work will focus on the multi-mode fused sensing
to recognize the interaction with environment to improve
control accuracy, and sequently achieve strategy-making with
artificial intelligence. In addition, the depth limitation of the
FOC system will be further extended to enable more accurate
and dexterous operations at larger depths.
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