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Abstract: Soft Pneumatic-Network (Pneu-Net) Actuators (SPAs) have been used extensively in
making soft grippers, due to their simple driving forms and large bending deformation. However,
the capabilities of the regular SPAs in complex soft gripping application environments are alone
insufficient. This work, thus, proposes a modular soft gripper that combines the functionalities of
regular and herringbone actuators. The bending deformation characteristics of the two actuators
under pneumatic pressures are verified by finite element (FE) simulations and experiments. The
functional characteristics of the two actuators are investigated experimentally through a series of
methods including the blocking force test, lifting test, grasping strength test, and suction force test.
The experimental results show that the regular actuator has the advantages of greater longitudinal
bending deformation and higher blocking force; while, the herringbone actuator has better lifting
stability and grasping strength due to its conformal deformations both in longitudinal and transverse
directions. In addition, the vacuum experiments demonstrate that the actuators can lift heavy plate-
like objects through vacuum suction. Based on the functional behaviors of the two actuators, the
proposed modular gripper is loaded onto automatic equipment, and the gripper is tested to hook,
grasp, or lift various objects with different shapes, sizes, and weights. In essence, the modular and
multi-functional characteristics of the design make it a promising candidate for relatively complex
and advanced gripping applications.

Keywords: soft robot; pneumatic-network actuator; modular gripper; herringbone; multifunctionality

1. Introduction

In recent years, soft grippers have attracted a lot of interest in the field of soft robotics,
thanks to advances in material science. In comparison to rigid mechanical grippers, soft
grippers are made of soft, compliant materials; which, allow them to interact more flexibly
and safely with objects [1]. Examples of such materials include elastomer [2,3], shape–
memory alloy [4], electromagnetic polymer [5], granular material [6], low melting point
alloy [7], etc. Soft grippers based on fluidic elastomer actuators (FEAs) are typically made
of elastomers and are driven by pressurized fluids (gases or liquids); while, the fluid flow
path and chamber structure can be designed to achieve different bending features. Simple
fluid flow paths and chamber structures, however, may be insufficient, particularly in
applications requiring relatively high grip strength or stability [8–10]. Generally, these
problems could be addressed with the integration of multiple FEAs in others to provide
sufficient gripper–object interactions [11–13]. This, however, increases material usage and
overall system complexity.
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Various FEAs structures have been reported in past studies, including fiber-reinforced
structure [14], artificial muscle [15], Pneumatic-Network (Pneu-Net) [16], etc. Amongst
the FEAs, the Pneu-Net stands out with its simple structure, fast response, and large
deformation features [17–19]. Soft Pneu-Net Actuators (SPAs), comprising a series of
chambers in an elastomer, can be made to have different types of performance, such as
extension/contraction, bending, twisting/helical motion, bidirectional/omnidirectional
motion, etc. [20–22]. Based on the specific motion, SPAs have found applications in reha-
bilitation [23], food handling [24], biomimetics [25,26], soft gripping [27,28], etc. However,
many SPAs-based grippers fall short of maximizing the actuator’s grasping potential as
indicated by the necessity of applying excessively high pressure to particular objects to
grasp them [11], and/or the need to use multiple actuators to increase grip stability [12].
Moreover, as objects often come in various shapes and weights, a soft gripper with only one
actuator design may not be efficient in certain grasping scenarios (such as when grasping
larger objects than the gripper); which, is why a modular soft gripper combining multiple
functionalities is crucial.

In this work, we propose a modular soft gripper that is composed of two types of soft
Pneu-Net Actuators (i.e., a regular actuator and a herringbone actuator). Under pneumatic
pressures, the regular actuator can bend only in the longitudinal direction; whereas, the
herringbone actuator can bend in both the longitudinal and transverse directions, as
reported in our previous work [16]. In the study, the influences of the chamber inclination
angle of the herringbone actuator on the bending performance, blocked force, and grip
strength were investigated in depth. In order to harness the strengths of both the regular
actuator and herringbone actuator, we combined both designs in the gripping system
reported in this work for grasping different objects with complex shapes. The system also
incorporates suction cups, which aid object lifting by vacuum suction. We carried out Finite
Element (FE) simulations to characterize the bending performance of the soft actuators,
coupled with a series of experiments to investigate the deformation and force behaviors of
the gripping system. Finally, an automation platform was developed to demonstrate the
applicability of the soft gripper grasping and lifting applications.

2. Materials and Methods
2.1. Modular Gripper Design

The modular soft gripper is made up of two regular actuators and two herringbone
actuators assembled on a fixture, with four suction cups assembled on the bottom of the
actuators (Figure 1a). Two groups of identical actuators are assembled in opposing vertical
positions to achieve the grasping function (Figure 1b). When the gripper is employed
for suction function, as shown in Figure 1, the vertical actuators are manually turned
to be horizontal (Figure 1c). Schematics of the regular and the herringbone actuators
are shown in Figure 1d,e. Both actuators have an active top layer (which consists of a
series of elastic chambers connected by a network of air channels) and a passive bottom
layer (which limits the extension of the active part). A detailed view of the top layer can
be seen in the B-B and D-D sections. In the regular actuator (Figure 1d), four parallel
rectangular chambers connect two “longitudinal channels”, while eight parallelogrammatic
chambers are connected by a “transverse passage” and a “longitudinal passage” in the
herringbone actuator (Figure 1e), respectively. In addition, an inflating port is vertically
connected to the Pneu-Net chambers and a vacuum port is installed through the suction
cup, respectively. For fairness of comparison, the two actuators were designed with the
same outline dimensions. The total volumes of the actuator were therefore nearly the same.
The chamber inclination angle of the herringbone actuator was designed into 30◦ based on
our previous study [16].
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min. Finally, a puncher is used to open up the inflation and vacuum ports, and then the 

suction cups are bonded to the actuators. Figure 2a–d shows the actuator prototypes; 

while, Figure 2e,f shows the modular grippers with the actuators assembled vertically and 

horizontally, respectively. 

Figure 1. Schematic structures of the modular soft gripper and the actuators. (a) Exploded view of
the soft gripper. (b) Vertical assembly and (c) horizontal assembly of the gripper. (d) The regular
actuator. (e) The herringbone actuator.

2.2. Soft Actuator Fabrication

The fabrication process follows the traditional casting method [29,30], as illustrated
in Figure S1. Three 3D-printed molds were employed, two of which were integrated for
the top layer and one for the bottom layer. After mixing and degassing, the polymer
Dragon skin 30 (Part A and B) (DS30, Smooth-On Incorporation, Macungie, PA, USA),
is poured into the mold. After polymerization at room temperature (15 h), the top and
bottom layers are bonded using the polymer solution and baked all together at 80 ◦C for
30 min. Finally, a puncher is used to open up the inflation and vacuum ports, and then
the suction cups are bonded to the actuators. Figure 2a–d shows the actuator prototypes;
while, Figure 2e,f shows the modular grippers with the actuators assembled vertically and
horizontally, respectively.
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Figure 2. The prototype actuators and modular soft gripper. (a) Top and (b) bottom views of the
herringbone actuator. (c) Top and (d) bottom views of the regular actuator. (e) The modular gripper
with the actuators assembled (e) vertically and (f) horizontally.

2.3. Actuation Simulation

FE modeling is a great numerical method for performing continuous piecewise approx-
imation using known material parameters; which, provides an effective means to predict
performance as well as optimize soft actuator designs [31–33]. The FE method discretizes
the complex geometry into small elements (e.g., 10-node tetrahedral elements), using nodal
values and shape functions (e.g., linear shape functions) to approximate the discretized
elements. The assembly of all elements contributes to the solution of the whole domain;
thus, converging to the true solution with refining procedure. In this study, FE models of
both actuators were built in Abaqus 2020 (SIMULIA, Dassault System, Vélizy-Villacoublay,
MA, France). The material DS30 was described as incompressible hyper-elastic rubber
using the Ogden model [34], whose strain energy function is expressed as:

W = ∑N
p=1

µp

αp

[
λ

αp
1 + λ

αp
2 + λ

αp
3 − 3

]
(1)

where µp and αp are the shear properties of the material; λi is the constant for deviatoric
principal stretch; N is model order [35]. Here, N = 2, µ1 = 1.98935431 × 10−5 MPa,
α1 = 1.23978721 × 101, µ2 = 3.65598858 × 10−1 MPa, and α2 = −6.21412512.

In each model, the bottom surface and two side surfaces of the actuator were fixed,
and uniform pressures were applied to all the inner chamber surfaces. For meshing, we
used 10-node hybrid quadratic tetrahedron elements (C3D10H), with a global mesh seed
of 1 mm and a material density of 1080 kg/m3. An automatic step size was used in the
simulation, and gravity was ignored due to its relatively small effect on the deformation.
According to the simulation, as shown in Figure 3a,b, the herringbone actuator shows
bending in both longitudinal and transverse directions; whereas, the regular actuator bends
only in the longitudinal direction.
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Figure 3. FE simulation results of (a) the herringbone actuator and (b) the regular actuator.

3. Results and Discussion
3.1. Inflation Deformation Characterization

To characterize the bending performance of the two actuators, we measured the
longitudinal and the transverse bending angles of the prototype actuators at different
inflation pressures. In the experimental platform of bending test, the positive pressure for
actuator deformation was supplied by a pressure controller (OB1 Mk3 pressure control
kit, ELVEFLOW, Paris, France) connected with a compressed air pump (FUJ-5L, Fujiwara,
Taizhou, China). The actuator was assembled on the fixture and connected through its
inflation port directly to the pressure controller, as illustrated in Figure 4. In the experiment,
maximum inflation pressures of 60 kPa and 120 kPa were applied to the regular and
herringbone actuators, respectively, while the bending deformations were captured by a
smart phone camera with an effective pixel of 12 million (iPhone 13, Apple Inc., Cupertino,
CA, USA).

Figure 4 illustrates how the bending angles of both the regular and herringbone
actuators increase as inflation pressure increases. The regular shows a longitudinal
bending angle that is substantially greater than the herringbone at the same pressure,
just as in the simulation. For instance, as shown in Figure 4a, the herringbone reaches
13.52◦ at 40 kPa pressure compared to 40.17◦ for the regular. Similarly, when the input
pressure is set to 60 kPa and 120 kPa, respectively, the two actuators produce around the
same longitudinal bending angles (herringbone: 51.85◦; regular: 53.36◦). The transverse
bending of the herringbone actuator is depicted in Figure 4c, which demonstrates that
the deformation of the regular is concentrated along the longitudinal axis and that
its transverse bending angle remains 0◦ throughout; while, the transverse bending
angle of the herringbone initially increases quickly (from 0 to 80 kPa, with an average
increase of 5.24◦ per step), then slows down as the pressure increases above 80 kPa. Our
comparison of the test and simulation results shows a maximum variation of 7.04% for
the herringbone transverse angle and 12.64% and 14.57% for the regular and herringbone
longitudinal angle measurements, respectively.

It is also important to note that the regular actuator has a quicker response time
than the herringbone actuator. This phenomenon can be explained by their structural
differences. The herringbone actuator has eight chambers, and each chamber has an area
of ~300 mm2. However, the regular actuator only has four chambers, which produces a
single chamber area of ~600 mm2. Therefore, the same input pressure results in a greater
force being generated in the chambers of the regular actuator, causing it to bend more and
faster. In addition, the total chamber volume of the herringbone actuator is ~2678 mm3,
which is smaller than that of the regular actuator (~3820 mm3). The actuator of the smaller
chamber requires higher actuation pressure to bend fully [14]; hence, this explains the
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herringbone actuator’s requirement of higher pressures to achieve the same bending angle
as the regular actuator.
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(b) Longitudinal bending behavior of the herringbone actuator (i), and the longitudinal bending
angle comparisons (ii). (c) Transverse bending behavior of the herringbone actuator (i), and the
transverse bending angle comparisons (ii).

3.2. Blocking Force Test

The blocking force test is designed to investigate the actuator’s force capacity. It
estimates the actuator’s maximum tip force as measured when its displacement is blocked.
Similar to Hu et al. [12], we used a multi-axis force sensor (HZC-HI, ATI Automation,
China; resolution: ±0.1%, stability: 0.05%, sensing range: up to 100 N) to measure the
normal stress generated at the tip when the actuator is pressurized. As shown in Figure 5a,
the end of the actuator was attached to a fixture; while, the tip was positioned freely on the
multi-axis force sensor.
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Figure 5b shows the blocking force of the regular and the herringbone actuators
at various input pressures. Both actuators exhibit a rising blocking force with pressure;
however, the regular actuator’s slope is steeper than the herringbone’s, meaning that for
the same pressures, the blocking force former is greater than the latter. For instance, the
herringbone only reaches 0.34 N at the same pressure as the regular; which, reaches 1.12 N
at 60 kPa and requires almost twice as much pressure (~103 kPa) to produce the 1.12 N.
Since the regular only bends in the longitudinal direction, the cumulative pressure from
the air chambers is concentrated in the longitudinal direction and, hence, generates a lot of
force at the tip. The herringbone, however, distributes the pressure in both the longitudinal
and transverse directions; which, reduces the amount of pressure that reaches the end tip.

3.3. Lifting Ability Test

The lifting force is used to determine a soft gripper’s capacity to steadily lift multiple
things. We assessed the lifting forces in the experimental setup depicted in Figure 6 to
investigate the capacities of the two actuators. In the setup, a pair of actuators of the
same dimension are assembled on a fixture that is attached to a digital force meter (HP-50,
Yueqing Hampi Instrument Company, Yueqing, China; resolution: 0.01 N, error: ±0.5%).
The actuators are inflated by the compressed air to bend and form a soft gripper. Once the
gripper has successfully lifted the object, the force meter measures the lifting force. Here, we
fabricated two types of soft grippers (i.e., regular and herringbone actuator-based). As the
lifting ability of the gripper is significantly dependent on the blocking force of the actuator,
we measured the lifting forces of the regular and the herringbone grippers at pressures of
60 kPa and 103 kPa, respectively, to study and compare the lifting functionalities of the
two grippers (Figure 6). Thus, the actuators of the two grippers could generate the same
blocking forces while fully grasping the objects.
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As seen in Figure 6a,b, the regular gripper can lift the cylinder and the spheroid (both
weighing ~1.28 N) for a brief period of time while being subjected to an input pressure of
60 kPa. Due to the gripper’s one-directional (longitudinal) bending, the lifting is unstable
because of the limited contact area between it and the object. Unlike the regular gripper, the
herringbone gripper offers high conformal bending (in both longitudinal and transverse
directions), providing sufficient contact area (i.e., curved surface) for the stable and steady
lifting of the objects. Next, we investigated the grippers’ performances with flat surfaces.
As shown in Figure 6c, both grippers only lifted the flat object briefly before falling off
balance, resulting in very comparable force curves. This can be attributed to inadequate
contact and blocking forces; which, would otherwise provide sufficient friction and lift
forces for stable lifting.

Conventional lifting force testing often involves measuring the peak and instanta-
neous pull forces on test objects mounted to a platform [17,21]. This method is, however,
insufficient to adequately represent the gripper’s lifting capacity. Instead, we employed a
dynamic method that involved lifting the test objects and tracking their respective stabilities
over a period of time. Ultimately, compared to the regular gripper, the herringbone gripper
demonstrated greater stability when lifting objects, particularly those with curved surfaces.

3.4. Grasping Strength Test

A gripper’s ability to firmly hold an object can be measured using the gripping force;
which, is applied to counteract the lateral push or inertial forces of objects during horizontal
movement. We measured the grasping forces at various bending angles of the actuators
in order to analyze and contrast the grasping strengths of the two grippers (Figure 7). To
make a common ground for comparison, we chose five sets of input pressures—based on
the findings of the bending angle experiment (Figure 4a,b)—that allowed for equal bending
of the regular and herringbone grippers. The input pressures used in the test and their
corresponding longitudinal bending angles are shown in Table S1.

Actuators 2023, 12, x FOR PEER REVIEW 9 of 15 
 

 

 

Figure 7. Grasping strength test of the soft gripper. Grasping test using (a) a ball, (b) a cylindrical 

part, and (c) a flat part. Figures (i) show the snapshots of the grasping experiments, and Figures (ii) 

show the measured grasping forces of the different objects at different longitudinal bending angles. 

In the experiment, the gripper is mounted horizontally to a fixture, and a digital force 

meter is used to push the objects from within the grasp of the gripper while simultane-

ously measuring the required force. Figure 7a illustrates the measured grasping forces of 

both grippers on a ball. The grasp forces of both grippers increase as their bending (with 

respect to their inflation pressure) increases, illustrative of the increased grasping strength 

induced by the gripper deformation. Additionally, at each set of bending angles, the her-

ringbone gripper’s grasping forces are significantly higher than those of the regular grip-

per (by more than 5 times), and as the bending angle increases, this force difference be-

tween the two grippers increases, reaching up to a maximum of 3.07 N at an angle of 55°. 

This is explained by the herringbone gripper’s conformal grasping capability. The grip-

per’s grasping forces increase as its area of contact with the ball expands, distributing 

more evenly in the longitudinal and transverse directions to hold the ball firmly, as op-

posed to the regular gripper’s force output; which, primarily concentrates on the tip and, 

hence, unable to secure the ball adequately. Furthermore, the grasping forces of the her-

ringbone gripper were observed to be higher than the regular on cylindrical as well as flat 

surfaces, as shown in Figure 7b,c. However, in both cases, the transverse herringbone de-

formation does not greatly increase the contact area; rather, the gripping forces mostly 

result from contact with the side edges of the grippers, which make the force difference 

less noticeable. 

3.5. Suction Force Test 

In this part, we examine the soft actuator’s performance when using built-in suction 

pads to create a suction-gripping force. The experiment included single actuators and 

four-finger (actuator) grippers with suction pads of 13 mm and 16 mm diameters. As 

shown in the schematic diagram of the experimental setup for the suction force test (Fig-

ure 8a), the actuator is clamped horizontally under a digital force meter. Negative pres-

sure is supplied to the actuator using a diaphragm pump (HLVP8-B24, Karmor Corpora-

tion, Shanghai, China) integrated with a pressure sensor (PSAN-C01CV, Autonics Corpo-

ration, Kyungnam, Republic of Korea) and a bypass relief valve. To measure the suction 

force, the actuator is first lowered to make contact with a glass positioned on the platform 

Figure 7. Grasping strength test of the soft gripper. Grasping test using (a) a ball, (b) a cylindrical part,
and (c) a flat part. Figures (i) show the snapshots of the grasping experiments, and Figures (ii) show
the measured grasping forces of the different objects at different longitudinal bending angles.
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In the experiment, the gripper is mounted horizontally to a fixture, and a digital
force meter is used to push the objects from within the grasp of the gripper while
simultaneously measuring the required force. Figure 7a illustrates the measured grasping
forces of both grippers on a ball. The grasp forces of both grippers increase as their
bending (with respect to their inflation pressure) increases, illustrative of the increased
grasping strength induced by the gripper deformation. Additionally, at each set of
bending angles, the herringbone gripper’s grasping forces are significantly higher than
those of the regular gripper (by more than 5 times), and as the bending angle increases,
this force difference between the two grippers increases, reaching up to a maximum
of 3.07 N at an angle of 55◦. This is explained by the herringbone gripper’s conformal
grasping capability. The gripper’s grasping forces increase as its area of contact with the
ball expands, distributing more evenly in the longitudinal and transverse directions to
hold the ball firmly, as opposed to the regular gripper’s force output; which, primarily
concentrates on the tip and, hence, unable to secure the ball adequately. Furthermore, the
grasping forces of the herringbone gripper were observed to be higher than the regular
on cylindrical as well as flat surfaces, as shown in Figure 7b,c. However, in both cases,
the transverse herringbone deformation does not greatly increase the contact area; rather,
the gripping forces mostly result from contact with the side edges of the grippers, which
make the force difference less noticeable.

3.5. Suction Force Test

In this part, we examine the soft actuator’s performance when using built-in suction
pads to create a suction-gripping force. The experiment included single actuators and four-
finger (actuator) grippers with suction pads of 13 mm and 16 mm diameters. As shown in
the schematic diagram of the experimental setup for the suction force test (Figure 8a), the
actuator is clamped horizontally under a digital force meter. Negative pressure is supplied
to the actuator using a diaphragm pump (HLVP8-B24, Karmor Corporation, Shanghai,
China) integrated with a pressure sensor (PSAN-C01CV, Autonics Corporation, Kyungnam,
Republic of Korea) and a bypass relief valve. To measure the suction force, the actuator
is first lowered to make contact with a glass positioned on the platform (Figure 8a), and
then the relief valve is set to the desired negative pressure before turning on the diaphragm
pump. After that, the actuator is then slowly lifted from the glass by lifting the lever while
the force gauge measures and records the corresponding forces.

Figure 8b,c illustrate the suction forces of the single actuator and the four actuators.
The suction forces of the single actuator with the 16 mm pad and the 13 mm pad both
increase continuously as the negative pressure increases, as illustrated in Figure 8b.
The 16 mm pad, however, produces a much higher suction force than its counterpart,
measuring maximum suction forces of 10 N and 7.54 N at the pressure of −80 kPa,
respectively. Similarly, for the grippers, the combined suction force also increased
with pressure. The forces are, however, not as linear as with the single actuator; the
maximum suction forces are 35 N and 24.5 N at a pressure of −80 kPa, respectively,
which is approximately 3.5 times that of a single actuator. This can be attributed to the
asynchronous disengagement of the four suction pads of the actuators. The maximum
suction force is less than the combined forces of the individual actuators because only
one of the suction pads is forced to leave the platform at first, while the rest either stay
in place or slowly disengage later.
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different negative pressure inputs when using (b) a single suction pad and (c) four suction pads.

3.6. Automation Application

As described earlier, the regular actuator has the advantages of larger longitudinal
bending deformation and higher blocking force under the same actuation pressures; while,
the herringbone actuator performs better in grasping and lifting with the same longitudi-
nal bending angles. To demonstrate the combined advantages of the two actuators, we
integrated the two actuators into a modular gripper. Additionally, we developed automatic
equipment that is able to load the modular gripper (Figure 9a), and we studied the modular
gripper’s capacity to grasp different kinds of objects. The schematic diagrams of the pneu-
matic and the electric systems of the equipment are shown in Figure 10. The equipment
mainly includes a controller, a diaphragm pump, a pressure sensor, five solenoid valves
(SV), three sets of slide guides with stepped motors, mechanical components, and other
necessary components of electrical and pneumatic systems.
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Figure 9. Picture of the automatic equipment loading the modular soft gripper (a) and snapshots
of various object lifting applications on: (b) a scissor, (c) a bread, (d) a mouse, (e) a jar, (f) a mobile
phone, and (g) a laptop.

Table 1 shows the switching combinations of the diaphragm pump and the solenoid
valves for the different working modes of the modular gripper in the automation equipment.
The equipment is programmed such that either of the two regular actuators can be inflated
to work as a hook by opening SV1 or SV2, respectively. To grasp soft objects, the two
regular actuators work together by opening SV1 and SV2 simultaneously. To grasp objects
of irregular appearance, the two herringbone actuators work together by opening SV3.
To grasp heavy objects, the four actuators work together by opening SV1, SV2, and SV3
simultaneously. For thin objects (e.g., paper, plate, laptop, etc.), SV4 is opened to produce
strong vacuum suction forces on the bottom of the four actuators. Based on the above five
working modes, the modular gripper can be used to grasp various kinds of objects.



Actuators 2023, 12, 172 12 of 15

Actuators 2023, 12, x FOR PEER REVIEW 12 of 15 
 

 

objects of irregular appearance, the two herringbone actuators work together by opening 

SV3. To grasp heavy objects, the four actuators work together by opening SV1, SV2, and 

SV3 simultaneously. For thin objects (e.g., paper, plate, laptop, etc.), SV4 is opened to pro-

duce strong vacuum suction forces on the bottom of the four actuators. Based on the above 

five working modes, the modular gripper can be used to grasp various kinds of objects. 

 

Figure 10. Schematic diagram of (a) the pneumatic and (b) the electric system of the automatic 

equipment. 

Table 1. Switching combinations of the diaphragm pump and the solenoid valves for different 

working modes of the modular gripper. 

Mode Pump SV0 SV1 SV2 SV3 SV4 

Idle Off Off Off Off Off Off 

Hook On On On/Off Off/On Off Off 

Soft grasping On On On On Off Off 

Irregular grasping On On Off Off On Off 

Heavy grasping On On On On On Off 

Vacuum suction On Off Off Off Off On 

According to the design, we set the gripper to perform the “Hook mode” based on 

the significant longitudinal bending advantage of the regular actuator. The “Hook mode” 

is used to lift the objects with the ring structures, such as a scissor (Figure 9b. The “Soft 

grasping mode” uses the bending of the two regular actuators to grasp the object. As the 

regular actuators can be actuated at low pressures, the “Soft grasping mode” is applied 

for grasping soft lightweight objects, such as bread (Figure 9c), a wooden block (Figure. 

s2a), and a beaker (Figure S2b). In the “Irregular grasping mode”, both of the herringbone 

actuators bend to grasp objects. Two actuators were sufficient to securely grasp objects 

Figure 10. Schematic diagram of (a) the pneumatic and (b) the electric system of the automatic equipment.

Table 1. Switching combinations of the diaphragm pump and the solenoid valves for different
working modes of the modular gripper.

Mode Pump SV0 SV1 SV2 SV3 SV4

Idle Off Off Off Off Off Off
Hook On On On/Off Off/On Off Off

Soft grasping On On On On Off Off
Irregular grasping On On Off Off On Off

Heavy grasping On On On On On Off
Vacuum suction On Off Off Off Off On

According to the design, we set the gripper to perform the “Hook mode” based on
the significant longitudinal bending advantage of the regular actuator. The “Hook mode”
is used to lift the objects with the ring structures, such as a scissor (Figure 9b). The “Soft
grasping mode” uses the bending of the two regular actuators to grasp the object. As the
regular actuators can be actuated at low pressures, the “Soft grasping mode” is applied for
grasping soft lightweight objects, such as bread (Figure 9c), a wooden block (Figure S2a),
and a beaker (Figure S2b). In the “Irregular grasping mode”, both of the herringbone
actuators bend to grasp objects. Two actuators were sufficient to securely grasp objects
with irregular shapes, such as the mouse in Figure 9d, thanks to its conformal deformation
characteristic. For round objects, the grasping effect is much better due to the tight fitting
between the actuator and the object, such as a tennis ball with a glue (Figure S2c) and a
tennis ball with a wrench (Figure S2d). The “Heavy grasping mode” is applied to grasp the
heavy objects. Since all the four actuators could be bent to hold the objects like a palm, high
grasping strength and lifting force can be achieved, as with a jar (130.1 g, Figure 9e) and a
tennis ball with a glue and a wrench (354.3 g, Figure S2e). Finally, we applied the “Vacuum
suction mode” to suck and lift the thin objects by using the vacuum suction force of the
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gripper, as with a mobile phone (Figure 9f) and a laptop (Figure 9g). It is worth noting that
the gripper can suck and lift even larger and heavier objects. For example, the gripper can
lift a laptop with a heavy box of 1199 g weight (Figure S2f). For weights and sizes that the
grasp mode alone cannot lift, the “Vacuum suction mode” with its strong suction force
would suffice. The weights of all the objects mentioned above are listed in Tables 2 and S2.

Table 2. Object shapes and weights.

Object Shape/Characteristic Weight (g)

Scissor Ring 31.1
Bread Soft 47.6
Mouse Irregular 90.1

Jar Cylinder 130.1
Mobile phone Flat/Thin 173.1

Laptop Flat/Heavy 463.0

4. Conclusions

This work presents a modular soft gripper, consisting of two types of SPA-based
actuators—the regular actuator and the herringbone actuator. The bending features of
the two actuators were first studied by FE simulations and then validated by experiments
including the blocking force test, lifting test, grasping strength test, and suction force
test. The experimental results showed that the regular actuator had the advantages of fast
bending response and large blocking force; while, the herringbone actuator had better
performance on lifting stability and grasping strength due to its unique conformal de-
formation characteristic. Based on the advantages of the two actuators, a modular soft
gripper was developed with five operational modes: hook mode, soft grasping mode,
irregular grasping mode, heavy grasping mode, and vacuum suction mode. To validate
the practical application of the gripper, automation equipment was developed to load and
run the gripper based on some custom program codes. The experiments show that the
gripper is capable of manipulating (i.e., hooking/grasping/sucking) a wide variety of
objects (e.g., light to heavy, small to large). Overall, we demonstrated the multifunctional
characteristics of the proposed modular soft gripper; which, performed different working
modes for various tasks, thereby increasing device flexibility and efficiency compared to the
traditional single-function SPA-based soft grippers. We believe this work would provide
insights for more robust designs of soft grippers, particularly with improved modular
characteristics and multifunctionality, towards larger application scopes.
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//www.mdpi.com/article/10.3390/act12040172/s1, Figure S1: Schematic diagram of the actuator
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The required input pressures versus the longitudinal bending angles; Table S2: Object shapes and
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Mold 4: Top chamber (herringbone); Mold 5: Top chamber (regular).
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