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ARTICLE INFO ABSTRACT

Keywords: The study introduces a suction cup-based soft robotic gripper for cucumber harvesting that adjusts its shape and
Cucumber surface parameters to respond to the surface and shape characteristics of cucumbers. The gripper shape is
Robotic harvesting optimised for adsorption to the large curvature of the cucumber, increasing the effective radius related to the
g:;:;’lg grasping force. The suction cup surface is also modified to maintain adsorption on uneven cucumber surfaces.
Manipulator The test of the suction cup verifies the validity of these critical parameters and demonstrates that the proposed

gripper produces robust adsorption, increasing the adsorption success rate and effective radius. The gripper
integrated with the cutting module was verified at three sites with varying cucumber characteristics. The test of
the end-effector was conducted 174 times, and the success rate was 86.2%, with a damage rate of 4.7%. The
success rate was lowest at Site A (76.8%) and highest at Site C (95.2%), which is attributed to the thickness and
length of the cucumber stem. The gripper function is independent of the cutting module, and its analysis mo-
tivates the future improvement of the cutting module. The proposed gripper can contribute to effective cucumber
harvesting when employed with the improved cutting module.

End-effector

problem of maximising the grasping force with low control complexity
in a small structure with flexible materials.
Soft grippers proficiently fulfil essential demand specifications in
Soft robotic grippers have been actively employed in the past decade, agricultural environments, encompassing a small size and soft materials.
rapidly replacing rigid links in various applications, including industrial Most fruits and vegetables are grown in controlled environments to
(Fontanelli et al., 2020), medical (Jang et al., 2021; Rateni et al., 2015), improve their marketability and yield (Wang et al., 2020). These envi-

and agricultural (Blanes et al., 2015; Lee et al., 2020a; Low et al., 2021; ronments are typically dense and atypical. In such environments, large
end-effectors can cause collisions with nontargeted objects (e.g. leaves,

stems, branches, and other fruits), leading to frequent control and
perception errors (Blanes et al., 2015; Cao et al., 2019). These undesired
contacts dramatically lower the perception and control accuracy for
harvesting, significantly reducing the efficiency of the harvesting robots.

1. Introduction

Navas et al., 2021) applications. Because these applications deal with
delicate or irregular objects, the traditional approach of using a robotic
hand with multiple rigid fingers that mimic a human hand (Lange et al.,
2021; Rahman et al., 2018) is no longer the most effective. Although
robotic hands are designed to serve a universal purpose like the human
hand, their high degree of freedom (DoF) and force requirements result In this agricultural environment, the compact and small size of the
in a large size and complex control (Cortés et al., 2017; Shafer & end-effector is a practical requirement. Particularly, cluster-grown fruits

Deshpande, 2022; Zhu et al., 2023). In contrast, soft robotic grippers (e.g., tomatoes) and rod-shaped fruits (e.g., eggplant and cucumber) are
sensitive to oscillation induced by undesired contact, which can reduce

the harvest success rate.

Additionally, agricultural grippers must handle produce that often
exhibits intricate or delicate characteristics. Soft robotic-based ap-
proaches have made rapid progress in addressing these challenges.
These approaches are commonly used in many areas where objects with

have a relatively low DoF. However, their task-specific design allows for
an optimised grasping force with simple control, even when the gripper
is quite small. The limitations of the traditional approach highlight the
importance of soft robotics approaches. The small size and task-specific
design of soft robotic-based grippers effectively address the limitations
of the traditional approach. Therefore, soft robotic grippers address the
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Nomenclature

T Shear stress (kPa)

T()) Suction contact vector (—)

A Grasping area (mm?)

a Major axis of the ellipse (mm)
b Minor axis of the ellipse (mm)
c Hyperbolic constant (—)

e Eccentricity (—)

E(e) Elliptic integral of the second kind (—)
Feonnectea  Hanging force (N)

Feravity Fruit weight (N)

Froging ~ Grasping force (N)

Freact Reacting force by cutting (N)

Fy max Maximum grasping force (N)

k Curvature (—)

L, Ideal contact perimeter (mm)

Lo Ideal major axis of the ellipse (mm)
Ls Ideal minor axis of the ellipse (mm)
Le(xy) Perimeter of an ellipse on plane (mm)

r Radius of cucumber (mm)

T design Ideal effective radius (mm)
Te Effective radius (mm)

T Inertial torque (N mm)

14 Pressure (kPa)

low stiffness or high complexity must be handled or targeted. Grippers
using traditional rigid bodies can damage the fruit surface, severely
degrading its marketability (Jang et al., 2021). Furthermore, large
grippers can be challenging for practical applications because they could
conflict with the surrounding environment (Wang et al., 2017). This
study investigates the relationship between collisions of a finger-type
gripper and nontargeted fruits during clustered tomato harvesting and
evaluates the resulting harvest success rate (Rong et al., 2022). A
grasping strategy was proposed to minimise collisions caused by other
fruits in the cluster and determine the harvest order of clustered to-
matoes. Although this strategy improved the success rate, collisions
between neighbouring tomatoes and end-effectors remain a significant
cause of failure. A gripper using a honeycomb structure was proposed as
an application of soft robotics in agriculture, exhibiting highly sensitive
grasping performance (Lee et al., 2020a). This gripper can grasp soft
objects (e.g., paper cups and tofu), but its considerable idle state before
grasping is a disadvantage for harvesting fruits growing in clusters. This
paper proposes a suitable gripper for automating the harvesting of cu-
cumbers, a representative cylindrical fruit embodying both of these
challenges.

Research on grippers for grasping cucumbers has actively been
conducted in the field of robotics. The simplest method for grasping is a
parallel gripper (Guo et al., 2019; Li et al., 2013). Aoyama et al. (2022)
performed research on picking and placing cucumbers for food pack-
aging. The gripper designed in this study is a parallel gripper comprising
two rigid fingers. A soft material was added to the fingers of the pro-
posed gripper to prevent surface damage to the cucumber. However, this
gripper presents challenges regarding direct application in harvesting
because it is primarily designed for food packaging. Additionally, the
gripper is large, which could cause excessive shaking of cucumbers due
to collisions with the environment, which is detrimental to the harvest
success rate. Moreover, collisions with cucumbers with a gripper that
does not have the added soft material can cause surface damage.

Another common approach to preventing potential surface damage
caused by rigid links is the use of soft actuators. Yang et al. (2022)
proposed a gripper consisting of three soft fingers. Similar to the pre-
viously mentioned grippers, this gripper was primarily designed for
picking and placing cucumbers for transportation, making it less suitable
for harvesting. This gripper is constructed with soft materials to avoid
damaging the cucumber surface, but problems related to its large size
persist.

In another study involving soft actuators, Han et al. (2023) intro-
duced a pneumatic soft actuator to create a gripper using multiples of
such soft actuators to grasp cucumbers. Similarly, this research also
highlights the relatively large size compared to the proposed gripper.
Both of these grippers, based on soft actuators, have been assessed
regarding the ability to grasp cucumbers. However, both the approach
and grasping must co-occur in actual harvesting operations. Both
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grippers have limited operating directions, restricting their versatility
for various end-effector orientations.

Besides soft actuators (Alian et al., 2023; Liu et al., 2020; Lindenroth
etal., 2023; Low et al., 2021), another representative grasping approach
exists in soft robotics: suction (Fontanelli et al., 2020; Hayashi et al.,
2011; Hudoklin et al., 2022; Jang et al., 2021; Navas et al., 2021). The
suction cup-based approach has the advantage of a simple production
process and relatively small size. However, grasping performance varies
greatly depending on the surface of the grasping object, and an
object-specific design is required for a curved surface. In other words,
designing a gripper for harvesting fruits and vegetables is defined as the
problem of minimising its size while satisfying the stiffness and grasping
force requirements to avoid damaging the surface.

This study proposes a gripper design using a radius-maximised
design and origami structure for atypical agricultural environments,
specifically for harvesting cucumbers. As depicted in Fig. 1, two main
challenges occur in grasping cucumbers with a suction cup regarding the
large curvature of the cucumbers compared to spherical fruits and the
bumpy and irregular surfaces of cucumbers that make it challenging to
maintain attachment. The shape and surface of the suction cup, which
are critical parameters in soft robotics, can be adjusted to address these
challenges (Gilday et al., 2020; Yue et al., 2022). The proposed gripper
has a conical shape projected onto the cucumber to accommodate its
large curvature, and the origami structure on the surface improves the
robustness of the attachment to the irregular cucumber surface. The
hysteresis of the hyperelastic silicon material of the suction cup is
maximised by the irregular surface conditions of the cucumber, which
can decrease grasping performance. The origami structure serves as a
deformation guide to minimise undesired deformation and maximise the
adsorption area. Fig. 2 depicts the three-dimensional (3D) diagram of
the proposed gripper, and Section 2 describes the detailed grasping
challenges and designs.

1.1. Contribution and novelty

The contributions and novelty of this study are summarised as
follows.

1. A soft, compact, small module that minimises collisions with atypical
agricultural environments and does not cause damage to the fruit
surface upon contact.

2. Aradius-maximised design that corresponds to the large curvature of
the cucumber cross-section by adjusting the shape of the suction cup
and an origami structure that adjusts the surface of the suction cup to
minimise undesirable deformation caused by the bumpy and irreg-
ular cucumber surfaces.

. Experimental- and simulation-based grasping force and deformation
analysis of the origami-inspired gripper.
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Tomato Orange Cucumber Eggplant
Spherical Spherical _ Cylindrical Cylindrical
Shape
of
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(curvature) ‘\ :
~ = e
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Surface
of
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Fig. 1. Surface and shape characteristics of various crops, such as tomatoes, oranges, cucumbers, and eggplants. Cucumbers have shapes and surface features distinct
from other fruits; thus, they require a soft robotic gripper specifically designed for them when grasping and cutting.

Air-flow Direction
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3D Scanned Cucumber

Fig. 2. Soft robotic gripper for cucumber harvesting with radius-maximised
and origami-inspired designs. The elliptical grasping area and origami struc-
ture improve grasping on the bumpy and irregular cucumber surfaces.

4. Evaluation of the performance of the origami-inspired gripper
through field evaluation. The evaluation is conducted in three
commercialised cucumber farms which reveal the different shapes
and surface characteristics.

2. Materials and methods
2.1. Design of the origami-inspired gripper

In most plants, the hierarchical structure consists of a stem connected
to the root, a petiole (like a tree branch) connected to the stem, and a
pedicel connected to the fruit on the petiole. Harvesting typically in-
volves separating individual fruits from their pedicels. A human-centred
approach mimicking the harvesting technique of human workers was
chosen, as detailed in Fig. 3. The dual-arm harvesting method employed
by human workers involves one arm cutting the pedicel and the other
grasping the fruit. Harvesting is categorised into cutting and detaching
operations, with the detaching operation further subdivided into pick-
ing, twisting, and plucking operations. However, detaching requires
considerable force and may be unsuitable for soft fruits, depending on
the fruit species, growth conditions, and pedicel width. Therefore, as
depicted in Fig. 3(a), the cutting operation was chosen, similar to the

End-Effector for
Cucumber Harvesting

Fig. 3. Designed end-effector for harvesting robots. (a) The mechanism mimics a human harvesting method involving three subtasks: grasping, traction, and cutting.
(b) The end-effector has cutting and grasping modules to replicate the human harvesting method. (c) The cutting module is used during traction operation. (d) The
end-effector was been evaluated on commercial cucumbers in actual farms to verify its effectiveness.
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manual harvesting method. Fig. 3(b) and (d) reveal the 3D model and
real hardware of the end-effector. Moreover, Fig. 3(c) reveals the
mechanism of the cutting module in the end-effector.

In robotic harvesting, cutting methods commonly involve scissors or
circular saws. Previously, the authors introduced a scissor-type end
effector in their study (Jun et al., 2021). However, its design, reliant on
the reciprocating motion of the scissors, demands a larger workspace,
which is impractical for dense harvesting environments. A subsequent
study by the authors presented a circular saw-type end-effector to
overcome

these limitations (Park et al., 2022). This design operates by rotating
a circular saw through a simpler mechanism, substantially reducing the
size of the end-effector. However, the circular saw must rotate at high
speed to cut the fibrous pedicel, as illustrated in Fig. 4, where only the
reactive force F caused by the saw rotation is considered, ignoring
the gravitational force Fgqiy on the fruit. In the human-centred
approach, the grasping arm responds to the F.q. generated by the cut-
ting device. This reactive force induces pedicel bouncing, leading to
undesired oscillations. These oscillations can negatively affect the har-
vesting success rate and perception accuracy, diminishing the efficiency
of the robotic harvesting system.

The cucumber, which is the primary subject of this study, presents
distinctive differences in shape and surface compared to spherical fruits
and vegetables. Its elongated shape poses challenges in securing a firm
grasp due to its narrow width. Additionally, the irregular and bumpy
surface of the cucumber complicates maintaining a stable grasp against
oscillation caused by cutting. These unique attributes render a conven-
tional conical suction cup impractical. Hence, the proposed gripper was
specifically designed to adjust its shape and surface characteristics to
grasp the cucumber effectively.

2.1.1. Shape: radius-maximised design

As discussed, the size of the end-effector is critical in a dense agri-
cultural environment. The size of each module, including the cutting and
grasping modules, must be minimised. Therefore, a circular saw-based
cutting operation was selected that requires grasping to counteract the
reaction force resulting from the rotational force. The performance of
the suction cup is significantly influenced by its shape and material.
When grasping soft-surfaced fruits and vegetables, silicone is a highly
suitable material choice. Silicon offers the advantages of simple casting
through 3D printed moulds and the flexibility to choose the stiffness
level based on the fruit surface characteristics. Previous work demon-
strated that silicon with a shore hardness of 5.0 does not damage soft
fruits and vegetables (Jun et al.,, 2021). In this study, the proposed

Fcnnnected

B

Freact - Fholding

F

gravity

Fig. 4. Relationship between the force on the fruit due to suction. A single fruit
hangs from a pedicel and corresponds to its weight Fgaiy by Feomnected- In
addition, F., from cutting causes oscillation, reducing the perception accuracy
and harvest success rate. Our previous study addressed Fr. using a conical
suction cup (Park et al., 2022).
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grasping module uses the same hardness as silicon.

Several limitations of the conical grasping module in previous work
were revealed for cucumbers. According to Eq. (1), the radius of the
grasping area (the effective radius) is the most critical factor in the
grasping force, and the grasping area must be sufficient to ensure the
grasping force (Hudoklin et al., 2022):

Fopax = 12TAV, €))
where F; max, Te, and AV represent the maximum pull-away load in the z-
direction, the effective radius of the grasping area, and the pressure
difference between the inside and outside of the suction cup, respec-
tively. Due to the slight curvature of spherical fruit-vegetable cross-
sections, an effective radius can be maintained in any adsorption di-
rection. In contrast, as illustrated in Fig. 5, cucumber grasping scenarios
have more limited grasping positions due to their larger cross-sectional
curvature compared to spherical fruits.

Two solutions are proposed to address this problem: first, reducing
the size of the suction cup, and second, adopting a cucumber-specific
design. However, the first solution comes with an explicit limitation,
as the grasping force also decreases as per Eq. (1). As illustrated in Fig. 5,
this study selects a design that maximises the radius.

This design employs a hyperbolic paraboloid, as depicted in Fig. 6,
which is a 3D surface characterised by two intersecting families of
straight lines, creating a hyperbolic shape. One distinctive feature of a
hyperbolic paraboloid is its double curvature, resembling a saddle or the
shape of specific architectural structures, such as hyperbolic paraboloid
roofs. The mathematical definition of the hyperbolic paraboloid is pro-
vided in Egs. (2) and (3):

z Xy

Lz _2 2
PR il 2
X2 y2

§+ﬁ§1' 3)

When a hyperbolic paraboloid is used for the suction cup, the grasping
area is defined as an ellipse, as indicated in Eq. (4).

xZ 2

4

Fig. 5. Shape: Direction of improvement of the suction cup for effective cu-
cumber grasping. By making the radius smaller, the effective radius associated
with the adsorption force is reduced, and a sufficient grasping force is not ob-
tained. A radius-maximised design is applied to the suction cup to solve
this problem.
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Fig. 6. Example of hyperbolic paraboloids: a, b, and c are the parameter values of the hyperbolic paraboloid [in millimetres].

ellipse in the top view of Fig. 6, respectively. The variable c corresponds
to the scale factor of the surface and is responsible for expanding or
contracting the surface along the z-axis, influencing the overall shape
and size of the surface. Typically, c serves as a parameter to adjust the
surface height. Modifying the value of ¢ results in changes in the geo-
metric characteristics of the hyperbolic paraboloid.

The suction cup relies on the pressure difference between the inside
and outside to grip the object. Thus, the structure must withstand
deformation during grasping and should secure a circular grasping area
to prevent deformation from interfering with the grasping process. Using
an ellipse and hyperbolic paraboloid is the most effective approach to
ensuring an adequate grasping area for thin and elongated cucumbers.

The proposed is designed based on measurements of the thickness of
commercially available cucumbers. The initial step in crafting the suc-
tion cup involves accounting for the lateral thickness of cucumbers. The
widths of 10 commercially available cucumbers were measured, and the
average of the thickest was 37 mm, whereas the average of the thinnest
was 25 mm. No absolute standards exist for the angles and heights at
which cucumbers should be grasped and cut; thus, this study considers a
thickness of the suction cup (1.6 mm) not exceeding the minimum cu-
cumber thickness of 25 mm.

In Egs. (2)-(4), the values for a and b are 14 and 10, respectively.
Based on the defined attachment area, a suction cup was devised con-
sisting of an ellipse, as described in Eq. (4), along with a circular region
with a diameter matching that of a 10 mm rubber hose.

The next step involves determining the scale factor, denoted as c. As
mentioned, this scale factor significantly influences the geometric
properties of the hyperbolic paraboloid. As each agricultural product is
unique and cannot be generalised, a similar approach to determining an
ellipse can be used. The cucumber curvature can be calculated using
commercially available cucumbers as a reference. When the cucumber
radius is r, the curvature k is defined as indicated in Eq. (5):

1
k=—.
r

)

As depicted in Fig. 1, the curvature of commercially available cucumbers
falls within the range of 0.54-0.8 cm™!. The surface of a cucumber can
be modelled as a circle (defined in Eq. (6)) using the curvature k:

1

x2+y2 :k—z.

(6)

The y and 2z coordinates of the contact points between the hyperbolic
paraboloid and cucumber cross-section determine the value of ¢, as
represented by Eq. (6). These coordinates are given by (—Ycircie, Zcircle) and

(Veircte, Zcircte)- I this case, the value of c is defined in Eq. (7):

C=1T = Zcircle- )
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As part of the design to accommodate irregular agricultural produce, a
minimum curvature of k = 0.8 cm ™! is selected. In this case, the radius is
1.25 cm. In this scenario, the values of y . and 2 are 1 and 0.5,
respectively. The scale factor c is 0.75.

2.1.2. Surface: origami-inspired design

Grasping cucumbers poses a significant challenge owing to their
elongated, thin shape with pronounced curvature in the cross-section.
Furthermore, their uneven and bumpy surfaces lead to unpredictable
deformations of suction cups, making grip retention challenging. The
restriction in using conical suction cups primarily arises from the unique
shape of the cucumber, a challenge partially addressed through a radius-
maximised design. However, the current suction cup design fails to
resolve the problem of coping with an irregular surface.

Silicon deformation induces hysteresis, where the system state
heavily relies on the deformation history of the material. Dealing with
irregular surfaces exacerbates this, resulting in an unstable initial con-
tact between the suction cup and cucumber. This instability, stemming
from unpredictable cucumber surface characteristics, significantly af-
fects grasping performance due to deformation hysteresis. We propose
an origami-inspired structure to mitigate these challenges. Origami, a
compound word comprising ‘ori’ (folding) and ‘gami’ (paper), is a type
of art in Japanese culture. Origami has recently gained attention in ro-
botics for space-saving and changing structures based on external forces
(Lee, Wang, & Zheng, 2020; Li et al., 2019).

The origami structure empowers the design process to dictate folding
and bending directions, a promising solution for effective cucumber
grasping. Fig. 7 illustrates instances in which the suction cup lip fails to
sustain a grasp (Lubbers et al., 2022). Therefore, in the design process,
the deformation direction was predefined by inserting micro-etchings
into the inner space of the suction cup lip, which can minimise unde-
sired deformation due to the irregular surface. The detailed design
parameter is depicted in Fig. 8.

2.2. Analysis of the origami-inspired gripper

2.2.1. Grasping force analysis of the suction cup

Definitions must be established for the grasping area and contact
perimeter, representing the perimeter of the grasping area, to analyse
the grasping force of the proposed suction cup. The grasping area is
defined in Eq. (4). The contact perimeter consists of points on a 3D
cucumber with a geodesic distance of r from the contact point Py.
Consequently, the contact perimeter is defined in Eq. (8):

C= {P(x,y,z)‘(x —XPU)Z‘F()’ _yPl))2 + (Z - ZP(!)Z :’f}v ®
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Cucumber Mimic
Testbed

P

Effective Radius Decrease
EN

Suction Cup Lip | Suctior; Cup Lip

Contact Point i

Suction Cup Activated

Fig. 7. Surface: In the gripper, which only adjusts the shape, adsorption did not
occur in the suction cup lip when the suction cup was activated and deformed.
Incomplete adsorption reduces the effective radius and is observed more
extremely in the bumpy surface of cucumbers. Employing the origami structure
as a suction cup deformation guide solves the problem.

T, 7'g

Contact Perimeter

L, =78.6mm
Tgesign = 12.51mm

=z'|

wwgo'ge

R0.25 |
Micro-size Etching

Fig. 8. Detailed design specification. The grasping area of the gripper is the
same as the ellipse composed of L, and L3. Inside the suction cup, several micro-
size etchings of R0.25 exist without intervals. Due to this structure, the gripper
folds in the desired direction. In addition, L; is the contact perimeter of the
suction cup and 7, is the ideal effective radius derived using the previous
specification.

where r, represents the effective radius of the suction cup, and xp,, yp,,
and zp, denote the x, y, and z coordinates, respectively, of the contact
point Py. Notably, P(x,y, z) consists solely of points on the

cucumber surface. The effective radius, derived from Eq (1), is
defined by Eq. (9):

Fmax
Te= )
V Avz

where 1, is a measurement value derived from F; jq, Which is a mea-
surement of the maximum pull-away load of the suction cup.

Employing a hyperbolic paraboloid-based radius-maximised design
reveals that the adsorption area for cucumbers is in the shape of the
ellipse defined in Eq. (4). The length L¢(y,) of the contact perimeter in
the xy plane can be calculated using Egs. (4) and (10):

9
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Lc(xy) =4aE(e), 10)

where E(e) is defined in Eq. (11) by an elliptic integral of the second
kind:

f 1 — e sin’® 0d0,
0

where e denotes the eccentricity of the ellipse and is defined in Eq. (12):

E(e) an

12)

For the quantitative evaluation of the grasping force of the proposed
suction cup, the calculated perimeter of the ellipse can be converted into
a circle with an ideal effective radius . geq. In this case, rejgeq is calcu-
lated in Eq. (13) using the circumference equation of a circle:

Ley)

2 as

Ve ideal =

As depicted in Fig. 8, the calculated ideal contact perimeter Lcx,) is
78.6 mm and the effective radius 7, jgeq is 12.51 mm. The actual effective
radius of Eq. (9) can be experimentally calculated, and these values can
be compared with the calculated ideal effective radius to evaluate the
adsorption effectiveness of the proposed suction cup. A test of the suc-
tion cup was conducted to measure the experimental variables, pull-
away load, and pressure difference.

2.2.2. Deformation analysis of the suction cup

Silicone is a hyperelastic material; thus, powerful grasping on the
surface by a suction cup causes high torsion (Valiollahi et al., 2019),
which acts on a small area of the suction cup and appears as a defor-
mation of the suction cup. The effectiveness of the design is verified by
checking the vacuum sealing ability of the proposed suction cup on
uneven surfaces.

For verification, a simulation-based finite-element analysis was
performed. As illustrated in Fig. 9, the presence or absence of an origami
structure was set as an experimental variable for verification. As an
experimental scenario, the experiment begins with suction on an uneven
surface, simulating the cucumber surface and applying a pull-away load
to the suction cup. The evaluation was performed using deformation.

Table 1 lists the verification results, indicating that about
1.326-1.350 times higher deformation occurred.

on surfaces with uneven origami structures. These results indicate
that a suction cup with an origami structure is more robust against
irregular and bumpy surfaces than a suction cup without an origami
structure.

However, the simulation-based micro-area approach may vary due
to the hysteresis in analysing the interaction between the suction cup
and real-world objects. In the field of basic static structural analysis, the
torsion is simplified, as defined in Eq. (14) (Horgan & Saccomandi,
1999):

T= /TrdA.

The inertial torque is assumed to equal the sum of the moments of the
x-, y-, and z-axes, as indicated in Eq. (15). In this study, the validity of
the origami structure is verified using Eq. (15):

14

T=M,+M,+M,. (15)

The real-world validation of the deformation was conducted in the
test of end-effector at three different commercial cucumber farms.
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Fig. 9. Simulation-based finite-element analysis of the suction cup deformation. (a) shape-adjusted suction cup, (b) shape- and surface-adjusted suction cup.

Table 1
Deformation analysis results.
Deformation Shape-adjusted Shape- and surface-adjusted
Time (s) Minimum (m) Maximum (m) Average (m) Minimum (m) Maximum (m) Average (m)
0.2 0. 2.0036e-003 1.3433e-003 0. 2.0079¢-003 1.8130e-003
0.4 0. 4.0064e-003 2.7036€-003 0. 4.0130e-003 3.6269e-003
0.7 0. 7.0092e-003 4.7894e-003 0. 7.0171e-003 6.3652e-003
1 0 1.0011e-002 6.8624e-003 0. 1.0019e-002 9.1029¢-003
2.3. Experimental design constant pose is equipped with a grasping testbed with a diameter of 30
mm (mimicking the thickness and curvature of cucumbers) and an ATI
2.3.1. Experimental design of the test of suction cup Nanol7 6 DoF force sensor. The other manipulator comprises the cutting
In the real world, Egs. (9) and (13) verify the performance of the module depicted in Fig. 3 and the proposed gripper. The moving
proposed suction cup. The essential variable in these formulas is the 6 manipulator has the same x- and y-coordinates as the fixed manipulator,
DoF grasping force of the suction cup. The 6 DoF force of the proposed moving only on the z-axis in the height direction. In this experiment, the
suction cups was measured in a laboratory environment to validate grippers consist of three suction cups: (1) our previous suction cup (i.e.,
them. Fig. 10 depicts the detailed experimental setup. The experimental a conical suction cup), (2) the shape-only-adjusted suction cup, and (3)
environment consists of two manipulators. One manipulator with a shape- and surface-adjusted suction cups. In this experiment, the gripper

is connected to an air pump with a vacuum force of 620 mmHg.
The experimental procedure is described below.

. |
data . . - -
e i o Step A: The moving manipulator moves to the initial pose, the initial
acquisition unit g . . s
S~ air pump end-effector pose of the moving manipulator, which is only a z-co-

ordinate different from the end-effector pose of the fixed
manipulator.

e Step B: The vacuum pump operates.

e Step C: The moving manipulator moves to the desired pose, the
desired end-effector pose of the moving manipulator, which is the
same as the end-effector pose of the fixed manipulator.

e Step D: A steady state of grasping is reached.

e Step E: The moving manipulator moves to the initial pose.

moving
manipulator

F/T sensor

During this process, the grasping of the suction cup is conducted in
Step C, and the steady state of attachment in Step D is adequately
verified with sufficient time to be visually confirmed before proceeding
to the next step. In this case, a failure is defined as a case without
grasping, and no further process is performed. Step E focuses on the
maximum absolute value, which is the yield point. The experiment was
repeated 10 times for each gripper.

manipulator i converter

data

isition PC
LR 2.3.2. Experimental design of the test of end-effector

The performance of the proposed gripper was evaluated in the test of

Fig. 10. Experimental setup of the suction cup test. The experiment was per- suction cup. However, as illustrated in Fig. 3, the gripper is one end-
formed using two manipulators for easy reproduction and repetition. The fixed effector component. As discussed in Section 2, the gripper is attached
manipulator has a testbed mimicking a cucumber and a 6 DoF force sensor. The to the end effector for stable cutting during harvesting. Therefore, the
moving manipulator is equipped with an end-effector using grippers from our evaluation of soft robotic grippers should be integrated with the cutting
previous work, including the proposed gripper. The experiment repeats the module as the end-effector.

process of entry, adsorption, and desorption using the moving manipulator.
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The test of end-effector was conducted in three environments with
varying pedicel thicknesses and fruit lengths, shapes, and surfaces to
verify the cutting and grasping modules rigorously. Sites A, B, and C,
where the test of end-effector was conducted, are greenhouses in Bor-
yeong, Sangju, and Cheongju City in Korea, respectively. The test of end-
effector was performed using the mobile manipulator platform illus-
trated in Fig. 11.

As revealed in Fig. 12, the experimental procedure is described
below.

e Step 1: Position the mobile platform for the cucumbers to be har-
vested. At this point, pyia, the end-effector pose, is random.

e Step 2: Determine the position of the waypoint pyaypoin: just before
approaching the cucumber. In Eq. (16), pyaypoin: is defined based on
the centre point of the peycymper- In addition, pyaypoin: is sufficiently far
from peycumper to prevent collisions with other cucumbers:

Pwaypoint = Pcucumber + Pofsets (1 6)

where pogse: = (0,150,150) [mm].

e Step 3: Approach the end-effector from pwaypoint tO Pdestination, Where
Ddestination denotes the appropriate pedicel cutting point. In addition,
Ddestination 1S defined based on the average pedicel

length of marketable cucumbers after cutting.

e Step 4: The arrival at pgestination Signifies that the pedicel is positioned
within the cutting area of the end-effector. The vacuum pump is
activated in this process, and the cutting unit in the end-effector
performs the cutting.

As displayed in Fig. 13, despite the atypical shape of the cucumbers,
their high weight and thin pedicel cause them to align perpendicularly
to the ground. Therefore, a simple entry along the approach vector
consistent with the y-axis in the replication can maintain the same entry
angle of the end-effector. The performance metrics include quantitative
and qualitative results. In the experiment, the harvest success rate is
measured as a quantitative metric, whereas the number of fruits with
damaged surfaces is measured as a qualitative metric.

3. Results
3.1. Result of the test of suction cup
The experimental results of the suction cup test are depicted in

| 5 M

End—aﬁctor )

W0

.

LED flash /U\}.

{
<

"
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Fig. 12. Second experimental procedure: piiiq is the random initial position of
the robotic system, and pyqypoine matches the coordinate of the cucumber and the
x- and z-coordinates. A robot that reaches pyaypoin: moves along the y-axis
approach vector.

Fig. 14. In the cucumber testbed, the conical suction cup was not
attached; thus, no data were observed. In contrast, both grippers
exhibited a 100% success rate in the shape-adjusted suction cup and
shape- and surface-adjusted suction cup. The experimental procedures
and results are detailed in Figs. 15 and 16 for one of the 10 cases. As
depicted in Fig. 15, the average pull-away load of the shape-adjusted
gripper is 6.660 N, and the shape- and surface-adjusted gripper has an
average pull-away load of 2.253 N. The resulting values of the 10 rep-
etitions were statistically analysed using a t-test, confirming that the
significance probability was under 0.001 (a = 0.05). Thus, the pull-
away load difference between the two suction cups was significant.

In addition, according to Eq. (9), the effective radius rygp. of the
shape-adjusted gripper is 6.2109 mm, and the effective radius ry, of the
proposed gripper is 10.6616 mm. The contact perimeter L; of the ideal
suction cup in Fig. 8 is 78.6 mm, where the attachment area is elliptical.
The method in Eq. (13) can be used to determine the ideal effective
radius of a suction cup, assuming the attachment area is a circle. The
Tideat derived by Eq. (13) is 12.51 mm. In conclusion, compared to the
ideal suction cup, the shape-adjusted gripper confirmed a 49.6% effec-
tive radius, and the shape- and surface-adjusted gripper confirmed an
85.2% effective radius.

The torsion results for the suction cup in Fig. 16 were evaluated using

g Manipulator )

s
B 7
3 #

e %
Manipulator
control box

Fig. 11. Robotic harvesting platform details for the experiment (Park et al., 2023).
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Commercial
Cucumber

Vertical to

Ground Plane

Fig. 13. Cucumber aligned vertically to the floor. Commercially available cu-
cumbers are perpendicularly aligned to the floor due to their heavier weight
compared to the thin pedicel, and these conditions indicate that no significant
adjustment to the angle of entry in the repetition is needed.

Eq. (15). Unlike the pull-away load, high torsion can be used to evaluate
whether the grasping can remain robust when the suction cup is
deformed and twisted. The performance in scenarios where the suction
cup is attached to the cucumber and deformed on bumpy and irregular
surfaces was evaluated using the torsion results. The results reveal that
the torsion Tiqp Of the shape-adjusted gripper was 37.68 Nmm, and the
torsion Ty, of the shape- and surface-adjusted gripper was 71.26 Nmm.
Additionally, the t-test confirmed that the difference between the two
grippers is significant.

In summary, the experiment was conducted to assess three aspects:
the possibility of grasping a cucumber on a mimic testbed, the ability to
grasp cucumbers with a large curvature, and the robustness of grasping
bumpy and irregular cucumber surfaces. The results indicate that
conical suction cups are unsuitable, with a 0% success rate in cucumber
attachment scenarios. Additionally, when comparing the shape-adjusted
gripper with the shape- and surface-adjusted gripper, the proposed
gripper exhibits robust grasping for cucumbers with large curvatures
and uneven surfaces.

3.2. Result of the test of end-effector

Table 2 presents the results of the test of end-effector. A total of 174
individual cucumbers were harvested, with 150 successes and 24

20
10

oA

-10

—Force X (N) —Torque X (Nmm)
—Force Y (N) —Torque Y (Nmm)

Force Z (N) =——Torque Z (Nmm)

- Time (sec) -

(a)
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failures recorded. In addition, seven instances of surface damage were
observed on the cucumbers. In this context, harvest success refers to the
situation in which a single fruit is completely separated from the petiole
through the rotation of a circular saw. It does not include cases where
the fruit falls freely due to its weight when the saw fails to cut
completely. Surface damage refers to scratches on the fruit, even after
harvest. The overall success rate was 86.2%.

The experiment evaluated the effectiveness of the end-effector in
various cucumber farm environments with varying pedicel thicknesses,
fruit sizes, and surface characteristics. The success rates for Sites A, B,
and C were 76.8%, 93.1%, and 95.2%, respectively. The highest success
rate was recorded at Site C (95.2%), whereas the lowest was at Site A
(76.8%). Seven instances (4.7%) of fruit damage were confirmed, with
three at Site A (4.8%), two at Site B (7.4%), and two at Site C (3.3%). The
site with the highest damage rate was Site B (7.4%).

4. Discussion
4.1. Pump-actuated suction cup

In the design process, determining the power source of the suction
cup is a critical problem. There are two options:

o Method 1: Generate and adsorb the internal vacuum through suction
cup compression.
e Method 2: Use an external vacuum source (e.g., an air pump).

After implementing the proposed suction cup, both methods could
grasp the cucumbers. However, Methodl had a higher frequency of
failure to maintain adhesion to the bumpy surface of cucumbers than
Method 2. The rotation of the yaw angle of the cucumber primarily
caused the failure in Method 1. In contrast, Method 2 exhibited a
stronger grasping force based on a stronger external vacuum source and
was relatively more robust against the yaw rotation of the cucumbers.
The circular saw of the cutting module frequently rotates, causing yaw
angle rotation; thus, Method 2 is more effective in achieving more stable
cutting success.

4.2. Unusual success reduction: Site A

The test of end-effector was conducted at three sites with varying
environmental conditions to evaluate the performance of the end-
effector. The results revealed that Site A had the lowest harvest suc-
cess rate compared to Sites B and C. As depicted in Fig. 17, Site A (i.e.,
green monsters) had a thicker pedicel with a length of up to 15 mm
shorter than the other sites. In addition, Table 2 demonstrates that the
thickness of the pedicel is closely related to the harvest success rate. The

20

Time (sec)

(b)

Fig. 14. Experimental results of the suction cup test. Only two types of gripper data exist because the conical suction cup in our previous study had a grasping success
rate of 0%. Each figure represents only 1 out of 10 repetitions. Force and torque results of the soft robotic gripper with (a) only the shape adjusted and (b) both the

shape and surface adjusted.
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Fig. 15. Force F, results in the z-direction (the pull-away load) and the experimental process of the soft robotic gripper with (top) only the shape-adjusted and

(bottom) both the shape- and surface-adjusted (Case #6).
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Fig. 16. Torque measurement results of the soft robotic gripper with (top) only the shape-adjusted and (bottom) both the shape and surface-adjusted: My, My, and M,

(Case #6).

Table 2

Results of the test of end-effector in various fields.
Sites Metric Damaged
Site A Success rate (%) 76.8% (63/82) 4.8% (3/63)
Site B Success rate (%) 93.1% (27/29) 7.4% (2/27)
Site C Success rate (%) 95.2% (60/63) 3.3% (2/60)
Total Success rate (%) 86.2% (150/174) 4.7% (7/150)

primary cause of harvest failure was the incomplete cutting of the thin
fibres of the stem within 1 mm, resulting in the fruit not being separated
or dropping due to its weight. This decreasing tendency aligns with the
tendency in pedicel thickness depicted in Fig. 17. Fig. 18 illustrates the
cause of the significant harvest failure and its analysis.

As revealed in the results of the test of end-effector, especially at Sites
B and C, the high success rate indicates that these failure cases are
aberrant (93.1% and 95.2%, respectively). Although, the necessity of the
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end-effector is remaining. As depicted in Fig. 19, another problem
occurred in the approaching phase of the end-effector, movement be-
tWeen Pyaypoint AN Pdestination- In Fig. 19(a)-a case was observed where the
space between the stems and pedicel was not sufficient to fit the
entrance of the cutting module of the end-effector. In addition, in Fig. 19
(b), even after entering pgesiination, the fruit neck could not be cut because
it was caught in the cutting unit of the end-effector. This situation occurs
due to the large cutting module. Furthermore, this point highlights the
importance of miniaturisation of the cutting modules in future research.
Currently, we plan future work to miniaturise the cutting module.
Improvements to the cutting module are ongoing to address the
problem of incompletely cutting the fibrous pedicel. These improve-
ments include (a) increasing the traction range of the traction mecha-
nism to bring the pedicel closer to the circular saw, (b) increasing the
diameter of the circular saw for greater versatility, (c) establishing a
visual or sensory system capable of detecting incomplete cutting to
perform recutting, and (d) making the end-effector smaller and more
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Green monsters (GM)

Fresh-farm (FF)

Sangju smart-valley (SV)

—

Pedicel thickness: 3~5 mm

C Pedicel length: 20~32 mm ) CPediceI length: 30~35 mm )

C Pedicel length: 30~35 mm)

Fig. 17. Three different pedicel thickness and pedicel length characteristics of each size. Site A represents green monsters. Site B represents fresh-farm, and Site C

represents Sanju smart-valley (Park et al., 2023).

Fig. 18. Incompletely cut cucumber pedicel, with an average of 1 mm of
incomplete cutting.

compact.
4.3. Determining p.

P pers AN P

This paper contributes to developing an autonomous cucumber
harvesting robot (Park et al., 2023). Autonomous cucumber harvesting
robotic platforms are configured in progress (in the test of end-effector)
that can perform (1) deep neural network-based cucumber object
detection and localisation (approach from pinitia t0 Pwaypoint), (2) com-
puter vision-based cutting-point decision algorithms to determine, and
(3) a 6-DoF position-based visual servoing algorithm that can accurately
approach the cutting area in real-time despite shaking cucumbers (from
Dwaypoint tO Pdestination)- We plan to evolve the system into a universal fruit
and vegetable harvesting robot through the analysis and development of
a wider range of fruits.
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4.4. Comparison with the state-of-the-art methods

Compared to the existing cucumber grippers, the proposed gripper
has some advantages (Aoyama et al., 2022; Han et al., 2023; Yang et al.,
2022). These studies do not focus on the harvesting task, just on picking
and placing cucumbers. Focusing only on the harvesting task has ad-
vantages, such as the compact size of the soft gripper, an unrestrained
entry pose, and the ease of manufacturing and replacement.

Unlike parallel and finger-type grippers that use multiple fingers, the
proposed gripper is a single module with a suction cup powered using a
rubber hose. This configuration satisfies the specifications for cucumber
grasping and enables maximum miniaturisation. Notably, grippers
comprising rigid links may pack soft material on the contact surface of
the fruit, and in this case, the gripper becomes thicker. Additionally,
control and recognition errors in the harvest robot can cause the gripper
to collide with the fruit. In this case, a gripper consisting of a rigid link
packed with soft material may damage the fruit surface due to collision.
However, the proposed gripper is entirely constructed of soft material;
therefore, there is no possibility of damaging the fruit during grasping or
collision.

The proposed gripper has no limitations on the entry angle for
grasping the fruit. The cylindrical fruit standing against the ground has
morphological characteristics that allow it to be gripped from any entry
angle. However, the finger-based gripper has a limited entry angle
depending on the DoFs and workspace. However, the proposed gripper
was designed to grasp most cylindrical fruits. Therefore, the gripper has
an advantage in grasping cylindrical primitives in most situations.

Most diseases in agriculture are contagious (Orzali et al., 2017;
Mahlein, 2016; Barbedo, 2016; Oberti et al., 2016), and disease
spreading during harvesting causes fruit trees to wilt, resulting in sig-
nificant losses to farmers because harvesting can no longer be per-
formed. Therefore, low cost, easy manufacturing, and numerous
replacements are clear advantages in agriculture. However, this problem
has not been considered for other grippers, and because they are
expensive, repeated replacement causes a loss in economic efficiency.
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End-effector

’

Fig. 19. Cutting failure cases in the test of end-effector: (a) narrow space, (b) large cutting module (Park et al., 2023).

4.5. Success rate-based experiment: Relationship to suction

The primary evaluation metric during end-effector testing was the
cutting success rate, rather than the suction grasping success rate. The
soft gripper proved effective as a complementary component of the end-
effector to counteract the reaction force of the circular saw. Its design
provided robust adsorption power for cucumber, leveraging torsion for
an optimised effective radius and elliptical adsorption area. This
enhanced adsorption force adeptly managed the reaction force of the
circular saw within the cutting module. The relatively low failure rate of
24 out of 174 cases indirectly validates the efficacy of the gripper in
mitigating the reaction force of the circular saw.

Moreover, Fig. 20 reveals that among 150 successful cases, seven
were attributed to collisions between the cutting module and fruits or
the failure to sustain the grip after cutting. Nonetheless, compared to the
fruit damage rate of 8% (4 out of 50) in our previous study, these seven
failures out of 150 cases reflect a notably lower damage rate of 4.7%
(Park et al., 2022).

The proposed gripper allows for easy replacement of the cutting
module, regardless of its function. The authors are currently working on
further miniaturisation of the cutting module while determining areas
for improvement. In summary, the reasons for conducting the success
rate-based experiment are described below.

Fig. 20. In most cases, grasping remains after cutting. If the grasping is not
maintained, the cucumber falls freely after cutting, colliding with the ground
and damaging the cucumber.
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e The performance of the proposed soft robotic gripper was indirectly
confirmed by the low harvest failure rate and absence of a failure
reason related to the gripper.

e Seven damaged fruits occurred through a failure to maintain
grasping after harvesting and collision with the cutting module. Even
if all seven cases are assumed to be grasping failures, the failure rate
of 4.7% is low compared to 8% in our previous study.

However, the correlation between grasping and cutting must be
verified. A fruit model called ’fruit phantom’ can be used as a testbed to
determine the correlation between grasping and cutting (Goulart et al.,
2023a, 2023b). As a future study, the authors aim to construct an
experiment to prove the hypothesis that stable grasping is helpful in
performing stable cutting.

5. Conclusions

This research proposes a suction cup-based soft robotic gripper for
cucumber harvesting. The proposed gripper adjusts the critical param-
eters of the shape and surface to respond to the surface and shape
characteristics of cucumbers. The shape was adjusted to allow adsorp-
tion on the large curvature of the cucumber shape, maximising the
effective radius representing the grasping force. In addition, the suction
cup surface was adjusted to maintain adsorption on the uneven surface
of the cucumber. The validity of each key parameter was verified
through the test of suction cup. The experimental results reveal an in-
crease in the grasping success rate of 100% through shape adjustment
and an increase in the effective radius of 35.6% through surface
adjustment. The proposed gripper is valid for cucumbers and produces
strong adsorption. The proposed gripper is a subitem of the end-effector
for cucumber harvesting; thus, it was integrated with the cutting module
and evaluated in the field.

For rigorous evaluation, the cutting success rate was measured at
three sites exhibiting different cucumber characteristics. The test of end-
effector was conducted 174 times, with a harvest success rate of 86.2%,
and a damage rate of 4.7%. Due to the differences in cucumber growth,
the success rate of Site A was the lowest at 76.8%, and Site C was the
highest at 95.2%. The analysis of the cucumber growth characteristics of
each site indicates that the failure of the cutting module to cut is strongly
related to the thickness and length of the cucumber pedicel.

The grasping module proposed by the authors has a function inde-
pendent of the cutting module, and there is no performance degradation
in replacing the cutting module. Thus, the proposed gripping module
can contribute to effective cucumber harvesting if the cutting module is
replaced. This analysis motivates the improvement of the cutting mod-
ule of small size and better cutting performance. Additionally, experi-
ments on the relationship between grasping and cutting are currently in
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progress, and these experiments are performed by adjusting the voltage
of the vacuum pump on the testbed which consists of hanging fruit
phantom. In the future, this research will contribute to constructing an
autonomous cucumber harvesting robot.
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