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1 Introduction

Conceptual Design of a Novel
Particle-Based Soft Grasping
Gripper

Soft grippers show adaptability and flexibility in grasping irregularly shaped and fragile
objects. However, the low loading capacity and less deformation limit the soft gripper
for developing large-scale applications. To overcome these limitations, we propose a
new concept of a soft actuator with engineered smart particles. The proposed soft actuator
is a dual-chamber programmable structure made from an elastic membrane filled with dif-
ferent particles, which can be driven by expanding particle volume or flexible membrane
shrinking. Compared to traditional pneumatic or particle-jamming actuators, we use a
combination of granular materials and smart materials, which delivers better active perfor-
mances of large-scale deformation and variable stiffness. The coupled numerical model of
the discrete element method and the finite element method is used to demonstrate the
concept. The results indicated that the proposed soft gripper achieves the functionality of
large deformation by a shrinking membrane or expanding particles. By controlling different
design parameters, the actuator bends up to 138 deg, and the stiffness is up to a maximum of
nine times of the pneumatic actuator. Additionally, the bending angle and deflections of the
gripper actuator first increase and then drop down with increasing particle diameter ratio,
actuator length, and elastic modulus of membrane material. Hence, the choice of different
parameters must be in a specific range to achieve the required deformation. In conclusion,
the soft-grasping gripper actuator can realize large bending deformation and shows poten-
tial for developing soft grippers in multi-scale physical scenarios.

[DOI: 10.1115/1.4062647]

Keywords: compliant mechanisms, soft robotics

the soft grippers demonstrate safety, adaptability, and operability

Grasping complex objects has always been a challenge in the
field of robotics. Robot grippers, which contact objects directly,
need to interact with the environment or human beings to perform
various tasks in different application scenarios such as automated
production processes [1], minimally invasive procedures [2], and
space exploration [3]. Traditional robotic grippers always rely on
low mechanical flexibility controllers which attach to complex
sensors and predefined kinematics systems, which perform poorly
when grasping irregular, soft, or fragile objects [4,5]. However,
with the development of robotics research, the emergence of soft
robotics has allowed robots to meet more requirements on
complex tasks [6].

Soft robots are composed of compliant components and actua-
tors, which can achieve highly flexible behaviors. Soft grippers,
which play an essential role in the soft robotic field, have excellent
mechanical properties and interaction capabilities because of the
soft material body and highly adaptable actuators [7,8]. Hence,
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when meeting complex gripping tasks, especially in unpredictable
environments [9].

Soft grippers can be powered by different kinds of actuators that
use different methods: electrical or magnetic charge [10,11], shape-
memory effect [12], chemical reaction [13], and fluidic pressures
[14]. Electrical or magnetic charge actuators, which respond to elec-
tric or magnetic fields, exhibit more significant deformation in
angular or linear motion. Based on the electrical actuator, electroac-
tive polymer materials and dielectric elastomers have been applied
in soft grippers, which can achieve expansion and contraction
changes [15,16]. In addition, a bionic gripper with a combination
of magnetically responsive materials and a non-contact magnetic
field, which can achieve rapid response to control command, has
also been manufactured [17]. Nevertheless, low rigidity, low
driving force, and poor controllability restrict the application of
electrical or magnetic charge actuators. Coincidentally, the shape-
memory materials, as the type of active response material,
provide new strategies for manufacturing the soft gripper. As
typical shape-memory materials, shape-memory alloy (SMA) and
shape-memory polymer (SMP) respond fast and have large defor-
mations when being stimulated by external environment change
[18,19]. SMA is usually made into springs to achieve grasping
tasks that meet large strains and stresses. Similarly, as various phys-
ical fields can stimulate the smart material, SMP is generally used to
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realize the precise active control of the soft gripper [20,21].
However, the unpredictability of the intermediate state and low
stiffness are the main disadvantages of shape-memory materials.
Therefore, only using shape-memory materials is hard to ensure
an accurate grasping process and offer sufficient contact force
using grippers made simply of SMA or SMP. Besides, the actuators
based on chemical reactions, such as combustion and catalytic
decomposition, also actively provide power [7,22]. However,
there is less power generated using a chemical reaction actuator
in a limited time, which leads to difficulty in achieving continuous
grasping work. As the most studied driving method, fluidic pressure
actuators have many applications. Pneu-Net actuator, the first
fluidic pressure actuator, has achieved large deformations by
using multiple air cavities [23]. Based on the Pneu-Net actuator,
the soft gripper with responsiveness and large deformations is
designed to realize multi-functional grasping tasks [24]. In terms
of matching ways, fiber-reinforced threads [25], strain-limited
layers [26], and uneven wall thicknesses [27] have also been
applied to the pneumatic actuator driving gripper to precisely
control the expansion range. However, trapped by structural
strength, actuator accessories, and high-pressure source, the pneu-
matic performs poorly in heavy loads and complex scenarios.
Flexible grippers typically perform well under the support of
various actuators. However, limited to the compliance and the
lack of robustness of the soft materials, soft robotic grippers have
always been used on objects across a range of scales only from hun-
dreds of micrometers to a few centimeters and perform poorly with
large scale or heavy objects [28]. Inspiringly, the promising proper-
ties of using the jamming effect in stiffness variation bring the pos-
sibility of solving this problem [29]. The particle-jamming effect, as
versatile jamming, is widely used in soft robotic grippers [30]. The
primary mechanism of particle jamming is the particle packing
state’s transition. Initially, the particles are first capsuled loosely
and show the natural packing state, which allows particles to flow
within the membrane. However, when the particle packing state
transits to tight packing, the arrangement of particles has been
changed. Thus, the contact force between particles and interaction
forces between particles and the membrane will be enhanced so
that the particles are not allowed to move. Thus the particles
group shows a solid-like state and the jamming forms. Usually,
the traditional method uses the pneumatic system to achieve the
particle-jamming effect. As shown in Figs. 1(a) and 1(b), when
vacuum pressure is applied, the particles jam each other firmly
under vacuum pressure. Furthermore, the increasing interaction
forces lock the particles, resulting in high stiffness [31]. Another
way to achieve the jamming effect is using smart deformable parti-
cles or membranes. First, as shown in Fig. 1(c), different types of
particles are filled in the chamber, and some of the particles are
made of smart materials which can achieve active behaviors of

(a) / Elastic membrane

Loose particles

Fixed surface

1 External even pressure
l Forces generated by pressure

¢ Internal forces
Al

Compact particles

Deformed membrane

Fig. 1

expansion or deformation by external stimuli, such as temperature
or humidity. After the active behaviors, the arrangement of particles
and the total volume of the particle group will change, then the
elastic membrane will lock the particles and form jamming. Then,
as shown in Fig. 1(d), using the shrinking membrane is another
option. In this case, particles are still rigid, but the membrane is
made of smart material with a shrinkage coefficient. During the
shrinking process, the particles will interact with the deformable
membrane and jam each other until the extreme state. In the
extreme state, particles can also be locked by the shrinking mem-
brane to form a tight packing state, resulting in the jamming effect.

Based on the particle-jamming effect, various soft membrane-
wrapped containers are designed to improve performance when
grasping irregular and heavy objects [32-34]. To further improve
the performance of the soft grippers, the method which combines
the particles with a pneumatic driver has also been proposed to
enhance the contact force. Based on the combination method, a var-
iable stiffness gripper with particles and air cavities is designed to
increase the structure stiffness using the particle-jamming effect
[35]. A particle transmission method based on the pneumatics actu-
ator is proposed for soft gripper design. The bending of the actuator
is achieved by using the pneumatic actuator, and its stiffness is
increased accordingly by controlling the volume of particles
injected into the elastic chamber [26]. However, the interaction
between particles and covered surfaces will counteract the actuator,
limiting the grippers’ bending range.

The research on soft robotics is mainly based on experiments,
which usually require many resources. However, with the develop-
ments in computational technology, numerical simulations bring
possibilities for developing soft robotics. Wang et al. proposed a
new type of soft machine driven by buckling actuators based on
numerical simulation. As a result, the critical design parameters in
soft machines were explored, which were typically difficult to
obtain in experiments [36]. Coevoet et al. designed a locomotion
and manipulation control method for soft structure, which’s applica-
tion possibilities were verified in various physical scenarios using
numerical analysis [37]. Furthermore, Dilibal et al. used numerical
analysis to design a soft gripper with integrated soft force sensors.
In the meantime, the grasping capability of the manufactured
gripper was experimentally evaluated by changing the pneumatic
pressure [38]. It is shown that the numerical simulation method
can cover the shortages in the experiments and realize the optimal
design of soft robotics with high efficiency.

This study proposes a novel deformable actuator based on the
particle-jamming effect. The contributions of the proposed research
are summarized in several points. First, the design is a dual-
chambers structure that uses rigid and deformable particles com-
bined with the flexible membrane as carriers. The dual-chambers
actuator can achieve large bending deformation by membrane

Expanding particles

{ —— Deforming particles
Rigid particles

Elastic membrane

Different shaped particles

Shrinking membrane

Rigid particle-jamming effect and smart particle-jamming effect: (a) before jamming, (b) after jamming, (c) chamber with

expanding and deforming particles, and (d) chamber with shrinking membrane
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Fig. 2 The cantilever beam of length L

shrinking or particles expanding, and different bending behaviors
can be achieved by controlling the design parameters including
particle diameter ratio, actuator length, and material property. Com-
pared with traditional pneumatic and single-chamber particle-
jamming actuators, the proposed concept design can improve the
bending angle and bending stiffness significantly. Furthermore, a
bidirectional discrete element method-finite element method
(DEM-FEM) coupling numerical model is presented to analyze
the load and the deformation of the elastic chamber interacted by
particles, which brings a novel approach to characterize the
motion and stiffness of the particle jamming-based actuators.

2 Conceptual Design

2.1 Theoretical Background. The proposed actuator is
inspired by the bender configuration of active compliant structures
[39-42]. The bending curvature of a large deflection bender
modular is shown in Fig. 2. The , and &, are the horizontal and ver-
tical displacements at the free end, respectively, and @, refers to
the maximum slope of the bender. It is assumed that the length of
the middle layer between the two parts of the bender always
remains the same.

If the right part of the bender with the elastic modulus E; has a
maximum expansion of A/, the maximum curvature 1/p of the
bender can be described as

1 Al )
P a +a2+2(E111 +EbL) (1 N 1
2 a+ay Ea,  Exa
Thus, the equivalent external force F can be described as
1 E1a1
=— | —(E/L +E/ 2
p((a]+a2)a|(”+ 2h) + 2 ) 2)

In addition, @n.x = 180L/zp, and consider the bender as a whole
and the equivalent elastic modulus E and the equivalent moment of
inertia I, the x and z coordinates of the horizontal and vertical
deflections at any point along the neutral axis of the bender are
found as follows:

2ET
= T(\/Sln Pmax — \/Sin Pmax — sin 40) 3)
/EI sin gd.
‘ (P ¢ 4)
V/sin @ — sing
6)5 = x((pmax)’ 52 =L- Z((pmax) (5)

It can be seen that @y, 6y, and J. are affected by the beam’s
equivalent elastic module E, the equivalent moment of inertia /,
and the bender length L.

Journal of Mechanisms and Robotics

Additionally, the bending stiffness of the actuator is represented
as S,, which can be described as
N/Z/
Sy=—s ©)
Pmax — @
where V' is the external interaction when the actuator touching with
objects, 7' is the new vertical position point, and ¢’ is the bending
angle affected by N'.

2.2 Actuator Design. To describe the bending behavior of the
proposed gripper, the structure of the actuator is discussed. First, it
is assumed that all the materials used in the actuator are incompress-
ible and the effect of gravity is not considered. In order to draw the
concept of smart elements with engineered particles, two strategies
of driving modes are used in the conceptual design stage, which are
called expansion mode and shrinkage mode, respectively. For the
expansion mode, as shown in Fig. 3, the covered membrane is
made of conventional elastic material. Here, the particles in the
right chamber will expand actively with a certain expansion coeffi-
cient to deform the whole structure. For the shrinkage mode, as
shown in Fig. 4, a reverse process by controlling the behaviors of
the membrane is considered. Different-sized rigid particles are
filled into different chambers in one element, while the covered
membrane is set to shrink with a certain shrinking coefficient to
deform the whole element.

Furthermore, to validate the feasibility of the proposed design,
two experimental cases are conducted as proof of concept of both
the expansion and shrinkage modes. The experiments with the actu-
ator’s expansion and shrinkage modes are illustrated in Figs. 5 and
6, respectively. In Fig. 5 (left), the same-sized rigid particles fill
both chambers, which are covered by an Ecoflex-00-50
(Smooth-On Company, Macungie, PA) silicone membrane. Then,
the bigger particles in the right are used instead of the initial ones
to represent the expanding process. Now, the actuator structure
bends toward the left after adding the particles in, providing

x
r — Fixed steel board
z —
Elastic membranc
Elastic membrane
§\‘\\\_ Particle
Chamber with
normal particles’
Chamber with Chamber with
normal particles expanding particles
Chamber with
- Fiss el bosnd expanding particles

Fig. 3 Actuator working process of the expansion mode

z

I_.\- - Fixed steel board \

Elastic membrane
Elastic membrane

Membrane Shrinking
%{\\ —

Chamber with
small rigid particles

\ 7
| Chamber with big -
|| rigid particles -

Free steel board

d

Chamber with
small rigid particles

Chamber with big
rigid particles

Fig. 4 Actuator working process of the shrinkage mode
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Fig. 5 The demonstration of the actuator of expansion mode

Fig. 6 The demonstration of the actuator of shrinkage mode

demonstrating proof of the principle of the expansion mode. Addi-
tionally, Fig. 6 demonstrates the shrinkage mode. First, the small
rigid particles and big rigid particles are filled into the left
chamber and right chamber, respectively. The total volume of the
small particles is smaller than the volume of the chamber, thus
the particles in the left chamber show a loose packing state in the
beginning. Both chambers are covered by the silicone membrane.
Then, as shown in Fig. 6 (right), the smaller chambers which
have the same volume of small particles group are used instead to
present the membrane shrinking process. The result demonstrates
that the actuator bends toward the left, indicating that shrinkage
mode can also achieve the actuator’s bending. Moreover, the
bending performance in these experimental cases will be used to
compare and validate the simulation results in Sec. 4.1.1.

Additionally, as shown in Fig. 7, the geometric parameters of the
actuator are defined as follows: the general structure has two cham-
bers. The membrane at the length of L is fixed on the top and acces-
sible at the end. The thicknesses at the top and the bottom are #;,
while the thicknesses of the outer membrane on both sides are f,.
It contains two layers with different widths a; and a,. The two
layers are connected by a thin film at a thickness of #, in between.
Each chamber will be filled with particles with diameters of d,
and d,, respectively.

3 Methodology

The FEM-DEM coupling method is used for modeling. The FEM
is used to accurately describe the deformations of the chamber due
to (external) loads. Additionally, for the small amount of particles,
DEM can describe the interactions at the particle level in granular
materials with low computing resource consumption compared to
traditional FEM. Besides, the FEM-DEM has already been

051004-4 / Vol. 16, MAY 2024
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Fig. 7 A front view and the cross section view of the actuator
structure

proven as a more efficient and realistic method to solve the interac-
tion between rigid particles and elastic boundaries [43].

3.1 Numerical Model. Both the discrete elements and the
finite element node motions are governed by Newton’s second
law. First, the external force FFEM for finite element node i is

given by
d2uFEM
FEM _ _FEM i
FIE = ( L @
where mI®M is the mass of element i and uf™ is the displacement of

element i. And the total force FPEM for discrete element node i,
which composites of all collision force Fy, gravitational force F| 8,
and external force F?, is given by

®

FDEM _ pe 4 pg o pe _ , .DEM dz”PEM
i =rptrp i =Em

dr?

where mPEM is the mass of individual particle i and uPEM is the dis-

placement of discrete element i. In addition, the centroidal moment
of element i of the discrete element i is given by [44]

d20;
M; =1 (W) ©)

where I; is the inertia moment of element i and 6; is the rotation
angle of element i. Equations (7)—(9) are solved using an explicit
finite difference method based on the commercial platform ABAQUS.

Contact detection is necessary to calculate the interaction forces
among the elements. The C-grid method is applied for the contact
detection of the elements [45]. Besides, the node-to-surface
method consists of a global search. Local search is used as the
contact detection between the spherical discrete elements and the
hexahedron finite meshes [46]. In this method, the discrete elements
are regarded as the slave nodes, and the contact surfaces of the finite
elements are regarded as the master surfaces. Global research deter-
mines the potential contact pairs, and the local search calculates the
penetration value between the contact pairs. The interaction forces
among the elements strongly depend on the contact model between
contact pairs. The contacts of particle-to-particle and particle-to-
surface are shown in Fig. 8. The overlap between discrete elements
and discrete and finite elements, which represents the small defor-
mation of the discrete element, is ;;. Moreover, the linear velocities
and angular velocities of elements i and j are v;, v;, @;, and w,
respectively. It needs to be noted that there is no angular velocity
in the finite elements.
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Fig. 8 Schematic of contact interaction and contact force of particles and wall surface: (a) the overlap between two
particles, (b) the overlap between particle and the wall surface, and (c) the contact with spring, damper in both tan-

gential and normal directions as well as sliding contact

The normal force F,, and the tangential force F can be written as

Fnan,e+Fn,b (10)

F= { Fye+Fyy  |Fy| <fIFl an

fFu [Fs| = f1Fnl

where F, ., and F,, represent the normal spring force and the
normal damping force, respectively; F . and F;, represent the tan-
gential spring force and tangential damping force, respectively. The
friction coefficient is shown as f. The F,, ., F,, ,, F., and F;, can be
calculated by Hertz—Mindlin theory [47]. Specially, there is an
assumption that finite elements are regarded as spheres with infinite
radii [48]. The F,,, and F, are shown as

4 3

Fro=3E'VE : (12)
16 . 3

Foo=5 G VRS (13)

where R* is the equivalent radius of the contact elements, which can
be obtained by R* = (rr;)/(r; + r2); the E* and G* are the relative
elastic modulus and shear modulus, which can be illustrated as

1 1-02 1-0}

EZTilJrT,J (14)
2

1 2o 20y (15)

G G; G;

where E;, E;, G;, G, v;, and v; are the elastics modulus, shear
modulus, and Poisson’s ratios of elements i and j, respectively;
and u* is the relative displacement in the tangential direction
which can be calculated by

3
u*=j oyt (16)
0
The F,, and F, are shown as
D, m;m;
Fn,uz_m'vnij (17)
Dm;m;
qubz—rn;Tl’nj‘vs’,'j (18)

where @, and @, represent the damping factors of normal and tan-
gential directions; v, ;; and v, ; represent the relative velocities of the
normal and tangential directions.

Journal of Mechanisms and Robotics

3.2 Coupling Strategy. The coupling strategy is shown in
Fig. 9. First, the mesh file containing the actual triangulated
surface elements and the number of the original finite element
(FE) elements are used as input into the DEM solver as a wall con-
dition [43]. Then, the DEM solver calculates particles’ interaction
forces, displacements, and velocities in a specific DEM time-step.
The next step is calculating the node forces based on the particle
load and then transferring them into each FEM element. Further-
more, the node forces must be transferred to a distributed load to
interpolate them onto each FE element. Consequently, the deforma-
tions of mesh elements and displacements of nodes can be calcu-
lated. The deformed mesh will update the old grid information to
the DEM solver, which is a complete coupling FEM time-step
which is a multitude (default value, 10) of the minor DEM
time-step.

3.3 Simulation Setup

3.3.1 Simulation Implementation. In the shrinkage mode, the
membrane is set to finite element units and the particles are estab-
lished by DEM. However, in expansion mode, both the membrane
and particles are set to finite element units. The structured mesh is
used to establish the finite element units, and after mesh conver-
gence analysis, the hexahedral mesh is selected and the mesh
numbers are set to 92,267 and 3657 for membrane and particles
in expansion mode. Besides, the Noe-Hookean model is used as
the constitutive model to characterize the mechanical property of

Transfer particle
"| loads to node forces

FEM mesh < Input loads as ASCI file into FEM solver

Calculate element

stress, strain, and
displacement in FEM N

Calculate particle | =it
fan;ei ve/oc,'ty, and Update FEM information
displacement in DEM

Aty ren>Atmax_rem?

Input mesh as boundary
condition into DEM solver

Y

v

Output simulation
results

End

Fig. 9 Schematic of coupling strategy
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Fig. 10 The bending process as a function of time with membrane shrinking mode

the membrane made of Ecoflex-00-50. The fitted parameters of g,
denoting the coefficient depending on the material property, are
given by x=0.0481 [49]. In order to achieve the shrinking
process, the membrane material was set thermos-sensitive with a
constant shrinking rate coefficient y=—0.01, which is triggered
by temperature increase. Furthermore, as for the expansion mode,
the membrane is set as normal elastic material without any
thermal response. Instead, the filling particles are thermos-sensitive,
with an expansion coefficient of @ =0.01. The membrane shrinking
strain &, and particle expansion strain &, can be described as

e=y(T1 —To) - t 19)

ge=a(T) —Tp) -t (20)

where T is the initial temperature with a constant value of 300 K,
T, is the operating temperature which is set to 330 K, ¢ represents
the total simulation time, 10 s. And for both simulations, the time-
step is set to constant with Ar= 107%s.

As an example, the shrinking process of a total simulation time
is shown in Fig. 10, the overall structure bends toward the layer
of small particles with the shrinking of the membrane. In the
initial stage, the elastic membrane covering the particles
assumes a cubic structure. During the working phase, the mem-
brane shrinks and interacts with particles continuously over
time, and the difference in particle sizes in the two chambers
causes the different shrinking extents, which eventually results
in bending.

3.3.2 Case Study. As shown in Fig. 11, the bending perfor-
mance of the proposed actuator is indicated by bending angle and
deflections. The &, and &, are the horizontal and vertical displace-
ments at the free end, respectively. The ¢.« refers to the
maximum slope of the actuator element.

Additionally, considering different independent influential
parameters, variable simulation cases were conducted as the sensi-
tivity analysis to investigate the behaviors of the proposed actuator.
The first set of simulations investigates how particle size differences
influence the actuator’s behaviors. The second set of simulations
explores how the major structural parameters influence the actua-
tor’s behaviors. The last set of simulations investigates how the
membrane’s material property influences the soft actuator’s behav-
iors. It should be noted in the last set of simulations, the linear
model is used instead of the hyperelastic model in the simulations
for analyzing the effects of materials with an extensive range of
stiffness on the bending performance. Thus, all materials are
assumed to be with a fixed elastic modulus. Besides, different
driving modes of the actuator are also compared. The specific actu-
ator parameters are shown in Table 1, and the material’s properties
are shown in Table 2.

051004-6 / Vol. 16, MAY 2024
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Fig. 11 The illustration of the bending angle and deflection of
the actuator

Table 1 Actuator parameters

Particle diameter Actuator length L Other sizes
Driving modes ratio S (mm) (mm)
Shrinkage 1-2 28-448 a;=a;=20
mode to=t,=2
Expansion t;=4
mode b=40
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Table 2 Materials properties

Particles Membrane End board
Density (kg/mz) pp=1180 Pm =950 Pp="7800
Elastic modulus (MPa) ~ E,=2910 E,=50~60,000 E,=2,10,000
Poisson’s ratio 1,=0.38 vm=0.48 v, =0.32
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Fig. 12 The displacements in the x-direction and z-direction of
simulation results and experimental results of the proposed
novel actuator
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Fig. 13 The bending angle comparison of the proposed design
and the research by Li et al. [26]

4 Results and Discussion

4.1 Comparison of the Bending Performances and Driving
Modes

4.1.1 Validation and Comparison of the Bending
Performance. To validate the bending performances of the
designed actuator, the detailed results of experiments and simula-
tions relating to the configuration in Sec. 2.2 are compared. As
for the experimental cases, the reference point at the actuator’s
free end (cf. Fig. 11) is selected to describe the displacements.
Besides, the coordinate paper is used to quantify the motion range
of the actuator, and the displacements are measured by counting
the girds step by step. The displacements in the x-direction and
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Fig. 14 The bending stiffness comparison of the proposed
design and the research by Li et al. [26]
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Fig. 16 Comparison of different driving modes of different actu-
ator lengths L
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Fig. 17 The actuator bending performance of different g

z-direction are represented as U, and U,, respectively. The results
are shown in Fig. 12, the error bars are the displacement differences
of the experimental cases which are tested three times. In addition,
the coordinate origin represents the initial state, and bending
process is shown as the configuration shown in Fig. 12. The simula-
tion results show good consistency with the experimental case
results in the moving displacement at the free end, further
proving the feasibility of the design.

Furthermore, the bending angle and the stiffness of the shrinkage
mode are compared with pneumatic and single-chamber particle-
jamming actuators to evaluate the design concept [26]. The param-
eter J' represents the volume ratio between the cavity (with smaller
particles) before and after shrinkage, and for other actuators, J' is the
volume ratio between the bending state and the initial state. Essen-
tially, J' is the volume difference before and after deformation. As
shown in Fig. 13, the bending angle of all actuators increases as the
volume ratio increases. Compared with the pneumatic actuator, the
bending angle of our proposed particle-based actuator increases
more sharply and exhibits a maximum six-fold increase. Compared
with the particle-jamming actuator, the trend of the bending angle
change is similar, however, our design can obtain an extra 8 deg
bending angle at the maximum volume ratio. As shown in
Fig. 14, the bending stiffness of our design and the particle-
jamming actuator increases sharply as the volume ratio increases,
but the bending stiffness of the pneumatic actuator changes very
less. Compared with the pneumatic actuator, the bending stiffness
of our design exhibits a maximum nine-fold increase. Compared
with the particle-jamming actuator, the trend of the bending stiff-
ness change is also similar, but our design exhibits greater stiffness
across the range of volume ratio from 1.2 to 1.8.
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Fig. 18 The actuator bending angle and deflection curves of dif-
ferent i

4.1.2 Comparison of the Shrinkage Mode and Expansion
Mode. The bending performances of different driving modes
are compared in this section. The bending performances of
different S, actuated by different driving modes are compared in
Fig. 15. Generally, the shrinkage mode and the expansion mode
show good agreement in the bending curvature. Individually,
the angle difference between the two driving modes rises gradually
as fiis increase, but the maximum difference value is only up to
30 deg.
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Fig. 19 The finial bending state of the actuator of different L

To further explore whether expansion and shrinkage modes can
achieve similar bending performance, as shown in Fig. 16, the
effects of the actuator length on the bending performance of differ-
ent driving modes are analyzed. First, both driving modes’ bending
angle curves increase gradually, dropping within a specific range of
L and then going up again until L comes to 448 mm. Specifically,
both driving modes show a similar bending trend at the beginning
of L from 48 mm to 208 mm. When the length increases over
208 mm, the bending angle of the expansion mode starts to drop,
but the bending angle of the shrinkage mode keeps rising. In addi-
tion, when L comes to 288 mm, the bending angle of shrinkage
mode also starts to drop, and the bending angle curve of expansion
and shrinkage modes shows a similar trend again after L reaches
325 mm. Therefore, although the bending angles of shrinkage and
expansion mode differ when L is over 248 mm, both the expansion
mode and shrinkage mode of the actuator can achieve the desired
design.

4.2 Effect of the Particle Diameter Ratio. In this section, the
effects of the diameter ratios of particles in the two chambers on the
bending angle and deflection are analyzed. As shown in Fig. 17, in
general, the final bending state of the membrane shows a significant
difference of f3 from 1 to 1.33, while the final bending presents an
imperceptible difference of fi; from 1.33 to 2. Specifically, as
shown in Fig. 18, the difference in bending angle ¢ is up to
50 deg of fjs from 1.1 to 1.33 but only 10 deg of f; from 1.33 to
2. As for the deflection change, the maximum deflection Ox max
and §, max climb gradually of s from 1.1 to 1.33 and remain
between 55 mm and 65 mm of f; from 1.1 to 1.33.

Generally, the membrane shrinkage induces the volume differ-
ence between two chambers, resulting in the bending. Specifically,
when f is at a relatively low level, both large or small particles
group will reach the tight packing state before the chamber gets

Journal of Mechanisms and Robotics

into the shrinking limit. At this time, the volume difference is
mainly between the large particle group and the tiny particles
group. Thus, the bending angle and deflections are variable as the
Pis change. Additionally, when the value of f gets larger, the
volume of the particles group in the left cannot form the tight
packing state before the chamber reaches the shrinking limit,
which means the particles in the left chamber will not take the
main effects anymore. Thus, the bending state is stable when f
is up to a high level from 1.33 to 2.

4.3 Effect of the Actuator Length. In this section, the effect
of the actuator length on the bending angle and deflection is

7 4 SO ORI e ROV O TSNS SR SO SN, )
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10 1110
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s0 150
nys 40
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40 80 120 160 200 240 280 320 360 400 440
L [mm]

Fig. 20 The bending angle and the deflection curve of the actu-
ator of different L
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Fig. 21 The final bending state of the actuator for different E,,,

analyzed. The variation of the whole actuator length depends on the
chamber length and particle number, thus the particle number also
changes in exploring the effect of actuator length. The results of the
final bending state of different actuator lengths from 28 mm to
448 mm are shown in Fig. 19. First, the final bending angle
increases gradually of L from 28 mm to 288 mm, while the final
bending angle first drops when L comes to 328 mm and then goes
up until L comes to 448 mm. Then, when L is over 288 mm, the
overall structure exhibits a curvature near the fixed end rather
than only at the free end. This phenomenon can be explained by
transitioning from a bending state to a curling state. First, when
the actuator length L is at a low level, the internal force produced
by the interactions between particles and membrane only takes
effect on the structure in the horizontal direction, thus the
bending state forms. However, when the actuator length L comes
to a high level, the internal force produced by the interactions
between particles begins to take effect in the vertical direction,
which causes the curling state.

Additionally, to observe the deformation trend specifically, the
bending angle ¢ and the deflection ¢ at the free end are illustrated
in Fig. 20. A similar changing trend of bending angle shows up,
the 8, max and &, m.x drop of L from 288 mm to 328 mm. When
the actuator length is from 328 mm to 448 mm, &, .« keeps
decreasing while &, max climbs again. This indicates that, first
when curvature changes from a bending state to a curling state,
the effect of particles interacting on the membrane gradually
weakens, thereby reducing the horizontal deflections of the actuator.
Then, as for §, m.x, it decreases transitorily in the transition
state, and then owing to the effects of the shrinking membrane
and interactions of particles to particles and particles to the mem-
brane, &, max shows a rising trend of the curling state of actuator
length from 288 mm to 328 mm.

4.4 Effect of the Membrane Material Property. In this
section, the effects of the membrane material property on the
bending angles and deflections are analyzed. The bending perfor-
mance is shown in Fig. 21. Generally, the bending angle increases
gradually with the E,, increasing until around 650 MPa and then
drops off when E,, reaches 60,000 MPa. In addition, the arrange-
ment of the particles in each chamber is more ordered as the

051004-10 / Vol. 16, MAY 2024

membrane is stiffer. The phenomenon of the bending angle increas-
ing can be explained as the changes in the relationship between
stress and strain. When the membrane material is of a low-level
elastic modulus, the membrane is easy to deform with lower
stress, and the structure is too soft to support a bending curvature,
thus, little bending happens. Also, when the membrane material
becomes much stiffer, the particles become softer compared to
the membrane, thus, there are fewer interaction effects caused by
particles on the membrane to achieve a bending behavior. There-
fore, the bending angle no longer increases but drops down.

Furthermore, the bending angle and the deflection at the free end
of different membrane materials are illustrated in Fig. 22. The
bending angle increases gradually as the E,, increases from
50 MPa to 600 MPa and then drops down as the E, changes
from 600 MPa to 60,000 MPa. The deflection change has a
similar trend to the bending angle variation. In addition, it can be
seen that 8, m.x remains around 30 mm rather than keeps going
down when the elastic modulus of the membrane changes from
8000 MPa to 6000 MPa, which also indicates that the interactions
between membrane and particles no longer contribute to bending
when the membrane is stiff enough, thus the overall structure
becomes a hard shell with a fixed shrinking coefficient.

50 100 150 200 250 300 350 400 450 500 550 600 650 800 1000 1400 2200 3200 4400 S000 1400026000 60000

E, [MPa]

Fig. 22 The bending angle (include symbol) and the deflection
(include symbol) of the actuator as a function of E,,
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5 Conclusions

The soft gripper is endowed with flexibility in grasping irregu-
larly shaped and fragile objects. However, the challenge of
trading off the large deformation and stiffness variation limits the
scope of applications of current soft gripper actuators. To achieve
large deformation and stiffness variation, this study proposed a
novel conceptual design of a particle-based soft gripper actuator.
The soft actuator based on the differential driving modes mecha-
nism is characterized by a dual-deformable chamber structure
filled with tailored particles. The dual-deformable chamber struc-
ture supports the large deformation behavior, and the particle-
jamming effect is used to achieve the stiffness variation. Moreover,
numerical methods were developed to quantify the relationships
between the design parameters, the bending angle, and the
deflection.

The simulation results are in good agreement with the experimen-
tal cases, which have validated the feasibility of the simulation
method. In addition, compared with pneumatic actuators and single-
chamber particle-jamming actuators, the proposed design can
achieve larger deformations and exhibit higher bending stiffness.
Thus, the proposed concept can develop to handle objects of
large scale and weight or arbitrary shapes, such as windmill
blades and submarine pipes. Furthermore, the specific results
have shown that both the shrinkage mode and expansion mode of
the actuator can achieve the bending behaviors of different particle
diameter ratios from 1 to 2 and different actuator lengths from
48 mm to 448 mm. In addition, the larger bending angle and
more significant deflection can be achieved by increasing the parti-
cle diameter ratio from 1 to 2, the actuator length from 28 mm to
288 mm, and the elastic modulus of the membrane from 50 MPa
to 600 MPa. However, when the actuator length increases from
288 mm to 448 mm and the elastic modulus of the membrane
from 600 MPa to 60,000 MPa, the performance of the soft actuator
will deteriorate.

The proposed conceptual design will support completing the
design, modeling, and fabrication of a soft-grasping gripper to
achieve potential applications in the large-scale scene. Specifically,
the modeling of the particles or the membrane, which are made of
engineered smart material, will be conducted to achieve the prom-
inent deformation behaviors of the gripper actuator with the
active process.
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