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A Restorable, Variable Stiffness Pneumatic Soft
Gripper Based on Jamming of Strings of Beads

Fenglin Han ", Lei Fei, Run Zou

Abstract—Soft robots based on particle jamming cannot re-
turn to the initial position and initial mechanical state due to the
accumulation of particles after removing the particle jamming,
which means poor restorability, and the compliance of the robots
during deformation will be reduced because of the jamming effect.
Here, we present the design, fabrication, and tests of a novel soft
actuator with good restorability and compliance. To improve the
restorability of the actuator, we used cotton threads to connect the
spherical acrylic beads into form strings instead of discrete beads.
The beads could be pulled to the initial position by the threads, the
actuator also returns to the initial state. To avoid the jamming effect
during the deformation of the actuator, we used compressed air to
drive the actuator and injected the beads into the actuator after the
active deformation. To reduce the driving pressure and facilitate the
flow of the beads, an initial noncontact, frame-type strain constraint
structure was designed for the soft actuator. Experimental data
show that the actuator was flexible during bending and the stiffness
can increase more than 12-fold to resist the external load. By pulling
the threads, the actuator could be restored to the initial state with
an error of less than 3% of the actuator length after an operation
cycle. The soft gripper based on the actuator can grasp repeatedly
or laterally. The gripper can grasp soft objects such as a piece of
tofu and a balloon of water, and the maximum weight that can be
stably grasped is 2.744 kg.

Index Terms—Grippers and other end-effectors, particle
jamming, soft robot applications, soft robot materials and design.

I. INTRODUCTION

OFT robotics is a burgeoning technology to expand the
S capability of robots because of its excellent environmental
adaptability [1], [2]. Soft material endows robots with substan-
tial compliance, while weakening their weight-bearing capacity.
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Fig. 1. Performance of the universal gripper. (a) Lateral grab. (b) Grasping
soft objects.

This contradiction limits the practicality and universality of soft
robots. Variable stiffness technology can make the stiffness of
the robot adjust on a large range and has therefore become a
research focus in the soft robotics community [3].

There are numerous methods to achieve variable stiffness,
such as antagonist [4], [S], material phase changing [6], [7],
layer jamming [8], [9], [10], and particle jamming [11], [12],
[13], [14]. Compared with other methods, the soft actuator
using particle jamming has better adaptability to the object’s
contact shape and is easier to implement. Thus, many researchers
use particle jamming to improve the stiffness of soft robots,
especially soft grippers [15].

The jamming-based soft grippers are mainly divided into two
types: universal grippers based on a spherical soft membrane and
multifinger grippers based on soft actuators. Brown et al. [16]
developed a universal gripper, which was the first application
of particle jamming in the stiffness control of soft structures.
Subsequently, improved designs based on the universal gripper
have been developed, which can grasp objects with different
shapes, sizes, and weights [17], [18]. For example, researchers
proposed to use positive pressure to remove the jamming effect
and release the object. With the positive pressure, the soft mem-
brane can restore to its original state, and the gripper can grasp
repeatedly [19], [20]. However, the universal grippers need to
squeeze the objects to wrap them around. This passive adaptive
grasping way makes it difficult to grasp soft and smooth objects
or grasp from a horizontal direction [21], [22].

For instance, if you try to grasp a balloon filled with water with
a universal gripper, the balloon will deform under compression
[see Fig. 1(a)]. A water cup placed on a table will slip when
you try to grasp it horizontally with the universal gripper [see
Fig. 1(b)]. All of these will cause grasp failure. On the contrary,
the multifinger grippers with soft actuators perform better in
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Fig. 2. “Sandwich” variable stiffness pneumatic soft actuator.

both cases because of their active adaptive grasping through
bending deformation.

One of the typical soft actuators is a composite structure
based on a pneumatic cavity and a particle cavity [21], [23],
[24], [25], whose shape is similar to a sandwich [see Fig. 2].
The pneumatic cavity is responsible for the bending motion,
the particle cavity containing particles can achieve the jamming
effect. These grippers can adapt to objects with different shapes
or sizes while achieving variable stiffness, demonstrating that
particle jamming has excellent potential and research value in
soft robotics. However, the volume of the particle cavity changes
under different bend angles when the number of particles is
constant, which is a challenge in determining the number of
particles in the initial state. For instance, too many particles may
weaken the restorability of the actuator and require a higher
driving pressure. A small number of particles may lead to the
unwanted contraction of the actuator during the vacuum suction.

Another type of particle jammed variable stiffness soft actu-
ator is called particle transmission scheme [26], in which the
particle volume fraction (the ratio of total particle volume to
cavity volume) is dynamically adjusted according to the bend
angle of the actuator. The grippers based on these actuators have
a wide range of stiffness modulation. However, the jamming
effect and gravity make it difficult for particles to flow out of
the cavity, resulting in poor restorability of the actuators (see
Fig. 3). For instance, the particles will concentrate at the bottom
under the influence of gravity [27]. To solve this problem, Li et
al. [23] proposed using vibration to promote the restorability of
particles. Their research shows that vibration helps to improve
the restorability of actuators, but the restoring effect is related to
the contractility of the cavity. When the cavity contraction force
is small, the restoring effect is limited. However, increasing the
contraction force of the cavity will reduce the compliance of the
actuator. Therefore, how to improve the restorability of particle
transmission drivers is still a very important problem, but has
not been solved.

Besides restorability, the compliance of a particle-driven ac-
tuator decreases during deformation because the bending and
stiffness enhancement are both achieved by increasing the parti-
cle volume. For example, the stiffness of actuators increased by
about six times and seven times in active deformation [12], [23].
Thus, the particle volume fraction has a significant impact on
the actuator’s performance, and the requirement of the volume
fraction is different at different working stages. The particle vol-
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Particle transmission soft actuator.

actuator compliance and high to get better stiffness enhance-
ment. In order to obtain better variable stiffness performance,
it is necessary to dynamically control the volume fraction of
particulate matter at different stages of the driver.

In this article, we propose a new design of a variable stiffness
soft actuator. We used strings of beads instead of discrete parti-
cles to improve the restorability of the actuator. To obtain vari-
able stiffness performance, we combined the sandwich scheme
with the particle transmission scheme. To reduce the loss of
compliance during deformation, like the sandwich scheme, we
used compressed air as the power source. To improve the stiff-
ness modulation ability, like the particle transmission scheme,
we dynamically increased the volume of the strings of beads in
the actuator before vacuum suction.

The structure of this article is as follows: Actuator Design
part introduces the structure and the parameter optimization of
the actuator. Fabrication of Actuator part gives the fabrication
methods of the actuator. Experiment of Actuator part shows the
related performance of the actuator. Grasping Experiment and
Discussion part shows the grasping performance of the gripper
that consists of three proposed actuators.

II. ACTUATOR DESIGN
A. Design Goals and General Design Idea

Compliance and stiffness are contradictory attributes, so there
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Fig. 4.

during different working stages. The gripper should be compli-
ant when actively deforming to wrap the grasped object. When
bearing the loads, the gripper should have high rigidity. To
ensure the reliability of grasping, the gripper should also have
an excellent shape-locking ability when stiffness-enhancing. To
make the gripper work repeatedly, it should also have excellent
restorability.
In this article, the variable stiffness soft gripper we design
expects to have the following characteristics.
1) Excellent compliance during active deformation.
2) Large stiffness in the bearing stage.
3) Good shape-locking ability when the stiffness-enhancing.
4) Excellent restorability after an operation cycle.
Therefore, our overall design ideas are as follows (see Fig. 4).
1) In the active deformation stage, the actuator is driven by
low-pressure gas to weaken the particle jamming effect,
so0 as to improve the compliance of the actuator.
2) In the bearing stage, the stiffness of the actuator is im-
proved by using the vacuum jamming effect of particles.
3) By controlling the particle volume fraction before and
after the particle jamming, the actuator can reduce the
volume shrinkage and obtains acceptable shape-locking
ability.
4) By using strings of beads (see Fig. 6) instead of discrete
particles, the restorability of the actuator can be signifi-
cantly improved.

B. Design of Strings of Beads

A string of beads is made by combining some spherical
particles with a flexible thread. The particles are fixed on the
flexible thread with an equal interval (see Fig. 5). Ideally, when
the strings of beads are pressed into the soft cavity, the pressure

Design concept of the actuator. (a) Structure of the actuator. (b) Bending deformation (c) beads injecting. (d) Particle jamming. (e) Particle recovery.

Fig.5. Overlapping performance of the strings of beads with different threads
and intervals d. (a) Nylon thread, d = 6 mm. (b) Cotton thread, d = 6 mm.
(c) Cotton thread, d = 1 mm. (d) Cotton thread, d = 3 mm.

and friction between the particles dominate, and the flexible
thread has little restriction on the particle movement. When the
strings of beads need to be discharged from the soft cavity, the
tension of the flexible thread is dominant, which can prevent
particles from self-locking under pressure and friction.

1) Selection of Beads: The shape impacts the fluidity of
beads and the bearing capacity under particle jamming. The
particles with sharp angular shapes can be inlaid with each other
to improve the bearing capacity. However, it will also lead to poor
fluidity of beads, making it difficult to fill and flow into the soft
cavity, so we selected spherical beads in this article.
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Fig. 6. (a) String of beads and its assembly method. (b) Reliability of the
connection between beads and cotton threads.

Selecting a smaller beads diameter can increase the particle
volume fraction, which is conducive to improving the bearing
capacity. However, too-small beads will also lead to a too-small
gap between beads, which is not beneficial to the formation of
uniform vacuum distribution. At the same time, tiny beads will
also increase the manufacturing difficulty of strings of beads,
and we select the nominal size of 3mm beads( z= 2.957 mm,
@ = 0.043 mm).

The beads should be low-density. The density of glass, metal,
and ceramic is too high, and its weight will affect the deformation
of the actuator. Therefore, we select acrylic beads. In addition,
the materials of beads should also have appropriate friction char-
acteristics. Too large a friction coefficient makes it difficult for
beads to fill the cavity, and too small a friction coefficient is not
conducive to improving the bearing capacity of the actuator. The
friction coefficient between acrylic and acrylic is too significant
(close to 0.8), so a small amount of graphite powder is filled in
the soft cavity as a solid lubricant to reduce the friction.

2) Selection of Flexible Threads: When selecting the flexible
threads, the primary consideration is its bending resistance and
blocking effect on particle movement. The flexible thread should
have small bending resistance and sufficient tensile strength. In
this article, we select two kinds of flexible threads that are readily
available in the market: 402 cotton thread (QiaoLong 304 cotton
thread) with a diameter of 0.16 mm and nylon thread(Handing
0.44# nylon thread) with a diameter of 0.104 mm. Although it is
evident that the tensile strength of nylon thread with a diameter of
0.104 mm is greater than that of 402 cotton thread, the former has
too large bending rigidity, which seriously hinders the movement
of particles. We use the above two kinds of flexible thread to
make a string of beads and slowly place the two strings of beads
on the horizontal plane from the suspended state. It can be seen
that nylon thread is challenging to overlap, and it may bend into
an arch [see Fig. 5(a)]. This phenomenon means that the beads
are hard to fill into the cavity. Conversely, the cotton thread
is sufficiently soft [see Fig. 5(d)]. Therefore, we selected 402
cotton thread as the flexible thread material in this article.

3) Assembly Method of String of Beads: Fig. 5(a) shows
the assembly method of beads and cotton thread, which can
ensure the reliability of the connection between beads and cotton
threads. A flexible cable passes through a hole in the middle of
each particle, wraps around the particle, and then uses a binder
to bond the two together. We used a tensile testing machine to
break a string of beads and found that the connections between
the beads and the cotton thread were strong enough even if the
cotton thread was broken [see Fig. 6(b)].
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Soft cavity

Fig. 7. (a) Structure of soft cavity with an initial noncontact strain constrain
frame (INCSCF). (b) Soft cavity with an INCSCF (c) soft cavity with the strain
constrain frame (SCF) directly bonded to the cavity. (d) Soft cavity without SCF.

The interval size (d) of beads should be appropriate. Intervals
that are too small may hinder the dislocation between adjacent
beads, and the string of beads will show similar properties to that
of the nylon thread [see Fig. 5(c)]. Intervals that are too large
enlarge the size of the actuator. The optimal bead interval was
determined by reducing the interval from 6 to 1 mm. When the
particle spacing was reduced to 3 mm, the overlapping state of
the particle string did not change significantly.

Two factors should be considered when determining the
length of the string of beads. The length should ensure that the
particles can fill the deformed soft cavity and should be slightly
longer than the overall length of the actuator to avoid the cotton
thread blocking the active deformation of the cavity.

C. Design of Soft Cavity With an Initial Noncontact Strain
Constrain Frame (INCSCF)

To ensure the compliance of the actuator in the active de-
formation stage, and to facilitate the strings of beads pressing
in and pulling out, the soft cavity needs to have the following
characteristics.

1) Large cross-section and smooth flow channel, so the com-

mon PneuNets structure is not suitable for our design.

2) Low required actuation pressure. Due to the hydrostatic
skeleton effect, the greater the driving pressure, the lower
the compliance of the actuator. The driving pressure of the
fiber-reinforced soft cavity is as high as 70-150kPa, which
is not suitable for our design.

3) Avoid the “balloon effect” caused by excessive local de-
formation of the cavity during inflation.

To meet the above three requirements at the same time, we
proposed an INCSCF soft cavity structure (see Fig. 7). The
inner part of the soft cavity is a silicone (Ecoflex 00-30) de-
formation chamber with a circular cross-section channel in the
center. There is a constraint layer made of fabric (XiaoTaiYan
shirting) at the bottom of the cavity, and the outer part is
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Fig. 8. Coordinate system of cavity force analysis and force analysis diagram
of particle unit.

a strain constraint frame (SCF) with relatively high stiffness
(polyurethane). The bottom of the cavity adheres to the SCF
to limit its axial elongation. The gap between the cavity and
the SCF enables the soft cavity to generate radial expansion to
enlarge its cross-section size, which is beneficial to the flow of
the particles. When the cavity expands and contacts the initial
noncontact strain constrain frame (INSCF), the INSCF can limit
the radial expansion of the soft cavity, thus inhibiting the balloon
effect caused by the local expansion of the soft cavity [28]. Then,
when the driving pressure increases, the bending deformation
will become the main deformation movement.

When the bending angle of the driver with INCSCF reaches
90°, the driving pressure is about 12 kPa [see Fig. 7(b)], which is
lower than 20 kPa when the SCF is directly bonded to the cavity
[see Fig. 7(c)]. Without SCF, the soft cavity has a profound
balloon effect in 8 kPa [see Fig. 7(d)].

The primary geometric parameters of the soft cavity design
include diameter D of the internal flow passage, length L, the
thickness B of the soft cavity, the gap J between the cavity and
the SCF, and the interval distance L, of the SCF [see Fig. 7(a)].

When D is too small, it is not easy to smoothly press or pull the
strings of beads into or out of the soft cavity. At the same time,
more particles in the same section will lead to lower ultimate
bearing capacity and poor restorability of the actuator. If D is
too large, the vacuum pressure is challenging to reach the center
of the driver effectively, making some particles not fully play
their role. We make D = 17 mm in the existing design.

Due to the influence of friction, when particles are pressed into
the slender channel, the pressure transmitted between particles
near the inlet is significant. In contrast, the force transmitted
between particles far away from the inlet is small. In this article,
we use the differential slice method based on the Janssen model
to establish the distribution model of oy, which is the longitudi-
nal pressure between particles when pressed into the cylindrical
channel (see Fig. 8). We can obtain the following equations from
the balance of the unit in the X direction:

Tw = UwOy
Uy = KAUX (1)
(7D?/4)(0x + d0y) + TDIo T = oy (T D?/4)

where /1y, 1s the friction coefficient between particles and cavity;
K 5 1s Janssen constant, and it can be calculated by the following
equation:

_ 1—sing

A_l—l—sin(b @)

Ox

0 1 2 3 1 5 6 7 8 9 10
L/D

Fig. 9. Relationship between oy and %

where ¢ is the internal friction angle of particles

3

4 K
ox = Cexp ('qu)

D

where C'is the distributed pressure on particles from the piston.

Taking the typical values of p, = 0.364, ¢ = 30°,
C = 5kPa, the relationship between oy and the dimensionless
parameter % was caculated through (3) and the results is shown
as Fig. 9. It can be seen that the conduction of particle pressure
decreases exponentially with the increase in channel length, and
when % is greater than 3.5, it is close to 0, which means that
when % is too large, it is difficult to transmit the piston thrust
to the bottom of the cavity, so we make L = 60 mm (about 3.5
times D).

To explore the influence of B, §, and L, on the driving pressure
and bending angle of the soft cavity. We used Abaqus 2018
(Simulia; Dassault Systems) to carry out a series of FEA calcu-
lations to obtain a better combination of design parameters (see
Fig. 10). Through the uniaxial tensile test, we have obtained the
hyperelastic constitutive models of Ecoflex 00-30, polyurethane
and the fabric (see Table I).

It can be seen from Fig. 10 that when B = 2 mm, the bending
angle is large, reaching 126°, but a profound balloon effect is
produced, which is unfavorable for the strength of the soft cavity
and the filling of particles. When B = 4 mm, the bending angle
of the soft cavity is only 36°, which cannot meet the functional
requirements; Therefore, we make B = 3 mm.

The smaller the L, is, the larger the bending angle of the soft
cavity is; the values are 94°, 84°, and 78°, respectively, and the
change is not apparent. When L; = 10 mm, the constraint frame
cannot well limit the balloon effect of the soft cavity. When
L; is reduced, although the bending angle of the cavity will be
reduced, the balloon effect will be significantly reduced because
the increase in the number of constraint rings will make the soft
cavity expand more evenly. Therefore, in this article, we make
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Fig. 10.  Finite element simulation of actuator bending angle with different parameter combinations.
TABLE I
MATERIAL MECHANICS MODEL
Material Ecoflex 00-30 Polyurethane Fabric

Ogden (u; = —0.3128MPa, u, = 0.19
MPa, u; = 0.145 MPa, ; = 2.082,
a, = 2.506,a; = 1.49,),

Material model

Mooney-Rivlin(Cy; = 0.257
MPa, C;y = 2.206 MPa)

Linear elastic(E; = 0.27MPa,
E,, = 0.54MPa, V;, = 0.2,

L; =7 to enable the actuator to obtain a larger bending angle
without a noticeable balloon effect.

The larger the §, the larger the deformation angle of the cavity.
The values are 77°, 84°, and 94°. However, when ¢ increases,
the internal volume of the soft cavity becomes more extensive,
which means that more particles are needed to fill the soft cavity.
However, the increase in the number of strings of beads will lead
to the overall size of the actuator becoming more significant and
the manufacturing difficulty increasing. Therefore, we can make
0 = 4 mm to ensure a large bending angle when limiting the
number of particles.

D. Force Analysis of Piston
The piston force diagram is shown in Fig. 11. Neglecting the
gravity of the piston, we obtained the following equations:

P,A = Fy+ PyA + Ff “4)

where Py is the driving pressure in the soft cavity, A is the area of
the piston bottom, and F¥ is the friction force on the piston from
the wall, depending on how the piston moves, the friction force
can be either sliding friction or static friction. For simplicity,
the amplitude of sliding friction is constant and equal to the

G = 0.02MPa,)

4+ P Rodless
45 cylinder
Fr
L7 Piston

C Y Y X

{ W X )

A A, /

Sl S~

Fig. 11.  Piston force diagram.

amplitude of the maximum static friction force. The force of
friction is defined as positive when it is up.

The pressure difference between the two sides of the
piston will determine the state of motion of the piston.
When (P, — Py)A > Fy + Fy, the piston moves downward;
when (P, — P4)A < —Fj, the piston moves up; at —F; <
(P, — Py)A < Fy + F;, the piston remains stationary. The
higher contact force F{y between the piston and the beads means
the beads have a higher particle volume fraction. We adjust Fj
by changing P, (the pressure in the upper cavity of the rodless
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Fig. 12. (a) Formation of separation body. (b) Parameters of the separation
body. (c) Force analysis diagram of the separated body.

cylinder).When the P, reaches the corresponding value, we
consider the particle volume fraction meets the requirement.

E. Establishment of Actuator’s Stiffness Model

In order to predict the bearing capacity of the actuator, it is
necessary to establish the stiffness model. In this article, we use
the limit equilibrium method to analyze the force of particles in
the cavity. We made the following assumptions.

1) Particle matter is assumed to be non-viscous molar-

Coulomb material;

2) The failure slip surface is a plane;

3) Ignoring the elastic restoring force of the soft cavity and
the friction force on the particles.

We take the actuator without bending deformation as the
research object. Its internal particles are jammed to form a
cylindrical cantilever beam [see Fig. 12(a)]. Its upper end is
fixed, and its lower end is subjected to horizontal external force
F. Under the action of F, particles in the cavity will slip on the
sliding surface, the height of the sliding surface is 4, and the
included angle with the horizontal plane is . Taking part below
the imaginary sliding surface of the actuator as the separation
body [see Fig. 12(b)], it tends to slip to the right. The load borne
by the separation body includes the following.

1) Negative pressure uniformly distributed load p acting on

the side wall and bottom surface;

2) Horizontal external load F acting on the bottom;

3) Material weight W;

4) Internal binding force ¢(x, y, z) acting on the imaginary
sliding surface, and according to Mohr-Coulomb law, un-
der the limit state, the included angle between the direction
of g(x, y, z) and the normal direction of the imaginary
sliding surface is the internal friction angle of particles ¢.

For the separated body, the equilibrium equations of force in
horizontal and vertical directions are written.

Vertical force equilibrium equation:

prR? =W = [ [ q(x,y,2)dS - cos(¢ — a),
j

Dlz{(x,y)|x2+y2§R2}. 5)

Horizontal force equilibrium equation:

F—-P= q(x,y,z)dS - sin(¢ — ) (6)
I

VRZ _ 12
P= //pTdi =prR%tan o,
D»

2
Dg:{(x,y)|x2—|—<z_h) §R2} )
tan o

where material weight W = mR?hry, and 7 is the weight density;
R is the radius of the cavity; P represents the effect on the
y-axis direction of the separation body under the negative pres-
sure uniform load p on the side wall; ¢ is the internal friction
angle of particulate matter dS is a small area on the imaginary
sliding surface; dA is the small curved surface area of the side
wall of the separation body.

Combining (5) and (6), we can obtain the following equation:

F(h,¢) = prR*tana + 7R*(p — hy)tan(¢ — ). (8)

The maximum load the driver can bear corresponds to the
minimum value of (8) Fiuin(h, ¢).

Taking v = 7546 N/m3, R = 8.5 mm, p = 80 kPa, ¢ = 30°,
we calculated the maximum carrying capacity of the driver as
7.9 N, the corresponding height of the slip plane 7 = 58, and the
included angle of the slip plane oo = 14.7°.

III. FABRICATION OF ACTUATOR

1) String of beads fabrication: We used cotton threads to
string beads together. To ensure the reliability of the con-
nections between cotton threads and particles, we placed
a little glue (Valigoo silicone special glue) on the bead
surface [see Fig. 13(a)]. Then, the string of beads was
attached to the thread boards on the piston and cap [see
Fig. 13(b)].

2) Soft cavity fabrication: The soft cavity was cast by a three-
dimensional (3-D) printed mold, and its inner and outer
surfaces were formed by the inner and outer molds [see
Fig. 13(c)], respectively. Then, the SCF, consisting of a
constraint layer and several constraint rings, was bonded
to the soft cavity [see Fig. 13(d) and (e)] (Valigoo silicone
special glue).

3) Assembly: The soft cavity was attached to the rodless
cylinder (AirTAC RMS20) by a pipe hoop. Then, the
piston entered the rodless cylinder from the bottom of
the soft cavity and the cap for sealing was glued to the
cavity [see Fig. 13(f)] (Valigoo silicone special glue). The
actuator was connected to the pneumatic system by the air
tubes to control the driving pressure.
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Fig. 13.  Fabrication of the actuator. (a) Stringing the beads. (b) Attaching the
strings of beads to the piston and cap. (c) Molding the soft cavity. (d) Attaching
the constraint layer and constraint rings to the soft cavity. (e) Soft cavity with
SCF. (f) Assembly.

IV. EXPERIMENT OF ACTUATOR

To assess the performance of the proposed design, we tested
the restorability, variable stiffness ability, and compliance of
the prototype actuator through a series of experiments. The test
device [see Fig. 14(a)] was composed of an actuator, horizontal
linear modules, a force gauge, and a pressure control system.
The horizontal module drives the force gauge to measure the
force of the actuator against the gauge, pressure control system
adjusts the input pressure P, and Py.

Before testing the performance of the actuator, it is necessary
to determine the proper values of the driving pressure Py and P,,.

To determine the value of P4, we first recorded actuator
bending angles at different pressure Py [see Fig. 14(b)]. It
is found that when the driving pressure was less than 8 kPa,
the actuator had no obvious bending deformation, and the soft
cavity had not yet contacted the restraint frame. As the pressure
increased further, the bending angle increased gradually. When
the pressure reached 12 kPa, the actuator bent to 80°, which
is sufficient for grasping. Therefore, in subsequent experiments,
the value of P4 was set at 12 kPa. At the same time, we compared
and tested the deformation ability of the actuator when there was
no gap between the restraint frame and the silicone cavity, and
found that the actuator needed 20 kPa driving pressure to reach a
bending angle of 83° [see Fig. 14(b)]. This illustrates the obvious
benefits of INSCF for reducing drive pressure.

According to the force analysis of the piston, increasing P,
will increase the pressure of piston on particles in the stage
of particle pressing. If P, is too small, the filling will be too
loose, resulting in additional deformation during internal vac-
uum pumping to force particles jamming, which is not conducive
to shape-locking. If the P, is too large, the cavity will be further
expanded and the compliance of the driver will be reduced. For
optimal shape-locking, the appropriate P, value should be as
large as possible without causing undesired deformation of the
actuator. It was found that when Py = 20kPaand P, > 53 kPa,
the actuator would have significant expansion (especially near
the inlet of the flow channel). So, the value of P, in the following
experiments was 53 kPa.
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A. Restorability

Restoring the actuator to the initial state after completing a
grasping action is a pivotal requirement for the use of a soft grip-
per. With better restorability, the gripper can work repeatedly,
and the grasping performance in each cycle will be consistent.

In this test, we made a mark on the cap and the restorability
was represented by the distance AS between the mark positions
before deformation and after recovery [see Fig. 14(c)]. To fa-
cilitate the comparison with actuators of different sizes, the AS
was normalized by the length 1 of the actuator (72 mm). The AS
of the actuator with discrete particles was also measured by the
same method. The mark position was recorded by a camera and
computed by image processing. At each pressure Py, we tested
five times, and AS was the average value of the five data.

The results are shown in Fig. 13(c), from where we can see
that the AS of the actuator with discrete particles is higher than
that with strings of beads. For example, when Py is equal to
8 kPa and 12 kPa, the ASy is 12.7% and 36.7% of the [, which
are more than thirty and twelve times larger than ASs (0.4%
and 2.9% of the I), respectively. The average value of AS;
(23.62% of the [) is more than sixteen times than ASs (1.44%
of the I). The good performance is attributed to the strings of
beads that can pull the beads back to their initial positions. In
addition, the maximum value of AS5 (2.9% of the 1) occurs when
P4 = 12 kPa. The reason may be that the tiny slippage between
the cavity and the particle pipeline increased with Py.

B. Compliance and Variable Stiffness

Compliance refers to the degree of difficulty for an elastomer
to deform under the action of external forces, which is the oppo-
site of stiffness. High compliance means low stiffness and vice
versa. Experiments were carried out to test the compliance of the
actuator at the active deformation stage and the stiffness after
rigidization. In the experiments, the driver was forced to produce
10 mm displacement, and the output force F generated by the
driver is used as the characterization parameter of compliance
and stiffness [see Fig. 14(d)]. In the active deformation stage,
the minor F, the better the compliance. In the bearing stage, the
more significant F, the stronger the actuator’s stiffness. The F
of the proposed actuator during active deformation and stiffness
modulation are recorded as F,; and Fjq, respectively. The F of
the actuator with discrete particles are recorded as F,o and Fyo,
respectively, The F of the pneumatic actuators without particles
is recorded as Fy,.

First, we arranged for the force gauge to contact the end cap
when the actuator bent at pressure Py. Then, the horizontal
module was turned ON, and the force gauge pushed the actuator
forward 10 mm. The reading of the force gauge is recorded as
F,1 when the module stopped. Then, the actuator was returned
to its initial state. The same Py was supplied again. When the
particle filling was finished, a vacuum pressure of -80 kPa was
supplied. The reading of the force gauge is recorded as F; when
the actuator was pushed forward 10 mm.

The relationships of the F versus P, are shown in Fig. 14(d).
The average value of force F,o under different pressures is
2.63 N, which is more than five times larger than F,; (0.47 N).
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Fig. 14.

Experimental setup and the results. (a) Performance test device of the actuator. (b) Definition of € and the relationship of 6 versus Py. (c) Definition of

AS and the values of AS at different Py. (d) Definition of the output force F, and the results of the compliance and variable stiffness.

It indicates that the proposed actuator is more flexible than the
actuator with discrete particles, and Fy; is close to [}, which
means the actuator has compliance close to pneumatic actuators.
Because during active deformation, compressed air is the power
source, and the particles have not filled the cavity at this time,
the impact on the external force of the cavity is small.

The actuator can fleetingly stiffen under vacuum pressure, and
the average value of the force Fj; reaches 5.47 N, which is nearly
twelve times larger than F,;. Besides, the average value of the
force Fys is 6.13 N, which is only about 1.12 times larger than
F41. So, the proposed actuator has better compliance and similar
bearing capacity compared with the actuator with discrete parti-
cles. Itis worth noting that the experimental value (5.81 N) of the
maximum carrying capacity is smaller than the theoretical value
(7.9 N). The possible reason is that the particles are regarded as
uniform medium in the theoretical modeling, and the nonuni-
formity of distribution is not considered. However, the actual
plastic flow of particles always occurs in the local loose part.

V. DESIGN OF GRIPPER AND FUNCTIONING STAGES

A. Structure of Soft Gripper

The soft gripper (see Fig. 15) comprises three flexible soft
fingers, each of which is an independent bending actuator. In
addition to the deformable soft cavity and INCSCEF, each actuator
includes arigid aluminum alloy rodless cylinder and a piston that
can move in the barrel. Three actuators were fixed on a stationary
platform.

The piston divides the rodless cylinder into the upper and
lower chambers. The upper chamber end seal can be connected
with compressed air or negative suction pressure under the
control of reversing valve V1 (see Fig. 16); the lower chamber
is connected with the flow channel of the soft deformation
chamber and can be connected with compressed air, vacuum
or atmosphere, respectively under the combined control of the
reversing valve V2 and V3. The strings of beads are installed in
the lower chamber, and the upper end of the beads is consolidated
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with the piston. In order to prevent the beads from winding and
knotting, the lower end of the beads is consolidated at the end
of the deformable soft cavity.

B. Functional Stages of Soft Gripper

There are four functional stages of soft gripper.

1) Active deformation stage: The status of V1 is OFF, and
the other valves are ON. The upper chamber is negative
pressure, while the lower chamber is positive pressure Py,
which controls the final bending degree that the actuator
can achieve.

2) Beads injecting stage: The status of V3 is ON, and the other
valves are OFF. The upper and lower chambers are positive
pressure, and P, > Pg. Atthistime, (P, — Pq)A > Fy +
F%, and the beads are pressed into the soft cavity. Fy can
reflect the volume fraction of the particles. When Fj, is too
large, the actuator’s compliance will be reduced, while the
shape-locking ability in the stiffness strengthening process
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Fig. 17.  Grasping different objects such as (a) a green date, (b) pressure meter,
(c) vise, (d) hand sanitizer bottle, (e) Pear, and (f) cup of water.

3) Load bearing stage: The status of V2 is OFF, and the
other valves are ON. Both the upper and lower chambers
are negative pressure, and the strings of beads have par-
ticle jamming under the action of external atmospheric
pressure. At this time, the driver has a strong bearing
capacity.

4) Particle recovery stage: When the status of V2 is ON, the
lower chamber is connected to the atmosphere. The state of
V1 does not affect the lower chamber. V3 is OFF, the upper
chamber is negative pressure, the atmospheric pressure
can press the piston back to its original position, and the
string beads are pulled out of the deformation chamber.
The actuator is recovers to its initial state.

VI. GRASPING EXPERIMENT AND DISCUSSION

A. Shape Adaptability

To evaluate the shape adaptability of the gripper, we used
the gripper to grasp several commonly used objects. Successful
grasping is defined as the ability to grasp five times in a row and
hold steady for five seconds.

Results are shown in Fig. 17. First, we can see that the
maximum size that can be successfully is 89 mm, while the
diameter of circle C; tangent to the constraint layers is 80 mm
[see Fig. 17(e)], which means that the gripper can grasp larger
ball-type objects. Second, the gripper can grasp objects of var-
ious shapes, such as a green date [see Fig. 17(a)], a pressure
meter [see Fig. 17(b)], a vise [see Fig. 17(c)], a hand sanitizer
bottle [see Fig. 17(d)], and a and a cup of water [see Fig. 17(f)].

B. Material Adaptability

The gripper can grasp soft and smooth objects such as a
balloon full of water [see Fig. 18(a) and Supplementary Video],
and a piece of tofu [see Fig. 18(b) and Supplementary Video],
indicating good adaptability of the gripper to the hardness of the
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Fig. 18.  Grasping soft and smooth objects such as (a) a balloon of water and
(b) a piece of tofu.

C. Grasping Direction Adaptability

Grasping direction reliability refers to whether the grasping
can remain reliable when the gripper position change. Thus,
we conducted two experiments: 1) grasping objects in different
directions [see Fig. 19(a)—(d)], and 2) grasping objects when
there is an eccentric distance e between the gripper’s axis and
the object’s axis [see Fig. 19(e)—(g)].

In the first experiment, the gripper has the preferable perfor-
mance to the universal gripper in lateral grab [see Fig. 19(a)—(d)].
For example, when « is equal to 30° and 90°, the gripper can
successfully grasp a cucumber and a 3-D printed ball, respec-
tively. The experimental results show that the active adaption
enables the gripper to grasp different objects from different
directions without harming the objects’ surface and indicate
good reliability and versatility of the gripper.

In the second experiment, the target objects were two 3-D
printed molds with a radius of 30 mm. One mold could slide on
the table while the other could not. The objects were placed in
contact with an actuator. So, the e is equal to 10 mm, which is
a quarter of the radius of circle C;. We can see that whether the
objects can move or not, the grasping actions are both successful
[see Fig. 19(f)]. Thus, the gripper has good adaptability against
the changing of the gripper position because 10 mm is a large
value for mechanical positioning accuracy.

D. Bearing Test

To test the maximum weight that can be stably grasped, we
continuously added weights to the 3-D printing mold, and the
results (see Fig. 20) showed that the gripper could grasp 2.744 kg
of weight at the most.

E. Lifting Efficiency

In this work, the lifting efficiency is assessed by the time
(1) it takes to complete a grasping action. Particle filling and
recovery, the two most time-consuming processes, were realized
by the piston movement. Due to the pneumatic drive, the piston
movement speed is fast, the actuator bending and particle filling
takes about 1 s, the vacuum suction takes about 0.5 s, and the
particle recovery stage also takes about 1 s (Supplementary
Video). The gripper has high lifting efficiency.
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Fig. 19. Grasping different objects from different directions. (a) Cucumber
laterally, and (b) a cup of water when « is 90°. (c) Three-dimensional-print ball,
and (d) a 3-D-print ball when the « is 30° or grasping. (e) Diagram of eccentric
grasp. (f) Grasping a slidable 3-D-print ball when e is 10 mm. (g) Grasping a
3-D-print mold that cannot slide.

Fig. 20.  Grasping maximum weight test. (a) 2043 g. (b) 2744 g.
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VII. CONCLUSION

We have developed a novel soft robotic gripper with excellent
restorability, compliance, and stiffness modulation ability. We
innovatively connected the beads with cotton threads to form
strings of beads, which, by pulling the cotton thread, improved
the restorability of the actuator. In addition, we designed a novel
INCSCEF for the actuator. In the natural state, the soft cavity is not
in full contact with the INCSCEF, and the soft cavity can expand
under air pressure to facilitate the flow of the string of beads.
When the pressure increases, the INCSCF can inhibit the local
balloon effect of the soft cavity. As for the control strategy, we
used compressed air as the power source to drive the actuator.
The string of beads is used to fill the soft cavity. The volume
fraction of the beads in the soft cavity is reflected by the contact
force between the beads and the piston.

The experimental data showed that the actuator was flexi-
ble and compliant during bending and rapidly stiffened under
particle jamming. The beads could be restored to the initial
position by pulling the threads, and the actuator had good
restorability. The air pressure of the actuator with INCSCF was
about three-fifths that of the actuator without INCSCEF. The soft
gripper based on the actuator has good performance in terms
of reliability, adaptability, universality, and bearing capacity.
Therefore, we expected that our proposed soft gripper will have
broad application.

To further improve the performance of the gripper, some
parameters, such as the diameter of the beads and the layout
of the stings of beads, require optimization through additional
experiments and theoretical analysis. Besides, our idea can also
be applied to other scenarios, such as twist soft actuators and
walking robots. These researches will be put on the agenda in
our ongoing work, and an improved gripper may be developed
in the future.
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