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The design of a force feedback soft gripper for tomato harvesting
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Abstract

In smart farming, both artificial intelligence and robotic sys-
tems are applied in order to improve efficiency. In agriculture, for
jobs such as seeding, monitoring, and harvesting, robots are wide-
ly used. When using robots to harvest fruit and vegetables, it is
essential not to apply excessive force, as it may damage the har-
vest. In this paper, a soft robotic three-fingered gripper is present-
ed. It was designed and analysed using the finite element method.
Each finger is made of silicone rubber. The shape of the finger is
designed so that it is capable of handling spherical shaped objects,
such as tomatoes or oranges. When holding a tomato, the fingers
apply the contact force. The fingers are actuated pneumatically
and the force applied is also controlled by a micro controller. The
pressure inside the air chamber of the finger is in the range of 0-
95 kPa. Force sensors are attached to the end of each finger to pro-
vide force feedback. Then, the holding force is adjusted and
applied to the surface of the tomato. The gripper can successfully
grasp tomatoes with a force less than the bio-yield of the tomatoes
2.57N.

Introduction

In smart farming, tasks, which have been generally performed
by humans, can now be covered by robots and automatic systems.
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Currently, the harvesting of tomatoes is done by human beings,
even though advanced systems can be integrated with vision and
artificial intelligence and make more efficient farming possible
compared to conventional farming methods. This article presents
a soft gripper which offers advantages over a typical rigid gripper,
since it is more flexible and adaptable. The adaptability of a soft
gripper makes it usable in many applications such as grasping
objects with an irregular contour by different types of actuators i.e.
pneumatic, motor, or jamming (Truby et al., 2018; Hao et al.,
2020). The large contact surface of the soft gripper makes it pos-
sible to use low contact pressure, which is essential to handle del-
icate objects. When considering the shape of an object, it is also
essential to consider the grasping force. Excessive force can cause
damage to soft deformable objects i.e. fruit and vegetables. Brown
et al. (2010) designed a universal jamming gripper which can be
applied to hold and grasp objects of various shapes and sizes. Also
a soft gripper was designed in robotics with a pneumatic actuator,
which can control its motion rapidly (Mosadegh et al., 2014).

Due to the variety and physical properties of objects, packag-
ing tasks are a challenge (Wang et al., 2017). For instance, in the
lunch-box packaging process, soft grippers have performed better
than other solutions. Therefore, four pneumatic soft grippers,
made of different materials, were tested and compared, while
experimenting with gripping a variety of objects. In order to grip
objects of various materials, some prototypes were developed.
Hao et al. (2020) applied a hybrid pneumatic-thermal actuator as
well as a sensory feedback system in order to grasp objects. In a
complex environment, feedback sensors have proven useful to
allow grippers to reconfigure grasping.

As for fruit and vegetables, different gripping approaches have
been applied, depending on the shape and the texture of the
objects being picked (Hayashi et al., 2002; van Henten et al.,
2002; Liu et al., 2007; Lehnert et al., 2017). For apple harvesting,
a special apple picking robot was fabricated (Jinliang ez al., 2010).
Liu et al. (2013) developed a commercial Motoman manipulator
integrated with a newly-designed end-effector. The hand-arm
coordination proved it could easily perform the task of harvesting
tomatoes with a success rate of 83.3%. Moreover, a system with
picking-point recognition, scissors, and gripper for picking toma-
toes in a greenhouse was designed (Ji et al., 2014). An effector
was also put into action to perform the task of picking tomatoes,
which involved stem holding, fruit holding, and fruit separating
parts (Wang et al., 2016). Two parallel plate fingers and a suction
pad as well as robot grippers were developed and compared
(Monta et al., 1998). Sirisomboon et al. (2012) studied the prop-
erties of Momotaro tomatoes at different stages, starting from
green (raw), pink (half-ripe), and ripe (red). Hence, rupture force,
bio-yield force, and penetrating force along with deformation
were determined. Researchers carried out mechanical testing to
calculate the bio-yield of tomatoes at different stages. The bio-
yield of ripe tomatoes was approximately 2.75 N.

This paper describes the design and fabrication of a soft pneu-
matic gripper for tomato harvesting. The first part outlines the
design process and analysis of the soft gripper. Simulations using
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Figure 1. The finger designed with an inextensible layer, and an extensible layer.

finite element method (FEM) were conducted as part of the design
process. The second part focuses on system integration with the
control and feedback system and the testing of the soft gripper,
highlighting the cutting and harvesting mechanism.

Materials and methods

Design of the soft gripper

The soft gripper is operated by a pneumatic system. Inside the
gripper, there is an air chamber that can be inflated to actuate the
finger. The gripper is made of silicone rubber and fabricated by
casting a platinum-based silicone rubber SF820 into a 3D printed
mould. The gripper consists of three fingers. As shown in Figure 1,
each finger consists of three components: 1) the soft finger contain-
ing the pneumatic chamber; ii) the base of the soft finger with
piece of polycarbonate sheet layered with silicone rubber; and iii)
an air tube which allows compressed air to flow in and out.
Sections (A), (B) and (C) are made of silicone Sylgard 186. A poly-
carbonate sheet of 0.4 mm thickness (P) is inserted between layers
B and C to reinforce the soft gripper. The first part (A) corresponds
to the air chamber. The second parts (B and C) indicate the silicone
layers.

The air chamber is divided into ten sub-chambers, as repre-
sented in Figure 2A where the dimensions of the sub-chambers are
also provided. Each finger of the gripper is 90 mm long. Its layout
is depicted in Figure 2B with all its relevant measurements. Figure
2A presents the side view of the designed finger. There are three
key parameters in this design: i) the height (h) of the sub-chamber;
ii) the side thickness (t_side) of the sub-chamber; and iii) the top
thickness (t_top) of the sub-chamber. The thickness of the inexten-
sible layer is 0.4 mm, and the thickness of the bottom (t bottom)
of the sub-chamber is 2 mm. The height of each sub-chamber is the
highest at sub-chamber #1 and decreases gradually until sub-cham-
ber #10 is reached. Hence, air volume in sub-chamber #1 is at its
highest and varies throughout all the ten sub-chambers. The space
between each sub-chamber is 1.5mm.

Finite element analysis

As part of the design process, FEM is applied to analyse the
relationship between the air pressure and the deformation of the
soft finger with the aim of observing the shape of the soft finger
while bending. Sylgard’s Mooney-Rivlin model was implemented
to test the properties of the silicone to find out which property was
best suited for the prototype (Bernardi et al., 2017). In Table 1, the
Mooney-Rivlin model parameters and coefficients are presented
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with E = 2pu(1+v). Table 1 depicts the material properties for the
finite element modelling of the soft gripper.

In Figure 2C, the mesh model consists of ten nodes of tetrahe-
dral elements. Each element is 0.8 mm in size. A finite element
analysis (ABAQUS) was carried out to analyse the finger’s
behaviour. As shown in Figure 2C, during simulation, the right side
of the finger is constrained and the load applied is due to the pres-
sure inside the air chamber. In the simulation, the static analysis is
conducted and the effect of gravitation is taken into account. The
size of the air chamber was changed so that the finger was able to
move along a curving path while inflated by the air pressure, as
shown in Figure 2C and D.

As shown in Figure 2C, three points on the model were select-
ed to observe the displacement and the bending angle of the finger.
Position 1 is located at the tip of the finger. When the finger inflat-
ed, it transformed itself into a curve. Position 2 is close to the mid-
dle of the finger; therefore, the deformation was relatively small
compared to the first position. Position 3 hardly changed.

According to the results of the finite element analysis, the dis-
placement and bending angle of all three positions were deter-
mined (as shown in Figure 3). The displacement was used to
describe the movement of the finger, as it was measured from the
x-axis and y-axis. The three positions on the finger were selected
to observe the behaviour of the finger as it curved up. The three
points were selected at node of the finite element.

As the finger inflated, the displacement along with the bending
angle was observed. The gripper was designed so that the tip of
each finger bent inwards to grasp an object. Based on the results of
the simulation, the size of the air chamber was modified to enable
the finger to bend and curve up so as to handle an object.

In Figure 4, the experimental results and the simulation results

indicate the bending angle of all three positions of the finger.
Position] appeared to be the most flexible when pressure was
applied and was seen to bend the most.

Pneumatic control system

As shown in Figure 5A, the soft gripper consists of three fin-
gers: each finger functions with the others through the connected
controller and pneumatic regulator. The pneumatic regulator
adjusts pressure and airflow through a normally-closed three-port
solenoid valve (Burket 6014). When the gripper inflates, air inside
the air chamber is pressurized. When the gripper deflates, air is
released into the environment. The direction of the airflow is con-
trolled by Arduino controller and force sensors.

Table 1. Material properties for the finite element modelling of
the soft gripper.

Sylgard 186 1.12 g/em? Hyperelastic (Mooney-Rivlin)
Cio =1.13E-01 MPa

Co1 =2.83E-02 MPa

1 =2.82E-01 MPa

E =8.45E-01 MPa

Poisson’s ratio =0.5

1.20 g/cm? Elastic
Young modulus =2000 MPa

Poisson’s ratio =0.37

Polycarbonate
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Figure 3. Experimental results and simulation results with displacement along the x and y axis.
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The contact force on the surface of a tomato is the normal force
used to hold a tomato. The contact force has to be able to withhold
the friction force between the gripper and the surface of the toma-
to. When a tomato ripens, its softness increases. To limit the grip-
ping force, force sensors are attached to each finger. Based on the
finite element simulation, the location of the force sensor is select-
ed at the point where maximum force appears. The force sensor
provides feedback, which is used to control the pressure inside the
air chamber.

In Figure 5B, the value of Fiimit is set-up to stop the released
pressure from inflating the soft gripper. Fnax is established as the
maximum force that would not damage a tomato. Fiimit is set at
30% below the maximum force in order to prevent damage to the
tomato. When the air chamber inflates, input pressure is increased
until force feedback reaches Frer. Hence, Fref is set at the minimum
pressure to allow the gripper to hold the tomato. During this pro-
cess, the Freading or reading force is continuously collected and
compared to the limit force (Flimit). Since the pressure is released
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Figure 5. (A) Diagram of the control system; (B) Graph of force vs pressure of the finger based on the grasping test.
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into all three fingers simultaneously, the Freading for each finger is
compared to the Fiimit, one by one. When the difference between
Freading and Fiimit is zero, the air pressure valve is turned off.

Results

Finger test

Each finger was tested for displacement and bending angle.
The experimental results were compared with the results from the
finite element simulation. It was noted that, at high pressure, the
displacement error for all three points on the fingers was relatively
low (within 10%). This error must have occurred due to the pres-
sure, when the finger inflated. When pressure was high, the finger
proved hard to move. The actual displacement, therefore of all
three points showed to be quite close to the results of the simula-
tion.

Grasping test

To test the force of the gripper, a tomato was held by a three-
fingered soft gripper, applying force sensors (Interlink FSR400).
During the experiment, the force sensors were placed along the fin-
ger at 19.4 mm, 32 mm, and 47 mm respectively. Their locations
were selected based on the results of the finite element simulation,
where the stress appeared highly concentrated.

In Figure 6, when the finger inflated, pressure increased, and
so did the gripping force. Therefore, the force, which was applied
at various locations on the finger, was found to differ until the
inside pressure reached a steady-state. At steady-state, the force,

which was measured at all locations, was found to be about the
same throughout the finger. In Figure 6, the point located close to
the knuckle (19.4 mm) and the tip area (47 mm) were relatively the
same for finger#1 (0.57 N). A similar behaviour was observed in
finger#2 and finger#3, where force sensors were placed at different
locations: finger#2 at 47 mm and finger#3 at 19.4 mm. In all three
points on the finger, pressure increased, when the finger inflated.
Subsequently, at a holding pressure of 70 kPa, the maximum force
appeared at the tip of the finger. However, it may be that the lab
prototype was not uniformly layered, therefore a different pressure
might be applied to actuate all three fingers.

In Figure 7, the gripping position of each finger is shown. All
three fingers are identical. The position of each finger was ascer-
tained based on the position of the tomato, which hung down-
wards. Usually with two fingers on each side, the force required to
hold the tomato is mostly be the friction force. When three fingers
are used, the bottom finger helps to hold the tomato in place and
prevents it from slipping. The gripper is designed to hold onto the
tomato so the cutting mechanism can move closer to the plant to
cut its stem. When the tomato is held, the recorded contact forces
had a diameter of 79.03 mm with a weight of the tomato equal to
226 g; for a diameter of 85.23 mm, the tomato weighed 266 g.
When the holding pressure was applied, the force feedback was
analysed and referred back to the controller in order to pressurize
or depressurize the system.

Throughout the experiment, the maximum holding pressure
applied to the grasping of the tomato was 70 kPa. As shown in
Figure 7, the soft gripper was able to grip and hold the tomato suc-
cessfully. Then, the gripper was attached to the one degree of free-
dom robot arm. As a result, the system became thoroughly inte-
grated and the cutter was able to cut the stem of the tomato.
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Figure 7. The position of the force sensor and the gripper during the tomato cutting process.

Conclusions

In this paper, a prototype for the application of a soft gripper in
the field of agriculture is presented. A soft gripper can be used to
harvest delicate fruits and vegetables, such as tomatoes. The grip-
per is actuated by applying a maximum air pressure of 95 kPa. To
verify the performance of the three fingers during grasping, the
relationship between force and air pressure was analysed. Then,
also displacement and bending angles were examined as part of the
design process. It is meaningful that the actual movement and
bending angle of the real finger vs the simulation results showed
the following error range: (0.04 to 89.05%) for displacement and
(0.08 to 57.88%) for the bending angle. The maximum force on
each finger proved to be 1.62 N, which was less than the tomato
bio-yield of 2.57 N. Therefore, the soft gripper applied a force that
did not damage the tomatoes. This work describes the design of a
soft gripper which proved able to harvest tomatoes quite success-
fully. Herein, the soft gripper shows its worth as an efficient and
valuable farming instrument.
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