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ABSTRACT Fabrics are promising materials to realize the high-strength soft robots as they are anisotropic,
stretchable, and intrinsically high strength. Exploiting these properties, here we present the design and
test of novel high-strength hydraulic soft manipulator modules composited different type of fabrics. The
morphology of manipulator entirety is designed into an elephant’s nose shape with three fabric-based
soft actuators and a fiber-reinforced soft gripper with three fingers. The multi-degree of freedom of soft
manipulator by filling different pressure into three actuators makes the gripper adaptable to gripping objects
of various shapes, stiffness, and weights within a certain range. The soft manipulator modules are tested to
characterize its workspace, torque output, and rotational stiffness. Gripping function tests are also conducted
to estimate the achieved degree of functions of the gripper. Functional tests verify that the proposed soft
manipulator and gripper has achieved expectations, so, it has great potential applications in production and
daily life.

INDEX TERMS High-strength soft manipulator, anisotropic fabrics, soft arm, gripper.

I. INTRODUCTION
Soft actuators are increasingly attracting the interest of
researchers in recent years. Compared with conventional
rigid actuators, soft actuators are safer and more adapt-
able, which can interact friendly with humans and inter-
act with unstructured environment better [1]. According to
previous research, soft actuators mainly include fluid-driven
soft actuators [2]–[4], shape memory alloy (SMA)-driven
actuators [5], [6], shape memory polymer (SMP)-driven
actuators [7], [8], particle jamming [9], [10], dielectric elas-
tomer [11], [12]. A common feature of these actuators is
that they depend on elastomeric materials for the body,
such as silica gel and urethane. These soft materials have
many advantages, including the ability to co-mold multiple
other materials, chemical and heat resistance, and the ability
to withstand large deformations while conducting complex
ranges of motion (ROM).

The associate editor coordinating the review of this manuscript and
approving it for publication was Yingxiang Liu.

However, properties such as stiffness and strength of mate-
rial make elastomeric materials not ideal for many applica-
tions such as flexible seal and grabbing operation, because
they are often prone to tears, punctures, and tensile failures
when strained. For the soft robotics, low strength results
in low driving force, soft manipulator or gripper cannot
support or grab high-weight objects. Fiber-reinforced actu-
ators can greatly increase the strength of actuators made
of soft materials [2], but with the increase of driving pres-
sure, the expansion between fibers is unavoidable, and even
the fibers will cut off the soft actuator when the actua-
tor is pressurized to a certain extent. Fabrics are promis-
ing materials, because they have high strength and inherent
anisotropy [13], [14]. Fabric-based actuators increase driving
pressure by adding a fabric layer (common woven fabric)
outside the actuator [15], [16], they have advantages of high
flexibility and relative high force output [3], [29], [30] but
the fabric will restrict ROM of soft actuator due to poor
stretchability.

Pneumatically actuated method is most classical among
soft actuators [17], which have been applied to soft robots
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and bionics very commonly. However, insufficient strength of
soft actuators remains a serious problem, pneumatic system
has some limitations because gases have compressibility and
there is a certain risk of high pressure, such as explosion.
In the previous research, the test pressure is mostly below
0.3 MPa [3], [22], [23]. In contrast, hydraulically actuated
soft actuators have better strength and stiffness than pneu-
matic ones [18]–[21]. Therefore, it is necessary to study a
hydraulically driven soft manipulator and gripper with novel
materials to improve the strength and stiffness without chang-
ing compliance.

Here, we present the design and test of a novel high-
strength and high-stiffness hydraulic soft manipulator com-
posited with anisotropic fabrics that can support and grab
objects of different sizes, shapes, stiffness and weights. Our
design includes fabric investigation and selection, struc-
ture of soft manipulator and structure of soft gripper.
Testing is conducted to contain: ¬fabric characteristics.
pressure-displacement characteristics, end force output
and dynamic response of actuators of soft manipulator.
®workspace, torque output and rotational stiffness of soft
manipulator modules. ¯tip force output, bending angle and
stiffness of actuators of soft gripper. Our highlight is to
exploit the anisotropy of the fabrics to increase the driving
pressure and ROM of the soft actuator greatly. We added
the driving pressure to 1.5MPa, and the soft actuator has no
signs of leakage or blasting, so the strength and stiffness of
the soft actuator are improved significantly, which has been
demonstrated in this paper.

Main contributions of this work include: ¬We investigated
two novel types of fabrics (knitted fabric and elastic fabric),
which can perform greater anisotropy than traditional woven
fabric. We developed the high-strength soft manipulator
modules exploiting the anisotropy of the fabrics, which can
produce high strength, large ROM, and high stiffness.

II. DESIGN
A. FABRIC INVESTIGATION AND SELECTION
Based on the requirement of high strength and large ROM,
the two modules of soft manipulator and gripper we
designed (see Fig. 1) need to have different functions. This
section mainly introduced the fabrics selection of differ-
ent modules. For Module 1, it should have certain stiff-
ness and rigidity, which is antagonistic to the driving water
pressure. So, Module 1 needs a textile which possess high
strength, high modulus and stretches ability in one direc-
tion and stretches performance poorly in the perpendicular
direction. Knitted fabric can exhibit anisotropic behavior
because their looped construction creates inherent structural
deformation. Knitted materials can exhibit more obvious
anisotropic behavior because their looped construction will
produce inherent structural deformation. Knitted fabrics are
suitable for applications requiring anisotropy because their
structures are relatively rigid in one direction and compliant
in the other. In addition, knitted fabrics are usually balanced

FIGURE 1. The combination of high-strength soft manipulator and soft
gripper. The manipulator consists of two modules with different
functions, and the gripper consists of a finger holder and three fingers.
The left picture is the model and the right one is entity.

fabrics, which means that their looped construction has front-
back and left-right symmetry, respectively. [24] The material
chosen for the knitted fabric is nonnegligible factor, the ten-
sile properties and fracture strength of nylon, aramid and
polyethylene textiles were tested and the result is that aramid
textiles have the best properties. We chose a commercially
knitted aramid fabric (Aramid 1414), and we cut 15 sections
of samples with length of 200 mm and width of 30 mm,
the results of the universal tension machine (FL-8613, see
Fig. 4c) test (warp and weft direction) are shown in Fig. 2a.

For Module 2, under the condition of high stiffness of
Module 1, it is necessary to achieve more ROM, which
requires that the actuators can be significantly elongated in
the axial direction when pressurized, simultaneously, it is
necessary to restrict the radial expansion, which is the use-
less work of water pressure. Therefore, the fabric chosen
in Module 2 needs more significant anisotropy than in
Module 1. Elastic fabric (the warp yarns are made of latex,
and the weft yarns are polyester low-elastic yarns), is particu-
larly suited for the Module 2 because its structure is relatively
stiff in one direction and compliant significantly in the other.
We chose a plain elastic fabric (latex and polyester), for its
lowweight, sewability properties and brilliant anisotropy, and
the test result shows in Fig. 2b (warp and weft direction).

The physical properties of elastic fabrics are like a light
spring, which can produce huge deformation in one direction
and hardly deformation in the other. Themechanical response
of the elastic fabric (warp direction) can be nicely expressed
by Hooke’s law: xF = Fst/ kel , where Fst is the pulling
force on elastic fabrics, kel is the modulus of elasticity and xF
is a deformable quantity. Finally, we use a sewing machine
(FHSM-201) to sew elastic fabrics into cylinders along the
warp direction.
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FIGURE 2. Testing fabric mechanical anisotropy for high-strength
actuators. Load-strain characteristics of aramid knitted fabric(a) and
elastic fabric(b).

B. STRUCTURE OF SOFT MANIPULATOR
The proposed soft manipulator is designed to support and
grab high-weight or fragile objects by combining soft grip-
per. Simultaneously, soft arm needs to be highly flexible,
which requires modules to be able to extend and bend by
pressurizing different actuators with different hydraulic pres-
sure, which makes the soft manipulator much easier to adapt
surroundings.

Fig. 3b shows assembly of one actuator of one module of
soft manipulator and Fig. 3c shows onemodule of soft manip-
ulator, which is mainly composed of three actuators, and
the three actuators are installed on the bottom plate (can be
understood as the joint of the arm.) by threaded connection,
respectively, and the upper connectors and nuts connection
are used to clamp the bottom plate of the next module to
achieve modularization. The function of the isolation frames
is to reduce the coupling between the actuators when the
manipulator is bent.

The actuator consists of external fabric layer (knitted fab-
ric or elastic fabric) and inner bladder, which is made of silica
gel (ELASTOSIL R© M4601). The bladders were constructed

FIGURE 3. (a) The shape and dimensions of the main parts of the soft
manipulator module. (b) Exploded view of the actuator assembly. (c) The
detailed structure of the soft manipulator module. (d) Structure and
exploded view of the soft gripper.

in a multistep process. ELASTOSIL R© M 4601, divided
into A and B groups, the mixing ratio is 20:1. Component
B contains platinum catalyst to improve the solidification
rate of component A. Mixed silica gel was put into a cen-
trifugal mixer (MWZ-2, 220v/50Hz, 6Kw) for full mixing,
and then put into the vacuum generator (2XZ-2, pump speed
2L/s,) to remove bubbles. The 3D printing mould (CR −10S
Pro 3D Printer) is sealed with tape (PTFE), then the silica
gel is poured into the mould. After baking and solidifi-
cation (vacuum dryer, DZF-6053), the bladder is prepared
(characteristics: the density is 1.01 g / mm2, the tensile
strength is 5 N/ mm2, the elongation at break is 700 %, and
the tear strength is greater than 30 N/ mm, linear shrinkage
rate is less than 1%). Finally, the bladder was inserted into
the fabric shell, and the open edge of the fabric cylinder
was hand sewn to avoid any possible damage of the blad-
der. The upper and lower ends of fabric and bladder are
fixed with pipe press (YS-20Z) by upper connectors (block-
ing flow), lower connectors (through flow) and rings. The
material of connectors and rings is aluminum alloy, which
makes the actuators have light weight and sealing perfor-
mance. Therefore, the actuators we designed mainly include
two types: Aramid Fabric Actuator (AFA) and Elastic Fabric
Actuator (EFA), and the manipulator modules mainly include
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TABLE 1. geometric parameters of the soft manipulator module.

two types: Aramid Fabric Manipulator (AFM) and Elastic
Fabric Manipulator (EFM).

Geometric parameters of the proposed soft manipulator are
shown in Fig. 3a and listed in Table 1. These parameters are
mainly designed according to the required strength and high-
driving force. For example, if the thickness of the actuator is
too thick, it will reduce the ROM and if it is too thin, it will
cause insufficient strength. Therefore, we tested many times
and analyzed the results to get the most suitable size. In order
to reduce the coupling between the actuators, the distance of
the threaded holes on the bottom plate, that is, the position
of the three actuators, should be as small as possible but not
too large. In addition to the high-driving force and ROM,
dynamic response of manipulator is also considerable, which
means the initial volume of actuator should be small. So,
the length, diameter and number of actuators are all relevant
to the dynamic response.

C. STRUCTURE OF SOFT GRIPPER
Fig. 3d shows assembly and structure of soft gripper. The
connection method between the gripper and the manipula-
tor is that the three upper connectors of the manipulator
are connected with nuts, in order to clamp the upper plate,
then connects the finger holder (manufactured by 3D printer)
with screws. The material of the finger is also silicone,
and the manufacturing process is the same as that of the
manipulator. We wrapped polyethylene fibers around soft
fingers to increase finger strength and limit the radial expan-
sion of the fingers. We used glass fibers as limiting layer
(not elongated) on the inner side of the fingers, so that the
finger will bend to one side when pressurized. The connection

FIGURE 4. (a) Experiment setup for testing. (b) Water hydraulic direct
drive system. (c) fabrics tension test.

between finger and water pipe (rigid, external thread M5) is
connected and sealed with cable tie and glue and the three
fingers are connected to the finger holder by threads. The
method to control the gripper is that one water pipe drives
three fingers, that is, after pressurization, three fingers bend
at the same time.

III. TEST
This section mainly includes the test of the actuators (AFA
and EFA) of the manipulator (pressure-displacement char-
acteristics, end force output and dynamic response) and the
test of manipulator modules (workspace, output torque and
rotational stiffness), including AFM and EFM.We also tested
tip force, bend angle and stiffness of actuator of soft gripper.
Fig. 4 shows the setup used in the test, mainly including
the water hydraulic direct drive system (Fig. 4a) and the
three-degree-of-freedom test platform (Fig. 4b). Hydraulic
direct drive system is mainly composed of servo motor
(Sgm7fj-08A7C6E, Japan), ball screw and hydraulic cylinder
(Bimba, H-3112-DBA, America). It can provide a maximum
water pressure of about 1.5 MPa. The control signal is trans-
mitted from PC to servo motor, then the rotary motion is
changed into linear motion through ball screw, and then the
extension and retraction of piston rod in hydraulic cylinder
are controlled to generate driving water pressure.

The three-degree-of-freedom test platform we used mainly
consists of three stepping motors (86BYGH126, China), four
sliding module frames and a control cabinet. The X-axis is
designed by connecting a pair of parallel modules with square
sheet metal. Y and Z axes module body cross installation
is assembled on X axes module sliding platform by gantry
form through bracket square sheet metal. OY axis and OZ
axis are driven by stepping motor to realize the movement
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of Y axis and Z axis; OX axis is driven by stepping motor,
and two module slides are driven by screw to realize the
movement of X axis. A porous test platform is installed at the
bottom center of the three-degree-of-freedom test platform to
locate and install the actuators, manipulator and gripper.

A. TEST OF THE SINGLE ACTUATOR
1) PRESSURE-DISPLACEMENT CHARACTERISTICS
Pressure-displacement characteristics of the actuator were
tested: the residual air in the internal actuator and the entire
drive system pipeline is drained before the test starts, so that
the pipeline is completely filled with water. We fixed the
actuator on the porous platform, controlled the driving water
pressure, and recorded the length and diameter of the actuator
when the water pressure was 0.1 MPa, 0.2 MPa . . . 1 MPa,
respectively, and the water pressure was measured using a
pressure transmitter (TY-811, −0.1MPa∼32MPa). The pur-
pose of measuring the length is to characterize the end dis-
placement of the actuator by the change of the length. The
larger the end displacement, the larger the bending angle
of the manipulator and the larger the motion space. The
purpose of testing the diameter of the actuator is to verify that
the fabric layer whether play a limiting role and how much
useless work is done by water pressure.We have done 15 tests
on AFA and EFA respectively. The experimental results are
shown in Fig. 5.

In the process of increasing water pressure, the length of
AFA extends from 185 mm to 213 mm, the elongation rate
is 14.6% (blue curve), the diameter increases by 0.8 mm (red
curve), that is, the AFA expands by 0.8 mm. The length of
EFA extends from 185 mm to 303 mm, the elongation is
63.8%, and the diameter increases by 0.5 mm. This meets
our anticipated design requirements. When the actuator is
being pressuring, it will produce Fa (thrust force produced
by water pressure acting on the top of the actuator) and Fb
(resistance to the elongation of the actuator, mainly caused
by fabric and bladder). The elongation process of AFA can be
divided into two stages. 0∼0.5 MPa is a fast elongation stage,
in which Fa is greater than Fb because of the fabric is slack
at this time , the actuator elongates rapidly. 0.5 MPa∼1 MPa
is a slow elongation stage, the resistance of aramid knitted
fabric is particularly high, the thrust force increases faster so
that the length increases slower, in which Fa is similar to
Fb and the fabric is now under tension. For EFA, because
of the structure of elastic fabric, the elastic fabric is always
subjected to stress by the latex in thewarp direction during the
elongation process, and the latex has good tensile properties,
so the elongation and pressure of EFA have a certain linear
relationship.

2) OUTPUT FORCE
End output force of the actuators were tested: we tested the
output force of the actuator at different end positions. For
example, for AFA, we controlled the water pressure to be
maintained at 0 MPa, 0.1 MPa, 0.2 MPa, 0.3 MPa, 0.5 MPa,

FIGURE 5. Experimental results of the pressure-displacement
characteristics of AFA(a) and EFA(b). The blue line is the length of the
actuator when it is pressurized, and the red line is the diameter of the
actuator.

and the corresponding end displacements are L0 = 0 mm,
L1 = 7 mm, L2 = 15 mm, L3 = 20 mm, and L4 =
25 mm, respectively. At this time, the OZ axis was adjusted
so that a six-dimensional force sensor (NC-6DT80, Germany)
is in critical contact with the end of actuator, and the driving
pressure is increased to record the relationship between the
force and pressure in Fig. 6.

The relationship between output force and pressure is
approximately positive, which shows that the fabric layer
plays a significant role in limiting expansion. Water pressure
almost all acts on the bottom of the actuator, making the
actuator elongate. But why not be completely positive corre-
lation is because we have done several sets of experiments,
the repetition rate is not excellent. In fact, it reveals some
common challenges faced by soft robots, that are poor non-
linearity and repeatability, which are the main factors affect-
ing accuracy. Nonlinearity mainly depends on the non-linear
mechanics of soft materials, such as superelasticity of silica
gel and fabrics. Moreover, the soft actuator of manipulator
has a cylinder shape, which makes it tend to perform lateral
bending slightly, thus, adds to irregularity of the end force if
any nonsymmetricity of geometry is induced in fabrication.

3) DYNAMIC RESPONSE
Dynamic characteristics is an important factor affecting
the performance of the actuator. Therefore, we tested the
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FIGURE 6. Experimental results of the end force output of AFA(a) and
EFA(b).

relationship between the output force of the actuator and time.
Because the response time mainly depends on the pressure
and flow rate entering the actuator, the internal volume of
the actuator and the length and diameter of the pipeline. The
speed of the servo motor is set to 2000 r/min, the length of
the pipe is 132 mm and the diameter is 6 mm. The pipe and
the actuator were filled with water ahead of time.

AFA reaches a stable output force at 1.08 s and EFA at
1.77 s (see Fig. 7). There is no doubt that as a result of
these hardware facilities, we can increase the pressure and
flow rate by increasing the motor speed and replacing large
diameter and small length water pipes, thereby improving the
response time. We will do specific research on manipulator
control in the future. In addition, the actuator itself has a
certain overshoot and hysteresis, because AFA starts with
signal output at 0.49 s and EFA starts at 0.56 s.

In order to investigate the overshoot and hysteresis of the
soft actuator, the relationship between input pressure and time
was recorded. It can be found that there is a slight overshoot
before the input pressure reaches stable 0.5 MPa, which is
the main reason for the overshoot of the output force. When
there is pressure input, the force is not immediately output,
which is due to the resistance of the bladder and fabric.

FIGURE 7. Experimental results of the dynamic response of AFA(A) and
EFA(b), the blue line is the input pressure and the red line is the output
force of the actuator, respectively.

The hysteresis is mainly caused by two factors. The first is
due to the relative friction between the inner bladder and the
outer fabric layer, thus consuming part of the driving force,
which is called rate-independent hysteresis, which cannot be
avoided by slowing the actuation speed [25]. The second
one is the rate-dependent hysteresis, which is induced by the
lag between input and output [26]. For example, elongating
of the soft actuator may lag behind varying of the driving
pressure or sensing of the sensor may lag behind elongation
of the soft actuator, which can be reduced by slowing the
actuation speed. After several tests, we find that the rate-
dependent hysteresis can be almost eliminated if the driving
pressure is below 0.2 MPa/s. Therefore, for reducing the
hysteresis, dynamic response experiments are all conducted
below 0.2 MPa/s.

Although the proposed soft actuator responds to force simi-
lar to the previous one [22] that has a response time of 1.33 s,
the output force of the proposed actuator is 302N, and the
previous one is 34 N.

B. TEST OF MANIPULATOR MODULES
In this section, the tests of manipulator modules (AFM
and EFM) mainly includes workspace, torque and rota-
tional stiffness. Firstly, we defined the parameters of the
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FIGURE 8. Parameters to define the motion of manipulator module. F is
an external force applied by the six-dimensional force sensor and under
the action of F , the manipulator module generates rotational angle α and
displacement dF .lF is the force arm of F . θ is the bend angle of the
module and T is the torque generated by the module when pressured.
¬  ® represent the different postures of the manipulator module
respectively, ¬ is the natural posture when the module is not pressurized.
¬ → ® is the process of bending when a certain pressure is applied. This
process produces the bend angle θ . ® →  is a process in which the
posture of the module changes when the force F is applied by the sensor.
This process produces the rotational angle α.

manipulator modules (see Fig. 8) in order to explain the
performance of the arm more clearly.

1) WORKSPACE
Workspace of modules includes bend angle and elongation
length. Bend angle (θ in Fig. 8) is an important feature
of the modules’ workspace, which determines the maxi-
mum flexibility of manipulator. Since modules are com-
posed of three actuators, its bend angle is symmetrical. When
one or two actuators are pressurized, the module will bend.
When three actuators are simultaneously filled with the same
pressure, the module will stretch. For example, Fig. 9a is
the experimental result of EFM and it contains the following
information: ¬the degree of bending of the module when
two actuators are pressurized, and the black dot represents
the position at which the end of the module can reach. the
elongation of the three actuators when they are simultane-
ously filled with pressure. We tested the bend angle (AFM
and EFM) of the modules in the plane, as shown in Fig. 9b.

As we predicted, the bending angle of EFM is larger
than that of AFM under the same driving pressure. This is
because the elongation of elastic fabric is superior than that
of aramid fabric, which is also consistent with the pressure-
displacement characteristics of the actuator tested before. The
bending angle of the AFM is 72◦ under the water pressure is
1 MPa, there is no obvious change in the bending angle with
the pressure continues to increase, but the stiffness at this time
is large significantly, and the human hand cannot change its
posture.

To measure achievable motion space of the overall manip-
ulator integrating gripper, we installed the manipulator on

FIGURE 9. Workspace of the manipulator modules. (a) workspace of EFM
and the ‘‘ ’’ indicates any point in the workspace and the workspace
contains so many such points that single ‘‘ ’’. (b) Experimental results of
the bend angle of AFM (blue line) and EFM (red line).

the test platform. Then, the actuators of manipulator were
pressurized from natural state (Fig. 10a) to partial flexion (in
the plane) (Fig. 10f), and to full flexion (Fig. 10b, d). Because
of its own weight, the overall bend angle of the manipulator
is different from that of the module bending test. The soft
manipulator can also achieve out-of-plane bending by apply-
ing different pressures in different actuators. (Fig. 10c, e)

2) TORQUE OUTPUT
When the manipulator module bends, it generates torque
(T in Fig. 8) in the direction of bending. The output torque
largely determines how much weight the manipulator can
support. We tested the output torque of the manipulator mod-
ule at different postures. We used 3D printing technology
to make the corresponding fixture to make the end of the
manipulator module fully contact with the sensor. By adjust-
ing the driving hydraulic pressure, the manipulator module
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FIGURE 10. Achievable motion space of the manipulator. (a) natural
state. (b) full bend to the right in the plane. (c) full bend to the right
outside the plane. (d) full bend to the left in the plane. (b) full bend to the
right outside the plane. (b) partial bend to the right in the plane.

bends and maintains this posture, for example, for the AFM,
we controlled the driving water pressure to be 0, 0.1 MPa,
0.2 MPa, 0.3 MPa, 0.4 MPa, 0.6 MPa and 0.8 MPa. At this
time, the corresponding bending angles are 0◦, 19◦, 32◦, 45◦,
52◦, 61◦ and 70◦. At this time, we increased the hydraulic
pressure and collected the output torque of the manipulator
module, which is accomplished by the six-dimensional force
sensor. The experimental results are shown in Fig. 11.

Compared with EFM, the output torque of AFM has a
good linear relationship with driving pressure, and gener-
ates more torque, with a measured maximum of 11.2 Nm
at 0◦ of bending when pressured at 1 MPa. In comparison,
the EFM generates 6.4 Nm under the same bending and
pressure conditions. Because the AFM and EFM use different
fabric materials and structures in their construction, the better
linearity and torque achieved at any given pressure with the
AFM relative to the EFM one can be attributed entirely to the
deformation in the textile.

As to why the output torque of EFM is non-linear,
it can be seen from II. – A. FABRIC INVESTIGATION and
SELECTION that there are tension differences in the fabric
layer, which results in different stiffness of the two manipula-
tor modules. The AFM can keep constant curvature bending
during the applying pressure, while EFM shows larger and
irregular curvature after 0.5 MPa and this leads to a smaller
output torque. This problem just reflects the current research
hotspot of soft manipulator, that is, the difficulty of establish-
ing variable curvature model.

3) ROTATIONAL STIFFNESS
When it comes to supporting objects, the rotational stiffness
ksup [27] is an important factor. In this section, the rotational
stiffness of manipulator modules is defined as

ksup = F · lF
/
α (1)

FIGURE 11. Experimental results of the torque output of AFM(a) and
EFM(b).

where F is applied by six-dimensional force sensor and α
is the rotational angle. Theoretically, α is calculated based
on the displacement of the module’s endpoint dF, the length
of force arm lF. For experimental test, it can be directly
measured.

We fixed the manipulator module on the experimental
platform. Two actuators of module are filled with pressure to
make it bend and another actuator is filled with appropriate
pressure to keep the manipulator module in this posture.
At this time, adjusted the six-dimensional force sensor on Z
axis to make the center point of the sensor touch the endpoint
of the manipulator module (Fig. 12a). The sensor is then
controlled to drive the manipulator module to rotate (dF =
3 mm, see Fig. 8), which can be accurately accomplished
by the control handle. Then the rotation angle a of the arm
module in the process of driving is calculated, and the rota-
tional stiffness can be calculated. The experimental results are
shown in Fig. 12c.

Stiffness of the proposed soft manipulator can be tuned
by varying charging water pressure, which makes it possi-
ble to support objects of different weight. Compared with
EFM, AFM has greater stiffness, which is due to the inherent
pressure-displacement characteristics and output force of
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FIGURE 12. (a) Rotational stiffness the manipulator modules. Experiment
method for testing. (b) Parameters to define the motion of soft finger.
F1 and F2 are the tip force of finger under different pressures,
respectively. θf is the bend angle of the soft finger. xf is the tip
displacement of the soft finger. Experiment setup for testing tip force and
stiffness. (c) Experimental results of the stiffness of AFM (blue line) and
EFM (red line).

AFA and EFA, but this meets our expectations. Compared
with the previous soft manipulator module [18] that can tune
stiffness in 0.3–7.2 N/cm, our proposed soft manipulator
module has a larger stiffness.

C. TEST OF GRIPPER
Soft actuators of gripper are mainly characterized by tip force
and stiffness. In order to test the tip force of the soft finger
more accurately (Fi in the Fig. 12b), we used 3D printer to
make a fixture matching the finger, which shown in Fig. 12b,
and we tested the tip force of the soft finger at different dis-
placements. The experimental results are shown in Fig. 13a
and it shows that the tip force increases exponentially with
the increase of driving pressure. When the displacement
xf = 6 mm and the water pressure rises from 0.05 MPa to
0.15MPa, the tip force of soft finger changes from 8N to 16N,
and when the water pressure rises from 0.15 MPa to 0.3 MPa,
the tip force of soft finger changes from 16N to 42N, which
is related to the speed of bend angle of the soft finger when it
is pressurized [28].

The stiffness of the soft finger determines how much
weight it can grasp. If the stiffness is insufficient, it cannot
grasp the heavy object. We defined the stiffness model of
the soft finger as follows: kgra = Fi/xf , where Fi is tip
force of soft finger in pressure, and xf is the corresponding
displacement. kgra is stiffness of soft finger.

FIGURE 13. (a) Experimental results of the tip force of soft finger in
different pressure. (b) Experimental results of the stiffness of soft finger
in different displacements.

Before the start of the experiment, adjusted the three-
degree-of-freedom test platform to keep the end of the soft
finger in contact with the six-dimensional force sensor. Then,
the pressure is filled into the inner chamber of the finger, and
the port and the driving pipe at the bottom of the finger are
cut off by the ball valve (Q11F, China) to keep the pressure in
the inner chamber of the finger. Under the same tip force of
the soft finger, the displacements of the six-dimensional force
sensors at the end of the soft finger are 4 mm, 8 mm, 12 mm,
16 mm, 20 mm and 24 mm, respectively. During the change
of displacement, the soft finger will automatically produce
the same displacement with the six-dimensional force sensor
because of its internal pressure, and the soft finger will bend.
The stiffness changes of the soft finger under different dis-
placements were measured. To ensure the accuracy of the test
results, six groups of driving pressures were selected, which
are 0.05 MPa, 0.1 MPa, 0.15 MPa, 0.2 MPa, 0.25 MPa and
0.3 MPa, respectively.

When the displacement is 4 to 8 mm, the stiffness of
the soft finger changes the most (Fig. 13b), the resistance
to overcome the elongation of the finger is the smallest.
When the driving pressure of the finger inner chamber is
constant, the stiffness decreases gradually with the finger

127424 VOLUME 7, 2019



Y. Chen et al.: Utilizing Anisotropic Fabrics Composites for High-Strength Soft Manipulator Integrating Soft Gripper

FIGURE 14. The experiment of gripping multiple kinds of objects:
(a) gloves, (b) panel, (c) boxes, (d) avometer.

FIGURE 15. The experiment of supporting relative heavy objects:
(a) 3D-printed part, (b) wrenches, (c) angle iron, and (d) toolbox.

displacement increasing slowly from 4mm to 20mm, and
tends to soften. This is because under the same initial driving
pressure, the larger the displacement, the larger the deforma-
tion of the finger, and the greater the internal pressure drop.
In addition, the distance between the twin helix is enlarged
due to expansion, and the thickness of the elongation surface
of the finger decreases, resulting in the weakening of the
stiffness of the soft finger.

IV. FUNCTION
To demonstrate the ability of soft manipulator integrat-
ing gripper to grip multiple objects, we carried out func-
tion experiments. The gripping ability for multiple kinds
of objects is an important indication to evaluate the perfor-
mance of the soft manipulator, and the test results are shown
in Fig. 14. It can grip objects that have different shapes and
stiffnesses, and experiments showed that it can grip gloves,
control panel, boxes, and avometer (Fig. 14a–d).

During the experiment, the manipulator and gripper can
easily support and grab objects with a weight of < 500 g.
Next, we tested the load capacity of the manipulator, and the
manipulator can easily support a 3D-printed part by hanging
an S-hook (weight 513g, Fig. 15a). Also, the manipulator can
support 706g of four different types of wrenches relatively
easily, and there is a little deformation in its axial direction
(Fig. 15b). And an angle iron of 1226g can be supported by

the soft manipulator (Fig. 15c). Further, a toolbox of 1483g
is selected as a cantilever object, although the manipulator
produces a certain axial deformation, it can still carry the
weights, and the deformation can be recovered automati-
cally after the weights are removed. (Fig. 15d). (Supplemen-
tary Video S1). When supporting relatively heavy objects,
Module 2 tends to become thicker. The reason is that in order
to improve the stiffness of the arm, we reduce the number of
isolation frames and the inner side actuator of the bending
manipulator is filled with negative pressure.

V. CONCLUSION AND FUTURE WORK
Exploiting the anisotropic, stretchable, and intrinsically high
strength properties of fabrics, we present the design and test
of novel high-strength hydraulic soft manipulator modules
composited different type of fabrics. The morphology of
manipulator entirety is designed into an elephant’s nose shape
with three fabric-based soft actuators and a fiber-reinforced
soft gripper with three fingers. The multi-degree of freedom
of soft manipulator by filling different pressure into three
actuators makes the gripper adaptable to gripping objects of
various shapes, stiffness, and weights within a certain range.
The soft manipulator modules are tested to characterize its
workspace, torque output, and rotational stiffness. Functional
tests verify that the proposed soft manipulator and gripper has
achieved expectations, so, it has great potential applications
in production and daily life.

Tests of manipulator actuators (AFA and EFA) show that
AFA can elongate from 0 to 28 mm with an initial value
of 185 mm, simultaneously, expand 0.8 mm, produce max-
imum output force of 608 N, response to force with time
of 1.08 s, with experimental maximum pressure of 1 MPa.
EFA can elongate from 0 to 118 mm with an initial value
of 185 mm, simultaneously, expand 0.5 mm, produce max-
imum output force of 534 N, response to force with time
of 1.77 s. The manipulator modules(AFM and EFM) show
that AFM can perform maximum bend angle is 72◦, produce
maximum of 11.2 Nm at 0◦ of bending when pressured,
and produce maximum rotational stiffness is 1.9 Nm/rad at
1 MPa. EFM can perform maximum bend angle is 121◦,
produce maximum of 6.4 Nm at 0◦ bending, and produce
maximum rotational stiffness is 1.6 Nm/rad, respectively.

Tests of soft gripper show that when the displacement of
finger is 6 mm and the water pressure rise from 0.05 MPa to
0.3MPa, the tip force of soft finger changes from 8N to 42 N.
In addition, under constant pressure, the stiffness decreases
with increasing displacement.

In functional tests, the proposed gripper is verified to
be adaptable to gripping objects of different shapes, sizes,
weights and the high strength and stiffness of soft manipulator
are fully exposed. It has potential applications in production
and daily life.

Future research will focus on modeling of the soft manip-
ulator and its force and motion control methods. The stress-
strain relationship of tensile tests of the fabric materials can
be applied to construct a quasi-static or dynamic analytical
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model to predict output force and motion of the actuator in
different working conditions.
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