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Abstract: This review summarizes the important properties required for applying soft grip-
pers to agricultural harvesting, focusing on their actuation methods and structural types.
The purpose of the review is to address the challenges of limited load capacity and stiffness,
which significantly hinder the broader application of soft grippers in agriculture. This paper
examines the research progress on variable stiffness methods for soft grippers over the past
five years. We categorize various variable stiffness techniques and analyze their advantages
and disadvantages in enhancing load capacity, stiffness, dexterity, degree of integration,
responsiveness, and energy consumption of soft grippers. The applicability and limitations
of these techniques in the context of agricultural harvesting are also discussed. This paper
concludes that combined material variable stiffness technology with a motor actuation
claw structure in soft grippers is better suited for agricultural harvesting operations of
woody crops (e.g., apples, citrus) and herbaceous crops (e.g., tomatoes, cucumbers) in
unstructured environments.

Keywords: soft grippers; structure design; actuation; variable stiffness; agricultural
harvesting

1. Introduction
Robotics was initially developed to replace human labor in repetitive and hazardous

tasks, and the gripper is an important component in these tasks [1]. Traditional rigid
grippers have standardized drive structures and precise motion control. They are better
suited to high-intensity tasks compared to humans. However, these grippers face challenges
in the unstructured environments of agricultural harvesting. They struggle to navigate
narrow gaps for crop grasping and picking. They are also prone to collisions, which can
damage their structures and harm crops [2–6]. Soft grippers, as a complement to rigid
grippers, offer better human–robot interaction and environmental adaptability. This is due
to their flexible designs and low-modulus materials [7]. Unlike rigid grippers, soft grippers
represent a new generation of engineered systems. They are used in various fields, such as
disaster rescue, exploration, rehabilitation training, and agricultural harvesting [8,9]. The
development of soft grippers is also extending automation technologies from industrial
settings to natural environments.

Although significant progress has been made in the design, control, and sensing of
soft grippers, their widespread application remains limited. This is particularly true in the
field of agricultural harvesting [10]. The biggest challenge is achieving non-destructive
harvesting of crops using soft grippers. To handle crops of various shapes and weights,
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soft grippers must possess good load capacity, radial stiffness, dexterity, and control
stability [11]. For harvesting clustered fruits, such as citrus and apples, soft grippers also
need active obstacle avoidance capabilities and compact structures [12].

This paper reviews the research progress of soft grippers over the past five years.
It summarizes the performance characteristics of soft grippers with different actuation
methods and structural types. The advantages and disadvantages of their application in
agricultural harvesting are also discussed. In addition, this paper outlines the performance
requirements for using soft grippers in agricultural picking. It classifies and summarizes
variable stiffness techniques designed to enhance the load capacity of soft grippers. The
advantages and disadvantages of different variable stiffness methods are analyzed.

2. Characteristics of Different Actuation Methods and Structures
of Soft Grippers

The actuation is the core hardware of a soft gripper. It directly determines a gripper’s
action mode, load capacity, response speed, control stability, and dexterity. A reasonable
choice of actuation method and flexible structure design can greatly enhance the soft
gripper’s performance. Existing actuation methods for soft grippers can be divided into
four categories, while structural types fall into two categories, as shown in Figure 1. The
actuation methods comprise fluid actuation, smart material actuation, motor actuation,
and tendon actuation [13]. Fluid actuation consists of hydraulic and pneumatic artificial
muscle actuation. It is the most widely used method in engineering applications [14,15].
Smart material actuation includes magnetic field actuation, thermal material actuation,
photosensitive material actuation, and dielectric elastomer actuation [16]. This actuation
method minimizes the actuator size, making it suitable for creating various micro-structures
of soft grippers. Smart materials differ from traditional metals, plastics, or silicone ma-
terials in that they can be activated and respond to external stimuli, such as electricity,
heat, magnetism, and light, producing motions such as bending, elongation, and twisting.
They are commonly used to actuate miniature soft robots and soft grippers in general,
and can also function as sensors. However, due to limitations in their material proper-
ties, smart materials tend to perform relatively poorly when used as actuators for soft
grippers [17]. Motor actuation combines the flexibility, good human–robot interaction,
and environmental adaptability of soft grippers with the high precision and stability of
traditional rigid grippers [18,19]. However, the challenge is that the motors are bulky
and can reduce the suppleness of soft grippers. This increases the complexity of the soft
gripper’s structural design. Tendon actuation is mainly used to actuate the redundant
degree of freedom grippers, which can better adapt to the shape of the objects they grasp
during use [20]. The structural design of soft grippers is generally categorized into claw
and closed structures [21–23]. Claw structures are characterized by high dexterity and the
ability to adapt to the contour and size of objects, and offer various grasping and picking
strategies for the same crop [24]. In contrast, closed structures provide higher load capacity
and stiffness than do claw structures.

In the remainder of this paper, soft grippers are classified according to their different
structural designs and actuation methods. The current status of research on soft grippers
of different design types and their applications in the field of agricultural harvesting are
analyzed through a summary of published literature. The analysis focuses on the required
performance of soft grippers for agricultural harvesting.
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Figure 1. Summary of classification methods of soft grippers.

2.1. Claw Structure Soft Grippers
2.1.1. Claw Structure Soft Grippers with Fluid Actuation

Fluid actuation is generally categorized into hydraulic actuation and pneumatic ar-
tificial muscle actuation. Both of these are used to realize the bending, expanding, and
contracting motions of soft grippers by adjusting the fluid pressure and unit flow rate [24].
Both of these have good low stiffness characteristics and fault tolerance. However, in
practice, considering the load ratio and response speed of soft grippers, most of the fluid
actuators are pneumatic artificial muscle actuation [25].

Hohime et al. [26] developed a three-finger gas-actuated soft gripper to minimize
mechanical damage caused during apple picking, as shown in Figure 2a. The three-finger
structure was distributed centrosymmetrically, with two by two spacing of 120◦. The three
fingers were designed with two short structures and one long structure to increase the
wrapping rate of the apples and make the fingers more adaptable to the size differences
of apples. The experiment showed that the maximum pull force that the soft gripper can
provide is 100.28 ± 4.73N. Fan et al. [27] investigated two gripping modes, vertical and
horizontal, as well as four picking modes, vertical pulling, horizontal pulling, vertical-
rotary pulling, and horizontal-rotary pulling, of a three-finger soft gripper, as shown in
Figure 2b. The experiment showed that the lowest three-finger grip force required for
horizontal-rotational pull picking under horizontal grasping conditions was 10.33 N. Wang
et al. [12] designed a four-finger soft gripper for apple picking, as shown in Figure 2c.
The robot structure consists of four tapered soft fingers and a multi-modal suction cup.
The suction cup provides suction force, which improves the gripping stability of the soft
gripper during apple picking. Separation of the apple from the branch is achieved by
torsion–tension motion. Experimentally, it can be determined that the detachment, damage
and harvesting rates of this soft gripper reached 75.6%, 4.55% and 70.77%, respectively.
Becker et al. [28] designed a soft gripper based on collective mechanics to realize adaptive
grasping without sensing, planning, and feedback, as shown in Figure 2d. The soft gripper
completely disregards the size, shape, and mass distribution of the grasping target object.

Fan argued that the horizontal-rotary pulling picking method is considered the optimal
strategy for picking apples. However, soft grippers similar to the one designed by Hohime
have a bulky structure, making it difficult to perform rotational picking of apples in a
cluster-growing state. On the other hand, the more compact soft gripper designed by Wang
can achieve this.
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Figure 2. Pneumatic soft gripper with claw structure for use in agricultural harvesting. (a) The
three-finger pneumatic soft gripper. (b) Demonstration of different gripping and picking strategies
for apples. (c) The soft gripper with gripping and adsorption. (d) The soft gripper based on collective
mechanics. Figure taken from [12,26–28].

2.1.2. Claw Structure Soft Grippers with Motor Actuation

Motors are typically used for driving and controlling traditional rigid robots and
grippers, enabling precise control of the robot’s angle, speed and position. When motors
are combined with soft mechanical structures, not only do they retain the flexibility of
the mechanical structure, but they also significantly improve the robot’s responsiveness,
control accuracy, and stability. This combination provides reliable hardware support for
realizing the complex control algorithms required for the soft contact between the gripper
and the fruit in picking operations [29,30].

Chen et al. [31] designed a three-finger motor actuation soft gripper based on the
Fin-Ray structure, as shown in Figure 3a. The mechanical model was established through
the mapping relationship of grasping force, picking pull force and servo motor torque,
which can realize the constant force grasping of apples of different sizes. In apple picking
experiments, the picking success rate of this soft gripper was only 80% of that of the rigid
gripper, but there was no fruit damage during the picking process. Goulart et al. [32]
designed soft grippers with two-finger, four-finger, and six-finger structures, as shown in
Figure 3b, and verified the effect of the wrapping area of the soft gripper on the success
rate of mango picking. The experiment showed that increasing the number of fingers
of the Fin-Ray structure can effectively increase the success rate of mango picking. Xu
et al. [33] mathematically modeled the flexible fingers of the Fin-Ray structure and realized
the precise control of the flexible fingers by motors. The experimental results show that
the average error of force control is less than 3% under the closed-loop control condition
without any force sensor. The structure of the soft gripper is shown in Figure 3c.

The soft grippers described above, composed of motors and flexible fingers with
a Fin-Ray structure, offer good control accuracy and stability. The main reason is that,
within the motor’s load range, its response speed and control accuracy are much better
than the pressure control used in fluid drive systems. However, motor control also has
drawbacks. Since agricultural harvesting is a repetitive and long-duration task, and to
minimize the impact of motor size on the dexterity of the soft gripper, the motor is typically
selected to operate close to its rated output power. As a result, the motors are often run
for extended periods under rated power conditions, which can significantly reduce their
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service life. Additionally, the compact structural design of soft grippers also impacts the
heat dissipation of the motors, thereby affecting their performance.
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Figure 3. Motor actuation soft grippers with claw structure for use in agricultural harvesting. (a) The
three-finger Fin-Ray structure soft gripper. (b) The four-finger and six-finger Fin-Ray structure soft
grippers. (c) The two-finger Fin-Ray structure soft gripper. Figure taken from [31–33].

2.1.3. Claw Structure Soft Grippers with Tendon Actuation

Tendon-actuated soft grippers utilize the contraction and tension of tendons to achieve
bending, stretching, and twisting movements [34]. When grasping objects with complex
contours, tendon-actuated soft grippers generally rely on tendon tension and the compli-
ance of redundant joints to achieve a close fit with the contours of the grasped objects [35].
In addition, the tendon actuation system is characterized by its lightweight and compact
structure. Although tendon actuation still relies on motors to drive the system, it effectively
extends the control range of the motors and eliminates the need to integrate the motors
directly into the soft gripper [36]. Compared with motor actuation, tendon-actuated soft
grippers offer better flexibility and load-bearing ratio [37]. Manti et al. [37] combined soft
materials, underdriven mechanisms, and bio-inspired design to create a tendon-actuated
universal manipulator, as shown in Figure 4a. To ensure adaptability when grasping objects
of different shapes, each flexible finger is actuated by a single tendon. Experimental results
show that this soft gripper has a strong ability to conform to the contours of grasped objects.
Chen et al. [38], inspired by the hunting behavior of spiders, proposed a soft gripper named
WebGripper, as shown in Figure 4b. This gripper is characterized by its snake-like winding
behavior after grasping an object, providing a wide range of adaptability and grasping
stability for various objects. Yu et al. [39] designed an articulated underdriven soft gripper,
as shown in Figure 4c. The eight degrees of freedom of the soft gripper are actuated by four
tendons. Experimental results show that the picking time for a single citrus fruit is 7.3 s.

The determining factor in the gripping force of a tendon-actuated soft gripper is the
tension of the drive tendons. However, prolonged stretching and contraction can cause
fatigue failure of the tendons. Therefore, the output force of the tendon decreases as
the working hours and frequency increase. Compared with pneumatic artificial muscle
actuation and motor actuation, tendon-actuated soft grippers exhibit a lag in response speed.
Additionally, the tendon material is affected by the open-air farm environment, which may
cause a rapid decline in the material’s lifespan due to changes in temperature, humidity,
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and light, thus reducing the efficiency and stability of the soft gripper in agricultural
harvesting operations.

Machines 2025, 13, x FOR PEER REVIEW 6 of 23 
 

 

of the soft gripper are actuated by four tendons. Experimental results show that the pick-

ing time for a single citrus fruit is 7.3 s. 

 

Figure 4. Tendon actuation soft gripper with claw structure for use in agricultural harvesting. (a) 

The three-finger tendon actuation soft gripper. (b) The soft gripper made of steel wire and silicone 

material. (c) The soft grippers powered by tendon made of 3D printed materials. Figure taken from 

[37–39]. 

The determining factor in the gripping force of a tendon-actuated soft gripper is the 

tension of the drive tendons. However, prolonged stretching and contraction can cause 

fatigue failure of the tendons. Therefore, the output force of the tendon decreases as the 

working hours and frequency increase. Compared with pneumatic artificial muscle actu-

ation and motor actuation, tendon-actuated soft grippers exhibit a lag in response speed. 

Additionally, the tendon material is affected by the open-air farm environment, which 

may cause a rapid decline in the material’s lifespan due to changes in temperature, hu-

midity, and light, thus reducing the efficiency and stability of the soft gripper in agricul-

tural harvesting operations. 

2.1.4. Claw Structure Soft Grippers with Smart Material Actuation 

Smart material actuation brakes for clawed soft grippers are mainly made of mag-

netically responsive, thermally sensitive, photosensitive, and dielectric elastomers [40]. 

These smart materials are characterized by their small size, light weight, and structure-

shaping ability, which make the grippers highly flexible and adaptable [41]. In addition, 

smart materials can be used to design intelligent artificial muscles that exhibit excellent 

integration and plasticity [42–44]. 

Magnetic actuation soft grippers can achieve contactless control through magnetic 

fields, making them suitable for working in closed, narrow, and harsh environments [45]. 

Generally, the rotation, jumping, movement, and compound motion behaviors of mag-

netically controlled soft grippers are achieved by varying the magnetic field strength and 

direction. Additionally, magnetically controlled soft grippers are characterized by fast re-

sponse times, simple preparation methods, and low manufacturing costs. However, they 

have several limitations, such as susceptibility to interference from external electromag-

netic forces, poor control stability, and insufficient load capacity [46]. Thermal material 

soft grippers primarily use shape memory alloys or thermal expansion polymers, with 

folding, twisting, and bending motions achieved by changing the temperature of the 

Figure 4. Tendon actuation soft gripper with claw structure for use in agricultural harvesting. (a) The
three-finger tendon actuation soft gripper. (b) The soft gripper made of steel wire and silicone
material. (c) The soft grippers powered by tendon made of 3D printed materials. Figure taken
from [37–39].

2.1.4. Claw Structure Soft Grippers with Smart Material Actuation

Smart material actuation brakes for clawed soft grippers are mainly made of magneti-
cally responsive, thermally sensitive, photosensitive, and dielectric elastomers [40]. These
smart materials are characterized by their small size, light weight, and structure-shaping
ability, which make the grippers highly flexible and adaptable [41]. In addition, smart ma-
terials can be used to design intelligent artificial muscles that exhibit excellent integration
and plasticity [42–44].

Magnetic actuation soft grippers can achieve contactless control through magnetic
fields, making them suitable for working in closed, narrow, and harsh environments [45].
Generally, the rotation, jumping, movement, and compound motion behaviors of mag-
netically controlled soft grippers are achieved by varying the magnetic field strength and
direction. Additionally, magnetically controlled soft grippers are characterized by fast
response times, simple preparation methods, and low manufacturing costs. However, they
have several limitations, such as susceptibility to interference from external electromagnetic
forces, poor control stability, and insufficient load capacity [46]. Thermal material soft
grippers primarily use shape memory alloys or thermal expansion polymers, with folding,
twisting, and bending motions achieved by changing the temperature of the material. The
control of thermo-sensitive materials generally relies on electrical heating, leading to signif-
icant energy loss and susceptibility to interference from ambient temperature changes [47].
Photosensitive materials are typically controlled by irradiating the soft grippers with in-
frared, ultraviolet, or visible light [48]. Similar to magnetic field control, contactless control
can also be realized by adjusting the intensity and direction of the light to control the
soft gripper [49]. Dielectric elastomer actuation soft grippers offer advantages such as
high deformability, fast response, high energy density, light weight, and dexterity, which
make them ideal for multi-degree-of-freedom motion, dynamic tasks, and compact de-
signs [50–53]. However, they require high voltage actuation and have limited load capacity.
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Dielectric elastomer actuation soft grippers are more suitable for tasks with low loads and
high dynamic response frequencies.

By analyzing the actuation characteristics of smart materials (e.g., magnetic response,
thermal sensitivity, photosensitivity, and dielectric elastomers, etc.), it can be concluded that
soft grippers based on smart material actuation are not suitable for crop picking operations
in natural environments. There are almost no practical application cases in the field of
agricultural harvesting.

2.2. Closed Structure Soft Grippers

The actuation methods of enclosed soft grippers mainly include fluid actuation and
smart material actuation [54]. Since smart materials are not widely used in agricultural
harvesting, this section focuses on the current research status of fluid actuation enclosed
soft grippers and their applications in agricultural harvesting. Meanwhile, based on
the common grasping characteristics of enclosed soft grippers, they are categorized for
discussion into friction grasping and suction grasping.

2.2.1. Friction Grasping Type

Friction grasping soft grippers achieve fixation with the target mainly through static
friction. The closed structure of a soft gripper offers higher adaptability to the contour
of the grasped target. Compared to the claw structure, the closed structure provides a
larger contact area with the object. This results in the closed structure having a significantly
higher load capacity than the claw structure. Additionally, the gripping force applied to
the surface of the object is more uniform in the closed structure, which is crucial for the
non-destructive picking of fruits.

Pedro et al. [55] designed a pneumatic closed soft gripper inspired by the feeding
behavior of eels, as shown in Figure 5a. The design features a 3D-printed structure that
provides support and stabilization for the silicone closed structure. The outside of the
closed structure is covered with a cotton fiber mesh, which serves as a constraint for
directional expansion. Experiments were conducted to compare the grip force generated
by the soft gripper under the same pressure using fiber meshes with varying levels of
looseness and tightness. The experimental results show that the maximum grasping force
of this soft gripper is 4.305 N. Sui et al. [56] designed a fluid-filled closed soft gripper
inspired by the feeding behavior of blood-worms, as shown in Figure 5b. Its grasping
principle is accomplished by driving the WSW to perform an inward–outward flipping
motion under the action of the motor screw, thus simulating the swallowing and spitting
of food by bloodworms. The experimental results show that its maximum load capacity
is 15–20 N. Li et al. [57] took inspiration from the entanglement behavior of plants and
animals and designed a closed soft gripper by using traditional pneumatic artificial muscles
to simulate the winding behavior, as shown in Figure 5c. The experimental results show
that this soft gripper adapts to the grasping of shaped objects and has a maximum load
capacity of 105 N. Wang et al. [58] designed a soft gripper by combining two grasping
methods, friction and adsorption, as shown in Figure 5d. The grasping principle is to realize
the friction grasping of the object inside the flexible structure by inflating and expanding
the three air cavities inside the flexible structure. At this time, the surface of the grasped
object and the inner wall of the soft structure are closely adhered to each other, and then
the vacuum operation inside the soft structure is carried out through the pipe opening at
the bottom of the soft structure. As a result of the experiment, the maximum load capacity
of the soft gripper can reach 10.85 kg.
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From the above literature, it can be seen that, compared to clawed soft grippers,
closed soft grippers have a better fit with the gripped object as well as a larger wrapping
area, which also gives them a higher load capacity. However, in the field of agricultural
harvesting, there are many more cases of claw soft gripper applications than of the closed
type. The main reason for this is the poor structural dexterity of closed soft grippers,
which leads to a single grasping strategy. In addition, the closed structure has high size
requirements and cannot adapt to the size of the object to be grasped by adjusting its own
structure. The feature of no deformation ability of closed soft grippers also increases the
difficulty of obstacle avoidance in unstructured environments.

2.2.2. Suction Grasping Type

Compared to friction grasping soft grippers, suction grasping soft grippers are smaller
and more compact, because they do not need to completely wrap around the object to be
grasped in order to exert a gripping force. This feature gives them a significant advantage
in space-constrained work scenarios, especially in unstructured agricultural environments,
where they can effectively grasp and pick crops that are obscured by leaves or branches.
As a result, the suction soft gripper not only inherits the advantages of the enclosed soft
gripper’s high load capacity, but also has higher dexterity.

Zhang et al. [59] developed a gripper for apple picking, which realizes the fixation with
the apple by suction and completes the separation of the fruit from the branch by a twisting-
pulling-off motion, as shown in Figure 6a. In order to better fit the contour of the apple,
the suction nozzle is made of silicone material, and the maximum suction force is 47 N.
The picking experiments show that the picking success rate is 82.4% in the environment of
artificial rectification, while in the environment without artificial rectification, the picking
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success rate decreases to 65.2%, and the average picking time of each fruit is 6 s. To
automate the harvesting of the Agaricus bisporus, Zhao et al. [60] designed a suction grasping
soft gripper incorporating particle obstruction variable stiffness technique, as shown in
Figure 6b. The flexible part of the gripper mainly consists of a flexible film and quartz
particles. Under the action of suction, the flexible film directly contacts the Agaricus
bisporus and provides it with protection. Meanwhile, the quartz particles provide additional
frictional resistance to the flexible film through the blocking effect, which improves the
grasping stability. The experimental results showed that the best grasping stability was
achieved when the thickness of the film in the flexible structure was 0.9 mm, the filled
quartz particles were 200 mesh, and the maximum loading capacity was up to 35 N. In
addition, Jo et al. [61] designed a suction soft gripper that can adjust its shape and surface
characteristics in real time to adapt to the contour and surface characteristics of cucumber,
as shown in Figure 6c. The experimental results showed that the robot had a picking
success rate of 86.2% for cucumbers, while the picking damage rate was only 4.7%.
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Figure 6. Soft gripper of the suction gripping type. (a) The suction gripping structure of soft gripper
for apple picking. (b) The closed soft gripper with variable stiffness via particle obstruction. (c) The
suction gripping structure of soft gripper for cucumber picking. Figure taken from [59–61].

Although suction gripping excels in terms of load capacity and dexterity, it places
high demands on the crop contact surface during crop harvesting. The suction end must
maintain a good seal while in contact with the crop, which poses a greater adaptability
challenge. During suction picking of herbaceous crops such as tomatoes and cucumbers,
fine leaves and branches can easily be sucked inside the soft structure, which can lead to
blockage or damage. In addition, since the wrapping area of the crop by suction grasping is
much smaller than that of soft grippers with friction grasping, the picking process is more
likely to result in crop damage, which in turn increases the rate of picking damage.
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2.3. Summary

Most fruits and vegetables are grown in dense and unstructured environments, which
poses a great challenge in realizing their automated picking [62,63]. In such environments,
if conventional rigid mechanical grippers are used as a harvesting end-effector, they are
prone to collision with non-target objects (e.g., leaves, stems, branches, and other fruits),
which leads to frequent sensing and control errors, and may even severely damage the end-
effector [64,65]. This not only dramatically increases the maintenance cost of harvesting
grippers, but also significantly reduces their operational efficiency. Therefore, in this
agricultural environment, soft grippers as an end-effector can effectively avoid damage
to precision parts due to collisions. Especially for herbaceous fruits (e.g., tomatoes) and
vegetables (e.g., eggplants, cucumbers), the end-effector faces greater challenges in obstacle
avoidance due to heavy branch and leaf shading [66,67]. This requires soft grippers to have
a compact structure, along with a certain degree of dexterity. For woody fruits (e.g., apples,
oranges, mangoes, and pears), soft grippers need to have excellent wrapping performance
and stability of gripping force control to minimize mechanical damage during picking [68].
In addition, the soft gripper must also have high load capacity and stiffness, in order to
achieve effective separation of the fruit from the trunk [27]. Therefore, the application
of soft grippers in agricultural harvesting requires them to have good load capacity and
stiffness, a compact structure, a larger crop packaging area, high dexterity, control stability,
and sensing capability, as shown in Figure 7.

Machines 2025, 13, x FOR PEER REVIEW 10 of 23 
 

 

challenge. During suction picking of herbaceous crops such as tomatoes and cucumbers, 

fine leaves and branches can easily be sucked inside the soft structure, which can lead to 

blockage or damage. In addition, since the wrapping area of the crop by suction grasping 

is much smaller than that of soft grippers with friction grasping, the picking process is 

more likely to result in crop damage, which in turn increases the rate of picking damage. 

2.3. Summary 

Most fruits and vegetables are grown in dense and unstructured environments, 

which poses a great challenge in realizing their automated picking [62,63]. In such envi-

ronments, if conventional rigid mechanical grippers are used as a harvesting end-effector, 

they are prone to collision with non-target objects (e.g., leaves, stems, branches, and other 

fruits), which leads to frequent sensing and control errors, and may even severely damage 

the end-effector [64,65]. This not only dramatically increases the maintenance cost of har-

vesting grippers, but also significantly reduces their operational efficiency. Therefore, in 

this agricultural environment, soft grippers as an end-effector can effectively avoid dam-

age to precision parts due to collisions. Especially for herbaceous fruits (e.g., tomatoes) 

and vegetables (e.g., eggplants, cucumbers), the end-effector faces greater challenges in 

obstacle avoidance due to heavy branch and leaf shading [66,67]. This requires soft grip-

pers to have a compact structure, along with a certain degree of dexterity. For woody 

fruits (e.g., apples, oranges, mangoes, and pears), soft grippers need to have excellent 

wrapping performance and stability of gripping force control to minimize mechanical 

damage during picking [68]. In addition, the soft gripper must also have high load capac-

ity and stiffness, in order to achieve effective separation of the fruit from the trunk [27]. 

Therefore, the application of soft grippers in agricultural harvesting requires them to have 

good load capacity and stiffness, a compact structure, a larger crop packaging area, high 

dexterity, control stability, and sensing capability, as shown in Figure 7. 

 

Figure 7. Performance requirements for soft grippers applied to agricultural harvesting. 

3. Improvement of Load Performance and Stiffness of Soft Grippers 

The main feature of soft grippers that distinguishes them from traditional rigid grip-

pers is their good flexibility, which is the prerequisite for their good environmental adapt-

ability. In order to ensure the flexibility of soft grippers, the Young’s modulus of the ma-

terials used for the preparation of soft grippers is generally in the range of 104–109 MPa 

[69]. However, the soft structure and low stiffness properties of the materials make it dif-

ficult to adjust the motion attitude under high loads, which has become one of the major 

challenges in their transition from laboratory environments to frontline applications [70]. 

We summarize recent research literature on the load capacity of claw-structured and 

closed-structured soft grippers, as shown in Figure 8 [71–95]. And show the soft gripper 

Figure 7. Performance requirements for soft grippers applied to agricultural harvesting.

3. Improvement of Load Performance and Stiffness of Soft Grippers
The main feature of soft grippers that distinguishes them from traditional rigid

grippers is their good flexibility, which is the prerequisite for their good environmen-
tal adaptability. In order to ensure the flexibility of soft grippers, the Young’s modulus
of the materials used for the preparation of soft grippers is generally in the range of
104–109 MPa [69]. However, the soft structure and low stiffness properties of the mate-
rials make it difficult to adjust the motion attitude under high loads, which has become
one of the major challenges in their transition from laboratory environments to frontline
applications [70].

We summarize recent research literature on the load capacity of claw-structured and
closed-structured soft grippers, as shown in Figure 8 [71–95]. And show the soft gripper
structures with different varying load carrying capacity in Figures 9 and 10. As shown
in the figure, the load capacity of closed-structured soft grippers is significantly higher
than that of claw-structured soft grippers. In addition, the load capacity of claw-structured
soft grippers increases with the number of fingers, demonstrating the characteristic that
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a larger wrapping area of the soft gripper around the gripped object results in a stronger
load capacity. For closed-structured soft grippers, the load capacity of friction grasping
is significantly higher than that of suction grasping. This is mainly because suction soft
grippers are limited by the surface material and structure of the object being grasped,
resulting in relatively lower load capacity.
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Figure 9. Structural design of clawed soft grippers for agricultural harvesting operations. Figure
taken from. (a) The pneumatic three-finger soft gripper. (b) The pneumatic three-finger soft gripper
with improved obstruction variable stiffness. (c) The pneumatic five-finger soft gripper. (d) The three-
finger gripper. (e) The four-finger soft gripper. (f) The high-load three-finger soft gripper. (g) The
one-finger soft gripper. (h) The pneumatic three-finger soft gripper. (i) The three-finger soft gripper.
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(j) The four-finger soft gripper. (k) The pneumatic four-finger soft gripper. (l) The tendon-actuated
three-finger soft gripper. (m) The soft gripper with improved combined material variable stiffness.
(n) The four-finger soft gripper. (o) The three-finger soft gripper. (p) The two-finger soft gripper.
(q) The two-finger soft gripper. (r) The pneumatic three-finger soft gripper. (s) The two-finger soft
gripper with improved antagonistic variable stiffness [74–92].
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Figure 10. Structural design of closed soft grippers for agricultural harvesting operations. (a) The
experiment of closed soft gripper gripping shaped object. (b) The closed soft gripper with four air
chambers control. (c) The closed soft gripper with improved obstruction variable stiffness. (d) The
dielectric elastomer-actuated closed soft gripper. (e) The closed soft gripper gripping experiment for
a plastic drum. (f) The closed soft gripper. (g) The closed soft gripper gripping experiment for a light.
(h) The fluid-obstructed stiffness soft gripper. (i) The particle obstruction variable stiffness closed soft
gripper. (j) The experiments on fruit grasping by a closed soft gripper. (k) The closed soft gripper for
apple picking. Figure taken from [93–101].

3.1. Classification and Application of Variable Stiffness Methods

In order for soft grippers to meet the requirements of flexibility and high loads, re-
searchers have conducted extensive studies on realizing variable stiffness control [96,97].
Based on the summary of previous techniques, we classify the existing variable stiff-
ness techniques for soft grippers into two categories, active and passive, as shown in
Figure 11 [98]. Active variable stiffness techniques, such as electrical, thermal, magneti-
cally induced, and antagonistic variable stiffness, require additional energy interventions,
beyond the robot drive energy [92–95]. In contrast, passive variable stiffness techniques,
such as obstruction and composite variable stiffness, do not require additional energy
stimulation to increase the stiffness of soft grippers [99–105].
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Zhang et al. [82] proposed a variable stiffness method for soft grippers with fast
response capability and adjustable stiffness. Joule heating circuits and fluid cooling micro-
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channels were attached inside the body of the pneumatic brake by multi-material 3D
printing technology. Experimental results showed a 120 times increase in stiffness with a
maximum load of 15 N, as shown in Figure 9m. Hoang et al. [106] proposed a method to
embed thermal responsive variable stiffness to increase the stiffness of a fluid actuation
soft gripper. These thermal responsive materials were attached to the inside of the fingers
using a bionic gecko adhesive, as shown in Figure 12a. Experiments have demonstrated
that heating these thermally sensitive materials can increase their bending stiffness by up to
26 times their original stiffness. Gaeta et al. [107] proposed a novel magnetically controlled
reinforcement method, which controls the stiffness of the soft gripper by increasing the
yield stress of the fluid as well as the clamping force between the permanent magnets. The
loading of the soft gripper under energized and non-energized conditions is shown in Fig-
ure 12b. Jing et al. [108] developed a variable stiffness soft gripper using electrorheological
fluid (ER fluid). Experiments showed that when the fluid was not energized and subjected
to an external force, it thickened, and the shear force increased. When energized and the
external force was removed, the fluid maintained its deformed shape. Upon removal of the
voltage, the fluid returned to its original shape, as shown in Figure 12c.

Machines 2025, 13, x FOR PEER REVIEW 13 of 23 
 

 

Zhang et al. [82] proposed a variable stiffness method for soft grippers with fast re-

sponse capability and adjustable stiffness. Joule heating circuits and fluid cooling micro-

channels were attached inside the body of the pneumatic brake by multi-material 3D 

printing technology. Experimental results showed a 120 times increase in stiffness with a 

maximum load of 15 N, as shown in Figure 9m. Hoang et al. [106] proposed a method to 

embed thermal responsive variable stiffness to increase the stiffness of a fluid actuation 

soft gripper. These thermal responsive materials were attached to the inside of the fingers 

using a bionic gecko adhesive, as shown in Figure 12a. Experiments have demonstrated 

that heating these thermally sensitive materials can increase their bending stiffness by up 

to 26 times their original stiffness. Gaeta et al. [107] proposed a novel magnetically con-

trolled reinforcement method, which controls the stiffness of the soft gripper by increasing 

the yield stress of the fluid as well as the clamping force between the permanent magnets. 

The loading of the soft gripper under energized and non-energized conditions is shown 

in Figure 12b. Jing et al. [108] developed a variable stiffness soft gripper using electrorhe-

ological fluid (ER fluid). Experiments showed that when the fluid was not energized and 

subjected to an external force, it thickened, and the shear force increased. When energized 

and the external force was removed, the fluid maintained its deformed shape. Upon re-

moval of the voltage, the fluid returned to its original shape, as shown in Figure 12c. 

 

Figure 12. Application of thermal, magnetic, and electrically induced variable stiffness technology. 

(a) Bending stiffness of the soft gripper under cooling and heating conditions. (b) EPMs demonstra-

tion of the soft gripper load capacity under energized and unenergized conditions. (c) Stiffness of 

the soft gripper filled with ER fluid at different voltages. Figure taken from [106–108]. 

Liu et al. [79] experimentally determined that the load capacity of the flexible finger 

is positively correlated with the number of pneumatic chambers of the flexible finger. The 

driving force of the four-chamber flexible finger is improved by 9.33, 3.5, and 1.5 times 

compared with that of the single-chamber, two-chamber, and three-chamber versions, re-

spectively, and the four-chamber structure is shown in Figure 9j. Xu et al. [109] designed 

a soft gripper with real-time variable stiffness capability. It primarily consists of three 

chambers that antagonize each other to achieve bending control of the soft gripper. Ex-

periments demonstrated that the soft gripper could withstand a load of 0.025–0.138 

N/mm, as shown in Figure 13a. Guo et al. [110] placed an elastic tendon inside the pneu-

matic actuator with a certain preload force, as shown in Figure 13b. When not filled with 

compressed air, the soft gripper naturally bent under the preload force. After compressed 

Figure 12. Application of thermal, magnetic, and electrically induced variable stiffness technology.
(a) Bending stiffness of the soft gripper under cooling and heating conditions. (b) EPMs demonstra-
tion of the soft gripper load capacity under energized and unenergized conditions. (c) Stiffness of the
soft gripper filled with ER fluid at different voltages. Figure taken from [106–108].

Liu et al. [79] experimentally determined that the load capacity of the flexible finger is
positively correlated with the number of pneumatic chambers of the flexible finger. The
driving force of the four-chamber flexible finger is improved by 9.33, 3.5, and 1.5 times
compared with that of the single-chamber, two-chamber, and three-chamber versions,
respectively, and the four-chamber structure is shown in Figure 9j. Xu et al. [109] designed
a soft gripper with real-time variable stiffness capability. It primarily consists of three cham-
bers that antagonize each other to achieve bending control of the soft gripper. Experiments
demonstrated that the soft gripper could withstand a load of 0.025–0.138 N/mm, as shown
in Figure 13a. Guo et al. [110] placed an elastic tendon inside the pneumatic actuator with
a certain preload force, as shown in Figure 13b. When not filled with compressed air, the
soft gripper naturally bent under the preload force. After compressed air was introduced,
the soft gripper bent in the opposite direction. The experimental results show that the
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response speed of the soft gripper increased by at least 3.1 times and the stiffness increased
by 22 times.
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Jiang et al. [71] proposed a variable stiffness soft gripper based on the particle obstruc-
tion principle. It is characterized by a dual-cavity structure with particles inside one of the
cavities. The soft gripper has only unidirectional bending characteristics. The differential
pressure causes the particles inside the chamber to squeeze each other when the air chamber
with particles is pumped positively empty, thus significantly increasing the actuator’s load
capacity. The maximum load capacity of the soft gripper is 16.69 N and the structure is
shown in Figure 9b. Shahid et al. [87] designed a soft gripper with adjustable joint stiffness.
The finger of the soft gripper is composed of two silicone materials with different stiffness
levels and the joint stiffness is adjusted using pneumatic pressure. The motion of the soft
gripper’s finger is actuated by tendons, as illustrated in Figure 14a. Experimental results
show that the maximum load capacity of the soft gripper is 1.4 N. The overall structure of
the soft gripper is depicted in Figure 9r. Han et al. [111] proposed a novel particle obstruc-
tion variable stiffness method. This method adjusts stiffness by controlling the quantity of
particles filled within the soft structure. As the number of particles in the inner cavity of
the soft gripper increases, its bending stiffness also increases, as shown in Figure 14b.

To address the issue of insufficient load capacity in pneumatic actuators caused by
limitations in material properties and manufacturing processes, Li et al. [75] proposed a
method to enhance the load capacity of pneumatic actuators. First, the soft pneumatic
actuators were designed in two parts: an actuation core consisting of a fiber-reinforced
airbag and an elastic support made of a soft material, which were fabricated separately.
Second, the two parts were combined using assembly and recasting techniques to produce
the finished actuator, as shown in Figure 15. Experimental results indicate that this method
significantly improves the stiffness and load capacity of the soft gripper, enabling it to lift
objects weighing up to 53 N, as shown in Figure 9f.
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3.2. Summary

We summarize the application of variable stiffness technology in enhancing the load
capacity of soft grippers, starting from its effect on load capacity and stiffness, dexter-
ity, degree of integration, responsiveness, and energy consumption. We also summa-
rize the advantages and disadvantages of its application in the field of agricultural har-
vesting, as shown in Figure 16. This figure summarizes the characteristics of various
variable stiffness methods, as follows: thermal-induced variable stiffness methods are
summarized in the literature [82,106,112–116]; magnetic-induced methods are summa-
rized in the literature [107,117–124]; electrical-induced methods are summarized in the
literature [108,125–127]; antagonistic variable stiffness methods are summarized in the
literature [79,102,109,110,128–130]; fluid obstruction-based methods are summarized in the
literature [71,103,111,131–133]; particle obstruction-based methods are summarized in the
literature [87,105,134]; and combined material variable stiffness methods are summarized
in the literature [75,104].
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According to the above literature summary, the responsiveness is slow and usually
takes more than tens of seconds when the thermally induced variable stiffness technique is
used to improve the stiffness of soft grippers. Therefore, the method of thermally induced
variable stiffness is not suitable for tasks such as agricultural picking, which require efficient
operation. In addition, the natural environment may adversely affect the performance of
variable stiffness materials controlled by thermal mechanisms.

The materials used in magnetically induced variable stiffness technology mainly
include magnetorheological elastomers (MREs) and magnetorheological fluids (MRFs). The
responsiveness of MREs and MRFs is on the order of milliseconds, compared to thermally
induced variable stiffness materials. However, the magnetically induced variable stiffness
method requires a strong magnetic field and precise control of its size and direction, which
leads to a bulky magnetic field generator, thereby affecting the dexterity and integration of
soft grippers.

Electrically induced variable stiffness techniques have much faster responsiveness,
typically in the order of micrometers, than magnetically induced variable stiffness tech-
niques. The electrical actuation materials, such as electrorheological fluids (ERFs) and
dielectric elastomers (DEs), are the key materials for electrically induced variable stiffness.
However, the effectiveness of electrically induced variable stiffness techniques in enhancing
the loading capacity of soft grippers is limited, due to the low loading capacity of ERFs
and DEs. This limitation is similar to that of magnetically induced and thermally induced
variable stiffness techniques.

The biggest advantage of antagonistic variable stiffness technology is that it can
significantly increase the load capacity and response speed of soft grippers. However,
multiple actuators are usually required, which leads to a reduction in the integration
level of the soft grippers and hence their dexterity. This makes it difficult for antagonistic
stiffness techniques to meet the demands for small size and high dexterity of soft grippers
in complex agricultural environments.

Obstructive variable stiffness techniques can also be effective in increasing the load
capacity of soft grippers. Similar to the antagonistic stiffness technique, the obstructive
stiffness technique may reduce the dexterity and degree of integration of the soft gripper.
However, unlike antagonistic variable stiffness techniques, obstructive variable stiffness
techniques do not require additional energy loss.
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The method of combined material variable stiffness involves attaching a high Young’s
modulus material to the critical stress points of a low Young’s modulus soft gripper, thereby
increasing the overall loading capacity of the soft gripper. This method offers a high degree
of integration with soft grippers, as it only reinforces the structure, does not affect the
responsiveness, and does not require additional actuators. However, the dexterity of
soft grippers is reduced, due to the limitations of high Young’s modulus materials. In
contrast, the combined material variable stiffness method is more suitable for enhancing
the performance of soft grippers in agricultural harvesting environments.

4. Conclusions
This review summarizes the four main actuation methods—fluid actuation, smart

material actuation, motor actuation, and tendon actuation—and analyzes the application of
soft grippers with two structural types—claw structure and closed structure—in the field
of agricultural harvesting. Through literature compilation and analysis, we explore the
effects of combining different actuation methods and structure types on the performance
of soft grippers. Finally, we summarize the six major performance requirements for soft
grippers in agricultural harvesting: high load and stiffness, compact structure, wrapping
area, dexterity, control accuracy, and sensing capability.

The lack of load capacity and stiffness is one of the important issues that limits the wide
application of soft grippers in agricultural harvesting. To address this problem, this review
summarizes the variable stiffness methods for soft grippers and classifies different variable
stiffness techniques. We analyze the effects of variable stiffness techniques on the load
capacity, stiffness, dexterity, degree of integration, responsiveness, and energy consumption
of soft grippers. We discuss the advantages and disadvantages of these variable stiffness
methods in enhancing the load capacity of soft grippers used in agricultural harvesting.

Ultimately, this paper concludes that combined material variable stiffness technology,
along with motor actuation claw structures in soft grippers, is more suitable for agricultural
harvesting operations in unstructured environments.
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