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ABSTRACT A water hydraulic flexible gripper with three-fingered structure is developed to deal with the
problem of poor adaptability for the existing underwater gripper. This gripper driven by water hydraulics
can realize flexible grasping and possess simple structure, high pressure-bearing, strong adaptability and
capability of anti-jamming to the water environment and easy to control. In particular, the water hydraulic
flexible gripper system is an open system in relation to the underwater environment, with the water source
being supplied directly by the underwater environment, eliminating the effects of back pressure generated
by the underwater environment in comparison with the closed system of other grippers. It is a good solution
to solve the problem of poor adaptability for the existing underwater gripper in underwater environment.
The flexible actuator model is established to explore the key parameters influencing the deformation
characteristics. The effects of different inlet pressure, knuckle length, wall thickness and material of the
inner skeleton and external surface on the deformation characteristics of the flexible actuator are investigated
through simulation. It is found that, for the flexible actuator, the wall thickness of the inner skeleton is selected
as 1 mm and the inner skeleton length is designed with the first knuckle of 30 mm and the second knuckle
of 80 mm. Based on the optimal parameters obtained through simulation, the prototype of flexible actuator
and flexible gripper are fabricated. Experiment is performed to test the deformation of the flexible actuator
under different inlet pressure. It is found that the experiment results are consistent with the simulation results.
Both of the experiment and simulation results exhibit that the total deformation of the flexible actuator is
proportional to the inlet pressure. The research will lay foundation for the optimal design of flexible actuator
used for the underwater gripper driven by water hydraulics.

INDEX TERMS Deformation characteristics, experimental verification, flexible actuator, numerical

simulation, water hydraulic flexible gripper.

I. INTRODUCTION

With the development of economy, especially the exploitation
and utilization of the water resources in rivers, lakes and
seas, a great number of scientific research underwater, such
as biological sampling, environmental monitoring and so
on, are gradually dependent on submersible and underwater
robots [1]. However, in the past, most of these kinds of
works were done by divers, which was expensive and risky.
Therefore, as a new technology and method, underwater
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robot has been gradually applied in underwater scientific
research [2]-[4]. At present, the traditional gripper of under-
water robot usually adopts rigid actuators driven by motor
or hydraulic mechanism. Rigid actuator is normally used to
grasp hard materials with good effect, but when grasping
flexible or brittle materials, it cannot guarantee that these
objects are grasped without being damaged, especially under-
water plankton, dangerous substances and various sensitive
instruments etc. In addition, the structure of rigid gripper is
complex and difficult to control precisely. As the emergence
of bionic materials, flexible materials and intelligent materi-
als, flexible actuators made by these materials can adapt to
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grasp objects that is flexible or brittle of different shapes and
sizes. Flexible gripper with flexible actuators has gradually
become a research hotspot [5].

Flexible actuators, a new type of the equipment for robots,
have been widely studied by many scholars and institutions.
They can be divided into three types by the way of control:
dielectric elastomer actuator (DEA), shape memory polymer
actuator (SMPA) and pneumatic actuator (PA). Wang et al. [6]
designed a flexible gripper, which was based on bi-stable
DEA. This flexible gripper could achieve good performances
in grasping various objects by a simple actuation system.
Moreover, when grasping objects, it did not need to provide
continuous voltage. The research showed that the soft gripper
could grasp objects quickly with very low energy consump-
tion. Xu et al. [7] developed a flexible bio-inspired gripper
inspired by the grasping process of Venus flytrap. The gripper
was driven by DEA, which consisted of a two-leaf functional
structure aimed to mimic the leaf closure of the Venus flytrap
by controlling the voltage. In addition, the experiment results
showed that it took only 0.25 seconds for the gripper to grasp
the table tennis ball. All of DEAs can be driven by electro-
static force to meet the needs of artificial muscles [8], [9],
however they require a rigid frame to pre-stretch the high elas-
tomer, the preparation process is relatively complex, the reli-
ability of the flexible electrode needs to be further improved,
and a higher voltage is needed.

Ge et al. [10] developed a flexible gripper with pre-
programming function by using a variety of new materials
and 4D multi-material printing technology. The structure
of shape memory polymer with high resolution and multi
material could be created by this technology. Their exper-
imental research showed that the flexible gripper made by
SMPAs could grasp a variety of irregular or fragile objects,
and could achieve high-precision control. Fang et al. [11]
mixed ethylene-vinyl acetate and aniline black to provide one
candidate material for near-infrared light triggered flexible
actuator in aqueous media, and demonstrated the SMPA made
by this new material was capable of opening and closing
the arms reversibly via periodic variation in irradiation PD
successfully. SMPA is suitable for small volume, simple in
structure, easy to control, and strong adaptability to the envi-
ronment [12], [13]. However, it needs to be released through
strict temperature changes, which is inefficient. What’s more,
overheating or excessive strain will easily cause permanent
damage to the actuator.

Zhou [14] developed a novel flexible gripper with one pas-
sively adaptive palm and three PAs. Each PA comprises two
ellipse-profiled pneumatic chambers. The research showed
that this flexible gripper could achieve 40 N grasping force
in practice, at a very low actuation pressure below 100 KPa
by using the ellipse-profile, two-chambered finger, combined
with the palm with passive chamber and the surface array
pattern. Deimeld and Brock [15] from University of Berlin
developed RBO hand, an underactuated flexible gripper
based on PA. Due to the poor adaptability of RBO hand to
objects and the inability to achieve flexible grasping of more
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complex objects, they developed RBO hand 2 [16] on the
basis of RBO hand by enhancing the learning algorithm to
train the flexibility of the gripper. RBO hand 2 had seven
PAs, which could achieve four dimensions of grasping, had
excellent payload weight ratio, and could grasp objects with
a maximum weight of 260 g. At the same time, it had strong
flexibility and the ability to resist impact and blunt collision.
It could be applied to the working environment containing
dust or liquid. Compared with rigid grippers and other flex-
ible grippers, the gripper made up of PA has the characteris-
tics of low pressure-bearing, large deformation and flexible
movement [17]-[19]. However, its development is limited by
its insufficient rigidity and small grasping force, and cannot
adapt to underwater work, especially in deep underwater
work.

In addition, many scholars have attempted to combine dif-
ferent types of driving to develop new flexible grippers. Amir
Mohammadi Nassab ef al. [20] designed a three-fingered
pneumatic gripper that contains ‘“programmable” ligaments
that reversibly softens under resistive heating. Moreover,
the electrically programmable ligaments was incorporated in
the pneumatic actuator had the potential to enhance versatility
and reduce dependency on tubing and valves. Xiang et al. [21]
developed a monolithic flexible-smart gripper with concomi-
tant sensing, actuation, and gripping capabilities. The gripper
was consist of a pneumatically actuated visio-tactile (TacTip)
sensor and a stretchable EA pad. Completely flexible and
safer interactions could be achieved between the actuators
and objects. Park et al. [22] proposed an electrohydraulic
gripper, which was based on electrostatic and hydraulic
forces. The gripper could generate a hydraulic force with-
out an external fluid supply source. Researchers investigated
the grasp characteristics of the actuator of the gripper and
demonstrated the ability of gripper to grasp delicate materials
by experiment. Compared with the flexible grippers with a
single drive method, the flexible grippers with multiple drive
methods have better adaptability, higher gripping efficiency
and more accurate control. However, the disadvantages such
as low pressure-bearing capacity, complicated control system
and small gripping force still exist [19].

It can be seen that these flexible grippers usually possess
complex structure, low pressure-bearing, poor adaptability
and capability of anti-jamming to the water environment and
hard to control. In addition, these flexible gripper systems
are closed systems in incompatible to the underwater envi-
ronment, which are affected by the underwater back pressure
environment easily [19], [23], [24]. Therefore, they cannot
adapt to complex or special underwater working environ-
ment. In this research, a flexible gripper, which can simulate
the movement of human hand simply is developed by the
bionics principle (as shown in Figure 1). The flexible grip-
per adopts a three-fingered structure, which is composed of
three flexible actuators driven by water hydraulics, and can
imitate the hand grasping function to the maximum extent.
It can not only realize flexible grasping and ensure grasping
performance and safety, but also overcome the disadvantages
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FIGURE 1. Structural of water hydraulic flexible gripper (1-pedestal,
2-connecting tray, 3-flexible actuator).

of existing flexible grippers. The flexible actuator driven
by water hydraulics possess simple structure, high pressure-
bearing, strong adaptability and capability of anti-jamming
to the water environment and easy to control. In particular,
the water hydraulic flexible gripper system is an open system
in relation to the underwater environment, with the water
source being supplied directly by the underwater environ-
ment, eliminating the effects of back pressure generated by
the underwater environment in comparison with the closed
system of other gripper. Therefore, it is well adapted in under-
water environment and greatly improve the performance of
underwater equipment in the deep underwater working envi-
ronment. Since three actuators are evenly distributed on the
connecting tray, with the same working condition on each
actuator, the discussion of the deformation on just one of the
actuators will reflect the deformation on the whole gripper.
Here the flexible actuator model is established to explore
the key parameters influencing the deformation character-
istics preliminarily. Simulation comparisons of the effects
of different inlet pressure, knuckle length, wall thickness
and material of the inner skeleton and external face on the
deformation characteristics for the flexible actuator are inves-
tigated. Experiment as well as simulation studies will be
performed to verify the design and provide a reliable and
efficient theoretical basis for the further optimization design
of the flexible actuator [25].

Il. SETUP OF MODEL

A. WORKING PRINCIPLE OF THE FLEXIBLE ACTUATOR
As anew type of water hydraulic flexible actuator, the flexible
actuator consists of corrosion resistant alloy inner skeleton
and flexible external surface (as shown in Figure 2). Cater-
pillar’s appearance is imitated to design flexible external sur-
face, which has several grooves and protrusions to facilitate
the deformation of the flexible actuator and increase external
friction to ensure the stability of the grasp. The shape of the
inner skeleton is V-shaped along the axis and the section is
ellipse. Due to its elliptical section, the inner wall of the inner
skeleton is subjected to different forces, and the inner skeleton
will gradually straighten from bending when high-pressure
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(a) Before deformation

(b) After deformation

FIGURE 2. Configurations of water hydraulic flexible actuator (1-flexible
external surface, 2-inner skeleton).

water enters into the closed inner skeleton at one end under
the control of high-speed switch valve. At the same time,
the flexible external surface will bend inward with the defor-
mation of the inner skeleton. What’s more, the bending angle
of the flexible external surface increases with the increase of
pressure. Therefore, the bending deformation of the flexible
actuator can be controlled by controlling the pressure of the
fluid, and the grasping action of the gripper can be realized.

B. PHYSICAL MODEL

The inner skeleton structure is divided into two knuckles (the
first knuckle and the second knuckle), which is shown in
Figure 3 (a). In order to achieve the gripping function of the
gripper better, it is necessary to optimize the structure of the
inner skeleton of the flexible actuator. Further studies will be
carried out through simulation to reveal the effect of different
length of the first knuckle and second knuckle (/1 and /) on
the deformation characteristics of the flexible actuator.

The flexible external surface is designed with several
grooves and protrusions to reduce the deformation hindrance
by the elastic behavior of the material and increase the defor-
mation of the flexible actuator (as shown in Figure 2). Fur-
thermore, this kind of structure can also increase the friction
between the external surface of the flexible actuator and
the surface of the object to be gripped to ensure a smooth
and steady grip when gripping smooth or complex-shaped
objects.

C. MATHEMATICAL MODEL

It can be seen from the working principle of the flexible
actuator that the inner skeleton plays a very important role
in driving the external surface deformation through its own
deformation and realizing the gripping action of the flexible
actuator. Therefore, the key to understand the deformation
characteristics of the flexible actuator is analyzing the defor-
mation characteristics of the inner skeleton. The force and
deformation of the inner skeleton within the flexible actuator
under the fluid action of pressure P is shown in Figure 3 (b).
It is assumed that the inner skeleton material of the flexible
actuator is an ideal elasticity with a modulus of elasticity of E,
the initial length of inner skeleton without deformed bend-
ing deformation is Lo, the average value of inner and outer
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the first knuckle  the second knuckle

(a) Structure of the inner skeleton

(b) Deformation analysis

FIGURE 3. Schematic of the inner skeleton.

radius of inner skeleton is r,, and the wall thickness of inner
skeleton is 6. When the inner skeleton deforms and bends at
an angle 6, the polar angle of cross section coordinate system
is g, the axial elongation of the inner skeleton is AL, the strain
and the stress in the cross section of the inner skeleton is &
and o respectively. The wall thickness of skeleton is 8’ at this
time.
The specific solution process is as follows:

AL = rpf sing €))]
Based on the strain formula [26], the strain € is:
AL rpfsing
Ly Ly

According to Hooke’s Law [26], the stress o in the cross
section of the inner skeleton is:

@

Er,,0 sin
o = Eg = 27 5% 3)
Ly
At the same time, the inner skeleton has axial elongation
deformation, and its wall thickness becomes §':

FY 3Lo

= @)
Lo+ rpfsing

IIl. PHYSICAL CHARACTERIZATION OF MATERIALS

In order to meet the requirements of underwater work,
the inner skeleton material of the water hydraulic flexible
actuator needs to have high compressive capacity, small iner-
tia, high resilience, high strength and good fatigue resistance.
The external surface material of the flexible actuator need
to have a certain flexibility, less inertia and high resilience
to realize soft and fast grasping. In addition, external sur-
face material should have a certain load-carrying capacity
and fit well with the inner skeleton. Moreover, both of the
inner skeleton and the flexible external surface materials need
to have good corrosion resistances for the flexible actuator
needs direct contact with water or seawater.
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A. THE INNER SKELETON MATERIALS

After considering the physical properties of materials syn-
thetically, four kinds of materials including high elastic alloy
3J1, 3J21, Titanium alloy and Carbon fiber are selected for
comparative study of the inner skeleton material of flexi-
ble actuator [27]-[30]. Their specific physical properties are
shown in Table 1.

TABLE 1. Performance comparison of different inner skeleton materials.

Property (unit) 1 321 Ti;?lnoi;‘m Cglrf:r’“
Density (g/cm®) 8.0 8.4 451 2.0
Tensile strength (MPa) 1372 1323 967 3500
Elastic modulus (GPa) 186 196 128 210
Corrosion resistance Yes Yes Yes Yes

The elastic modulus of the inner skeleton material of the
flexible actuator should not be too small in order to meet
the performance requirements of high resilience. At the same
time, the specific strength of materials should be great to
reduce inertia and achieve precise motion control. Thus, it is
more suitable to select titanium alloy as the inner skeleton
material of the flexible actuator.

B. THE EXTERNAL SURFACE MATERIALS

Generally, rubber material is a kind of small inertia and high
elasticity material, which is widely used in flexible actuator.
In this research, three kinds of rubber materials including flu-
orine rubber, silicone rubber and nitrile rubber are compared
and analyzed. Their specific physical properties are listed in
Table 2. Because of its low strength, poor tear resistance
and poor wear resistance, silicone rubber is difficult to meet
the application requirements of the flexible external surface
materials for the flexible actuator. Fluorine rubber and nitrile
rubber have excellent heat resistance, oxidation resistance,
corrosion resistance and aging resistance. However, fluorine
rubber has poor low temperature performance and unstable
physical and chemical properties in underwater cryogenic
environment [31]-[35]. Therefore, according to the specific
performance requirements of the flexible external surface
material of the flexible actuator, nitrile rubber is selected
as the flexible external surface material of the flexible
actuator.

TABLE 2. Performance comparison of different external surface materials.

Pronert Fluorine Silicone Nitrile
perty rubber rubber rubber
High te.mperature Good Good Good
resistance
Low tgmperature Good Bad Normal
resistance
Corrosion resistance Good Good Good
Wear resistance Bad Normal Good
Processability Normal Normal Good
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IV. SIMULATION ANALYSIS

A. COMPUTATIONAL GRID

A three-dimensional physical model of the flexible actuator is
established (as shown in Figure 2). Then the mesh is divided
through the tetrahedral mesh division function. The mesh
model is shown in Figure 4.

(c) Constraint of inner skeleton

(d) Constraint of flexible actuator

FIGURE 4. Diagram of mesh generation and constraint.

Figure 4(a) shows the mesh model of the inner skeleton.
When dividing the mesh, the mesh spacing is 0.5. There
are totally 462807 nodes generated, of which the number
of Active Elements is 302057. Figure 4(b) shows the mesh
model of the flexible actuator. When dividing the grid,
the mesh spacing is 0.5. There are totally 4505907 nodes gen-
erated, of which the number of Active Elements is 3235950.
The transition ratio number of the mesh is 0.272, which
indicates the quality of the grid preferable.

B. BOUNDARY CONDITIONS AND PARAMETER SETTINGS
As required by actual working conditions, the maximum load
on the inner skeleton is 10 MPa during the working process of
the flexible actuator. Therefore, the maximum inlet pressure
of the flexible actuator during simulation is set to 10 MPa.
Furthermore, the pressure applied to the inner skeleton of
the flexible actuator is uniform to simulate the action of
high-pressure water. At the same time, a full constraint is
applied to the intake of the inner skeleton or the intake of
the flexible actuator to simulate the axial support of the
pedestal and connecting tray to the inner skeleton, as shown
in Figure 4(c, d).

C. SIMULATION RESULTS AND ANALYSIS

OF THE INNER SKELETON

1) EFFECTS OF DIFFERENT INLET PRESSURE OF THE INNER
SKELETON ON THE DEFORMATION CHARACTERISTICS
When all the simulation conditions are identical and only
the inlet pressure of inner skeleton is changed, the effects
of different inlet pressure on the deformation characteristics
of the inner skeleton have been simulated. Figure 5 shows
the total deformation, maximum shear elastic strain and
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FIGURE 5. Effects of different inlet pressure on the deformation
characteristics of the inner skeleton.

maximum shear stress of the inner skeleton under different
inlet pressure. Figure 6 shows the total deformation of the
closed end of the inner skeleton, which is the maximum
total deformation of the inner skeleton under different inlet
pressure.
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FIGURE 6. Effects of different inlet pressure on the total deformation of
the closed end of the inner skeleton.

Figure 5(a) and Figure 6 show the total deformation of the
inner skeleton under different inlet pressure. It indicates that
the total deformation of inner skeleton increases gradually
with the increasing of inlet pressure. Figure 5(b) illustrates
the maximum shear elastic strain of inner skeleton under
different inlet pressure. It can be found from Figure 5(b) that
the maximum shear elastic strain of the inner skeleton under
different inlet pressure is 4.3673 x 1073, which belongs to the
safety value within the elastic limit. Figure 5(c) demonstrates
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the maximum shear elastic stress of the inner skeleton under
different inlet pressure. It can be seen from Figure 5(c) that
the maximum shear elastic stress of the inner skeleton under
different inlet pressure is 185.45 MPa, which belongs to
the safety value within the elastic limit. It can be obtained
from the above results that there is a proportional correlated
between the deformation capacity of the inner skeleton and
the inlet pressure of the inner skeleton within the elastic
range of the material. However, due to the limitations of
the actual working equipment and the physical properties of
the material, the maximum inlet pressure in this study is set
as 10 MPa.

2) EFFECTS OF DIFFERENT MATERIALS OF THE INNER
SKELETON ON THE DEFORMATION CHARACTERISTICS
Simulations with different materials of the inner skeleton
(including 3J1, 3J21, TC4 and Carbon fiber) have been car-
ried out respectively. When all the simulation conditions
are identical and only the material of the inner skeleton is
changed, Figure 7 shows the total deformation, maximum
shear elastic strain and maximum shear stress of the inner
skeleton with different materials. Figure 8 shows the total
deformation of the closed end of the inner skeleton, which
is the maximum total deformation of the inner skeleton with
different materials.

Carbon fibre

(a) Total deformation

(b) Maximum shear elastic strain

(c) Maximum shear stress

FIGURE 7. Effects of different materials on the deformation
characteristics of the inner skeleton.

Figure 7(a) shows the total deformation of inner skeleton
with different materials. It can be seen from Figure 8 that
the maximum total deformation of the inner skeleton with
3J1, 3J21, TC4 and Carbon fiber are 0.12365 mm, 0.1194
mm, 0.20401 mm and 0.1134 mm, respectively. Figure 7(b)
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FIGURE 8. Effects of different materials on the total deformation of the
closed end of the inner skeleton.

illustrates the maximum shear elastic strain of the inner skele-
ton with different materials. It can be found from Figure 7(b)
that the maximum shear elastic strain of the inner skeleton
with 3J1, 3J21, TC4 and Carbon fiber are 2.6889 x 1073,
2.5169 x 1073, 4.3673 x 1073 and 2.3088 x 1073, which
belongs to the safety value within the elastic limit, respec-
tively. Figure 7(c) demonstrates the maximum shear stress of
the inner skeleton with different materials. It can be seen from
Figure 7(c) that the maximum shear stress of the inner skele-
ton with 3J1, 3J21, TC4 and Carbon fiber are 185.43 MPa,
185.46 MPa, 185.45 MPa and 185.48 MPa, which belongs to
the safety value within the elastic limit, respectively. It can be
found from the above results that the deformation ability of
the inner skeleton with TC4 is better than the other materials.
Therefore, TC4 is a preferential material for the inner skele-
ton, which can make the inner skeleton has the better ability
of deformation.

3) EFFECTS OF DIFFERENT WALL THICKNESS OF THE INNER
SKELETON ON THE DEFORMATION CHARACTERISTICS
According to the mathematical model of the inner skele-
ton and the actual processing conditions, simulations with
different wall thickness of inner skeleton, which is set as
1 mm, 1.5 mm, 2 mm, 2.5 mm and 3 mm respectively,
have been carried out. When all the simulation conditions
are identical and only the wall thickness of inner skeleton is
changed, Figure 9 shows the total deformation, maximum
shear elastic strain and maximum shear stress of the inner
skeleton under different wall thickness. Figure 10 shows the
total deformation of the closed end of the inner skeleton,
which is the maximum total deformation of the inner skeleton
under different wall thickness.

Figure 9(a) andFigure 10 show the total deformation of
the inner skeleton under different wall thickness. When the
wall thickness of the inner skeleton is set from 1 mm to
3 mm, the total deformation of the inner skeleton decreases
gradually with the increasing of wall thickness. Figure 9(b)
illustrates the maximum shear elastic strain of inner skele-
ton. It can be seen from Figure 9(b) that the maximum
shear elastic strain of the inner skeleton is 4.4698 x 1073,
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1.5 mm

2mm

(a) Total deformation (b) Maximum shear elastic strain (c) Maximum shear stress

FIGURE 9. Effects of different wall thickness on the deformation
characteristics of the inner skeleton.
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FIGURE 10. Effects of different wall thickness on the total deformation of
the closed end of the inner skeleton.

which belongs to the safety value within the elastic limit.
Figure 9(c) demonstrates the maximum shear elastic stress of
inner skeleton. It can be found from Figure 9(c) that the max-
imum shear elastic stress of the inner skeleton is 189.8 MPa,
which belongs to the safety value within the elastic limit.
It can be concluded from the above results that there is an
inversely proportional correlated between the deformation
capacity of the inner skeleton and the wall thickness of the
inner skeleton within the elastic range of the material. How-
ever, due to the limitations of the actual machining conditions
and the physical properties of the material, the minimum wall
thickness in this study is set as 1 mm.
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FIGURE 11. Effects of different knuckle length on the deformation
characteristics of the inner skeleton.

4) EFFECTS OF DIFFERENT KNUCKLE LENGTH OF THE INNER
SKELETON ON THE DEFORMATION CHARACTERISTICS

When all the simulation conditions are identical and only the
knuckle length of the inner skeleton is changed, Figure 11
shows the total deformation, maximum shear elastic strain
and maximum shear stress of inner skeleton under different
knuckle length. Figure 12 shows the total deformation of
the closed end of the inner skeleton, which is the maxi-
mum total deformation of the inner skeleton under different
knuckle length. Figure 11(a) and Figure 12 show the total
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FIGURE 12. Effects of different knuckle length on the total deformation
of the closed end of the inner skeleton.

deformation of the inner skeleton under different knuckle
length. It can be observed that when the first knuckle is
selected as 50 mm and the second knuckle is selected as
20 mm, the total deformation of inner skeleton is bigger
than other sizes within the elastic range of the material. The
maximum shear elastic strain of the inner skeleton under
different knuckle length is demonstrated in Figure 11(b).
It can be seen that the maximum shear elastic strain of the
inner skeleton under different knuckle length is 4.6287 x 1073
when the first knuckle is selected as 50 mm and the second
knuckle is selected as 20 mm. Figure 11(c) illustrates the
maximum shear stress of the inner skeleton under different
knuckle length. It can be found that when the first knuckle
is selected as 50 mm and the second knuckle is selected
as 20 mm, the maximum shear stress of inner skeleton is
196.55 MPa, which belongs to the safety value within the
elastic limit and occurs where the first knuckle of the inner
skeleton is in contact with the gripper’s connecting flange.
Figure 11 demonstrates that the ideal inner skeleton length
should take into account the effect of the first knuckle length
and the second knuckle length on the deformation character-
istics. Through simulation analysis, the deformation of the
inner skeleton is the largest when the first knuckle is selected
as 50 mm and the second knuckle is selected as 20 mm.
The deformation of the inner skeleton is the second largest
when the first knuckle is selected as 30 mm and the second
knuckle is selected as 80 mm. And the largest deformation is
only 0.9% larger than the second largest, while the maximum
strain and maximum stress of the largest deformation are
6.0% bigger than the second largest deformation. It means
that the inner skeleton with the first knuckle of 50 mm and
the second knuckle of 20 mm is more prone to fatigue fracture
and shorter service life under the same operating condition
than the inner skeleton with the first knuckle of 30 mm
and the second knuckle of 80 mm. In addition, due to the
limitation of overall length of the inner skeleton, the clamping
depth of gripper with inner skeleton whose first knuckle
of 50 mm and second knuckle of 20 mm is greatly limited
when grasping objects with a greater axial length, which will
greatly limit the clamping stability and range of application
of the gripper. By contrast, the inner skeleton with the first
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knuckle of 30 mm and second knuckle of 80 mm is more
preferable considering deformation, service life, clamping
stability and range of grip target.

D. SIMULATION RESULTS AND ANALYSIS OF THE
FLEXIBLE ACTUATOR

1) EFFECTS OF DIFFERENT EXTERNAL SURFACE MATERIALS
ON THE DEFORMATION CHARACTERISTICS OF THE
ACTUATOR

Simulations with different external surface materials (includ-
ing fluorine rubber, silicone rubber and nitrile rubber)
have been carried out respectively. When all the simulation
conditions are identical and only the external surface material
is changed, Figure 13 shows the total deformation, maximum
shear elastic strain and maximum shear stress of the actuator
with different external surface materials. Figure 14 shows the
total deformation of the closed end of the actuator, which is
the maximum total deformation of the actuator with different
external surface materials.

Fluorine rubber

Silicone rubber

Nitrile rubber

(a) Total deformation

(b) Maximum shear elastic strain (c) Maximum shear stress

FIGURE 13. Effects of different external surface materials on the
deformation characteristics of the actuator.
0221

0.22022
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Deformation (mm)
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/

0.21914

0218
Fluorine rubber

Silicone rubber Nitrile rubber

External surface material

FIGURE 14. Effects of different external surface materials on the total
deformation of the closed end of the actuator.

Figure 13(a) and Figure 14 show the total deformation of
the actuator with different external surface materials. It can
be seen from Figure 14 that the maximum total deforma-
tion of the actuator with fluorine rubber, silicone rubber and

VOLUME 8, 2020



S. Nie et al.: Simulation and Experiment Study on Deformation Characteristics of the Water Hydraulic Flexible Actuator

IEEE Access

nitrile rubber are 0.21973 mm, 0.21914 mm and 0.22022 mm,
respectively. Figure 13(b) illustrates the maximum shear
elastic strain of the actuator with different external surface
materials. It can be found from Figure 13(b) that the maxi-
mum shear elastic strain of the actuator with fluorine rubber,
silicone rubber and nitrile rubber are 9.0445 x 1073, 9.0318 x
1073 and 8.9781 x 1073, which belongs to the safety value
within the elastic limit, respectively. Figure 13(c) demon-
strates the maximum shear stress of actuator with different
external surface materials. It can be seen from Figure 13(c)
that the maximum shear stress of the actuator with fluorine
rubber, silicone rubber and nitrile rubber are 184.14 MPa,
184.03 MPa and 184.23 MPa, which belongs to the safety
value within the elastic limit, respectively. It can be found
from the above results that the three kinds of external surface
materials have little influence on the deformation character-
istics of the actuator. However, from the view of economy
and processing, nitrile rubber is better than the other two
materials. Therefore, nitrile rubber is a more suitable material
for the external surface.

2) EFFECTS OF DIFFERENT INLET PRESSURE ON THE
DEFORMATION CHARACTERISTICS OF THE ACTUATOR

When all the simulation conditions are identical and only
the inlet pressure of the actuator is changed, the effects of
different inlet pressure on the deformation characteristics of
the actuator have been simulated. Figure 15 shows the total
deformation, maximum shear elastic strain and maximum
shear stress of the actuator under different inlet pressure.

2 MPa

4 MPa

6 MPa

8 MPa

10 MPa

(a) Total deformation

(b) Maximum shear elastic strain (c) Maximum shear stress

FIGURE 15. Effects of different inlet pressure on the deformation
characteristics of the actuator.
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FIGURE 16. Effects of different inlet pressure on the total deformation of
the closed end of the actuator.

Figure 16 shows the total deformation of the closed end of
the actuator, which is the maximum total deformation of the
actuator under different inlet pressure.

Figure 15(a) and Figure 16 indicate that the total deforma-
tion of the actuator increases gradually with the increasing of
inlet pressure. Figure 15(b) illustrates the maximum shear
elastic strain of the actuator under different inlet pressure.
It can be found from Figure 15(b) that the maximum shear
elastic strain of the actuator under different inlet pressure is
8.9781 x 1073, which belongs to the safety value within the
elastic limit. Figure 15(c) demonstrates the maximum shear
elastic stress of the actuator under different inlet pressure.
It can be seen from Figure 15(c) that the maximum shear
elastic stress of the actuator under different inlet pressure is
184.23 MPa, which belongs to the safety value within the
elastic limit. It occurs where the first knuckle of the inner
skeleton is in contact with the gripper’s connecting flange.
It can be concluded from the above results that there is a
proportional correlated between the deformation capacity of
the actuator and the inlet pressure of the actuator within the
elastic range of the material.

V. EXPERIMENT STUDY

A. EXPERIMENT SYSTEM

Figure 17 shows a schematic diagram of the experiment sys-
tem. The construction of the system is based on the upgrad-
ing of the existing integrated experimental system for water
hydraulic components system in the laboratory. The system
mainly consists of water hydraulics test bed, flexible gripper
control system, flexible gripper and displacement sensor. The
displacement sensor is installed in a position near the closed
end of the flexible actuator of the flexible gripper, which can
test the displacement of the flexible actuator.

As shown in Figure 17, a high-pressure water source
is supplied to the flexible actuator of the flexible gripper
through a water hydraulics test bed. When the pressure shown
on the pressure gauge 7 meets the system needs, the high-
speed switch valve 8 is closed and the high-speed switch
valve 9 is open. The high-pressure water can enter the flex-
ible actuator, which in turn causes it to deform to complete
the grasping operation. Meanwhile, the displacement sensor
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FIGURE 17. Schematic diagram of the experiment system (1-Water tank,
2-filter, 3-Motor, 4-High pressure water pump, 5-Throttle valve, 6-Relief
valve, 7-Pressure gauge, 8-High-speed switch valve, 9-High-speed switch
valve, 10- Flexible gripper, 11- Displacement sensor, 12- Signal acquisition
cabinet, 13-Computer).
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Pressure
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|
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(a) Schematic diagram

(b) Physical diagrams

FIGURE 18. Diagram of deformation measurement of flexible actuators.

11 located near the closed end of the flexible actuator detects
the deformation produced by the flexible actuator (as shown
in Figure 18(a)), generates a voltage signal and transmits it to
the signal acquisition cabinet 12. The voltage signal collected
by the signal acquisition cabinet is imported to the computer
and is displayed in real time in the collection interface coded
by the LabVIEW software, and the voltage value is converted
to the deformation value.

The parameters of the experimental apparatus are as fol-
lows: (1) The water hydraulics test bed can provide a pressure
range of 0-14 MPa, flowrate of 0-120 L/min. (2) The flexible
actuator of the gripper (i.e. the optimal structure obtained
by simulation): the inner skeleton material is TC4, the wall
thickness of the inner skeleton is 1 mm, the inner skele-
ton length is chosen with 30 mm of the first knuckle and
80 mm of the second knuckle and the external materials is
nitrile rubber. (3) The flexible gripper control system: two
high-speed switch valves. (4) Displacement sensor: type of
MT30, range of 10 mm, repetitive accuracy of 10 um. (5)
High speed acquisition system: modular hardware platform
of NI (NI USB-6212 acquisition card) and system design
software (LabVIEW).

In this research, 3D printing technology is employed to
process flexible actuators. The physical diagrams of the
flexible actuator and the flexible gripper are shown in
Figure 18(b). The experiment is conducted with the optimal
structure of the flexible actuators as the simulation results
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showed, and test under the same experimental conditions. The
inlet pressure of the flexible actuator is considered as variable
andissetas0, 2,4, 6, 8 and 10 MPa respectively. The diagram
of the deformation measurement is shown in Figure 18.

B. RESULT AND DISCUSSION

1) EXPERIMENTAL RESULTS OF DIFFERENT INLET PRESSURE
The experiment is performed with optimal flexible actuator
structure obtained by simulation to test the deformation of
the flexible actuator under different inlet pressure (as shown
in Figure 19). The experiment results are listed in Table 3.
As shown in Table 3 andFigure 19, when the inlet pressure is
setas 0, 2,4, 6, 8 and 10 MPa respectively, the minimum and
maximum deformation of the flexible actuator are 0 mm and
0.20213 mm, respectively. It can be found from Figure 19
that the deformation of the actuator increases gradually with
the increasing of inlet pressure. There is a proportional cor-
related between the deformation of the actuator and the inlet
pressure of the actuator.

024 4 —a— Deformation (experiment)
020 1 —@— Deformation (simulation) //.
g
£ 016 - F
=
= /
2 e
€ 012 s
g
=
E 0.08 =
0.04 1 o
0.00 T
0 2 4 6 8 10
Pressure (MPa)

FIGURE 19. Comparisons of simulation and experiment results under
different inlet pressure.

TABLE 3. Deformation of the flexible actuator under different inlet
pressure.

Inlet pressure Deformation

Number

(MPa) (mm)
1 0 0
2 2 0.04037
3 4 0.08145
4 6 0.11830
5 8 0.17490
6 10 0.20213

2) COMPARISONS OF SIMULATION AND EXPERIMENT
RESULTS

To validate the effects of different inlet pressure on the
deformation of the flexible actuator, the comparisons between
simulation and experiment results are conducted. Figure 19
shows the deformation of the simulation and experiment
results under different inlet pressure for the flexible actuator.
It can be observed that the experiment value is slightly smaller
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than the simulation value. This is because the flexible actuator
processing method used in this experiment is 3D printing,
which will have an effect on the elasticity and plasticity of the
material [36]-[37]. However, the trends of the simulation and
experiment are similar, and with the increase of inlet pressure,
the deformation of the flexible actuator is also increasing
gradually. This exhibits that the simulation model built in this
research is essentially correct, and the simulation results are
consistent with the experiment results.

Through the simulation and experimental study, it is proved
that the deformation of flexible actuator is driven by the inner
skeleton. Therefore, the key to the development of flexible
actuator is to study the deformation characteristics of inner
skeleton. In this research, the flexible actuator with TC4 as
the inner skeleton material is easy to achieve precise control
of deformation, however, its deformation is not large. This is
attributed to the fact that the physical and chemical properties
of TC4 are limited and it is unable to have good elasticity
and plasticity with high strength at the same time, which
means the inner skeleton cannot achieve large deformation
while withstanding high pressure. As a result, the gripper with
these flexible actuators can only grasp a limited number of
objects and has a limited range of application. This problem
would be solved in the future by screening new inner skele-
ton materials, which will have good elasticity and plastic-
ity with high strength at the same time and can effectively
increase the deformation of the flexible actuator and expand
the application scope of the flexible gripper. In addition,
the cross-section of the inner skeleton is elliptical, which
makes the inner wall subjected to different forces to deform.
In the further study, the structure of the inner skeleton will
be optimized to increase the force differential between the
inner walls of the inner skeleton or reduce the deformation
resistance of the inner skeleton, which will also help increase
the deformation of the flexible actuator.

VI. CONCLUSION
In this research, a novel flexible underwater gripper driven
by water hydraulics is developed, which can simply imi-
tate the movement of human hand. The flexible gripper
adopts a three-fingered structure, which is composed of three
water-hydraulically driven flexible actuators. The flexible
actuator model is established to explore the key parameters
influencing the deformation characteristics. Simulation com-
parisons of the effects of different inlet pressure, knuckle
length, wall thickness and material of the inner skeleton
and external on the deformation characteristics for flexible
actuator are performed. Experiment is performed to test the
deformation of the flexible actuator under different inlet
pressure. Both of the experiment and simulation results indi-
cate that the flexible actuator can realize deformation, which
can help the flexible underwater gripper achieve grasping
function.

The following conclusions can be drawn from this
research: (1) The total deformation of the flexible actua-
tor is proportional to the inlet pressure, and is inversely
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proportional to the wall thickness of inner skeleton. There-
fore, the higher inlet pressure and the thinner wall thickness of
inner skeleton are more conducive to the larger deformation
of the flexible actuator within the elastic range of the material.
When designing flexible actuators in the future, the pressure-
bearing capacity of the inner skeleton should be improved and
the wall thickness of the inner skeleton should be reduced
as much as possible to produce large deformations, so as to
expand the application range of the gripper. (2) According to
the conditions of actual working equipment, the maximum
inlet pressure is set as 10 MPa. When the wall thickness
of the inner skeleton is selected as 1 mm, the deformation
of the flexible actuator can get the largest. (3) The inner
skeleton with the first knuckle of 30 mm and second knuckle
of 80 mm is more preferable considering deformation, service
life, clamping stability and range of grip target. (4) TC4 is a
more preferential material for the inner skeleton and nitrile
rubber is a more preferential material for the external surface
when taking into account of the deformation, economy and
processability.

NOMENCLATURE

Lo Initial length of inner skeleton (mm);

AL —— Deformation of inner skeleton (mm);

I —— Length of the first knuckle of inner
skeleton (mm);

12 —— Length of the second knuckle of inner
skeleton (mm);

P Inlet pressure (MPa);

1) —— Wall thickness of inner skeleton (mm);

8’ Wall thickness of inner skeleton after
deformation (mm);

0 —— Deformation angle of inner skeleton
(Degree);

rm ~ —— Middle value of inner and outer radius
of inner skeleton (mm);

£ — Strain in the cross section of the inner
skeleton;

o — Stress in the cross section of the inner
skeleton (MPa);

E —— Elastic modulus of inner skeleton
material (MPa).
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