ﬁh\i agriculture

Article

Design of a Petiole Tensile-Separation End-Effector with
Central Growing Region Protection for Low-Damage Perilla
Leaf Harvesting

Chanho Song and Hyunbean Yi *

Academic Editor: Jin He

Received: 29 May 2026
Revised: 27 June 2026
Accepted: 30 June 2026
Published: 2 July 2026

Citation: Song, C.; Yi, H. Design of a
Petiole Tensile-Separation End-Ef-
fector with Central Growing Region
Protection for Low-Damage Perilla
Leaf Harvesting. Agriculture 2026,
16, x. https://doi.org/10.3390/xxxxx

Copyright: © 2026 by the authors.
Licensee MDPI, Basel, Switzerland.
This article is an open access article
distributed under the terms and
conditions of the Creative Commons
Attribution (CC BY) license.

Department of Computer Engineering, Hanbat National University, Daejeon 34158, Republic of Korea
* Correspondence: bean@hanbat.ac.kr

Abstract

Selective harvesting of perilla (Perilla frutescens) leaves requires the repeated removal of
mature outer leaves while preserving the central growing region, including the apical me-
ristem and immature inner leaves, on the same plant. Conventional harvesting end-effec-
tors developed for fruits or whole-head leafy vegetables are not directly applicable to this
task because of the dense leaf arrangement, thin and flexible leaf blades, and the need to
protect the central growing region. This study proposes and evaluates a dual-module end-
effector that integrates a central growing region protection and stem-support (CPS) mod-
ule with a petiole grasping (PG) module using pneumatic soft pads and a scissor-lift mech-
anism for petiole tensile separation. FSR-based pneumatic-pressure calibration and pho-
toelectric-sensor-based position-adaptive stopping control were implemented to reduce
grasping damage and accommodate plant-to-plant variation in petiole height. The devel-
oped end-effector was evaluated using mock perilla plants under aligned, rotated, and
overlapped leaf conditions and cultivated perilla plants over two harvesting sessions sep-
arated by two weeks. In the mock-plant experiment, the system achieved an attempt suc-
cess rate of 96.7% and a leaf harvest rate of 98.3%. In the real perilla experiment, it achieved
an attempt success rate of 88.5% and a leaf harvest rate of 90.4%. The target-leaf damage
rate was 2.1%, and no damage was observed on the main stem. In the second harvesting
session, the system maintained an attempt success rate of 91.7% for newly developed
leaves on the same plants. These results indicate that the developed end-effector can se-
lectively harvest mature perilla leaves with low damage while preserving plant structures
required for continued growth.

Keywords: perilla leaf; selective harvesting; end-effector design; pneumatic soft gripper;
force-sensitive resistor; photoelectric sensor; low-damage grasping; agricultural robotics

1. Introduction

Labor shortages and rising labor costs in agriculture have driven continued research
on the automation of harvesting operations [1,2]. Previous studies on robotic harvesting
have mainly focused on fruit-bearing crops, for which suction-based, grasping, cutting,
and soft-gripper end-effectors have been developed according to crop characteristics [3,4].
These technologies have been validated for crops such as strawberries, tomatoes, apples,
and sweet peppers, where the harvest target is relatively separated from surrounding
plant structures [5-8].
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Unlike fruit-bearing crops, leafy vegetables use the leaf itself as both the harvest tar-
get and the marketable product. Target leaves are closely arranged with adjacent leaves
and growing tissues, and even minor contact or pressure during harvesting can cause vis-
ible damage such as tearing, bending, or compression, which directly reduces marketabil-
ity. In addition, because multiple leaves grow densely or overlap with one another, the
workspace between the target leaf and neighboring leaves is limited, making it difficult
for an end-effector to selectively access the harvesting position. These characteristics limit
the direct application of harvesting technologies developed for fruit-bearing crops to leafy
vegetables. Therefore, low-damage robotic harvesting technologies tailored to crop-spe-
cific growth structures and harvesting methods are required. Even for leafy vegetables
harvested at the whole-plant level, such as lettuce and broccoli, outer-leaf damage, acces-
sibility in dense planting conditions, and cutting-position accuracy have been reported as
major challenges [9-11].

The difficulty of automating leafy-vegetable harvesting varies considerably depend-
ing on the harvesting method of the crop. For crops such as lettuce, in which the entire
harvestable part is processed at once, the main challenges are accurate cutting and stable
grasping and retrieval of the harvested product [9]. In contrast, crops such as perilla re-
quire the repeated removal of only mature leaves from the same plant. Therefore, perilla
harvesting requires simultaneous consideration of target-leaf selection, petiole access,
low-damage detachment, and protection of the central growing region.

Perilla leaves are the edible leaves of Perilla frutescens, an annual plant in the Lami-
aceae family, and are widely used as food and seasoning ingredients in East Asia [12].
Perilla plants have an opposite phyllotaxy, in which two leaves grow opposite each other
at each node along the main stem, while new leaves continuously emerge from the apical
growing region. In practical cultivation, mature leaves with a blade length of 14 cm or
more are repeatedly harvested once or twice per week after the development of at least
four true leaves [13]. Thus, perilla harvesting requires the sequential removal of mature
outer leaves while preserving the central growing region, including the apical meristem
and immature inner leaves. In conventional manual harvesting, the petiole of the target
leaf is grasped near the petiole-stem junction and pulled downward to detach the leaf.
However, the petiole is located close to neighboring leaves, and the thin, flexible leaf blade
is vulnerable to visible damage even under low contact pressure. Therefore, robotic perilla
harvesting requires an end-effector that can reliably access the petiole-grasping position

while reducing interference with neighboring leaves and protecting the central growing

%ﬁ%;awest Target Lea /

region (Figure 1).

Figure 1. Cultivation environment and selective harvesting targets of perilla leaves; mature outer
leaves are harvested while the central growing region (including the apical meristem and immature

inner leaves) is preserved.
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An earlier attempt to mechanize edible perilla leaf harvesting was reported by Chang
et al. [14], who developed an automated harvesting system consisting of a traveling mech-
anism, conveying equipment, leaf-picking equipment, and harvest control equipment.
The system demonstrated the feasibility of machine-level perilla harvesting and reported
a field working efficiency of 16.73 m?/h. However, the harvesting loss rate was 56.67%,
and the damage rate involving harvested leaves and plant stems was 11.67% [14]. These
results indicate that, although system-level mechanization of perilla harvesting is feasible,
repeated mature-leaf harvesting still requires an end-effector-level strategy that can selec-
tively access individual petioles, detach target leaves with low damage, and preserve the
main stem and central growing region for subsequent regrowth.

More recently, Song and Yi [15] developed an automatic perilla harvesting system in
which perilla leaf positions were estimated using instance segmentation and keypoint-
based recognition, enabling the end-effector to approach the target harvesting position.
That study verified the integration of vision-based recognition and robotic approach mo-
tion and achieved an 80.0% harvesting success rate in a simulated environment using
perilla plant models. In addition, a photoelectric sensor-based stem detection mechanism
[16] demonstrated the feasibility of detecting plant structures around the harvesting target
using non-vision sensors. Although these studies demonstrated the feasibility of vision-
guided perilla harvesting and sensor-based plant-structure detection, quantitative evalu-
ations of low-damage harvesting performance under real-plant conditions remain limited.
In particular, few studies have addressed repeated mature-leaf harvesting in which the
central growing region must be preserved for subsequent regrowth.

In this study, we propose a dual-module end-effector for low-damage harvesting of
mature perilla leaves while protecting the central growing region. The proposed end-ef-
fector adopts a vertical top-down approach and integrates a central growing region pro-
tection and stem-support module with a petiole grasping module. In addition, pressure-
sensor-based pneumatic calibration and photoelectric sensor-based stopping control are
implemented to stably grasp and detach target leaves while minimizing damage to the
central growing region and main stem.

The main contributions of this study are as follows: (1) the design of a functionally
separated dual-module end-effector that physically decouples central growing region
protection and stem support from petiole grasping and tensile separation; (2) quantitative
determination of a low-damage pneumatic pressure setting based on pressure-sensor
measurements; (3) implementation of position-adaptive stopping control using a photoe-
lectric sensor; and (4) quantitative evaluation of harvesting performance and damage us-
ing both perilla plant models and real perilla plants.

2. Related Work

End-effectors for automated harvesting have been developed in various forms de-
pending on the physical properties of the target crop and the detachment method required
for harvesting. Previous review studies have summarized representative harvesting
mechanisms, including vacuum suction, multi-finger grasping, cutting, and soft-gripper-
based approaches [1,3,4]. Recent studies have further introduced soft materials, force feed-
back, compliant grasping, and variable-stiffness mechanisms to reduce crop damage dur-
ing harvesting [17-20]. However, the applicability of these end-effectors strongly depends
on the harvesting unit, target morphology, detachment method, and the need to preserve
non-target plant structures. Therefore, the most suitable harvesting mechanism should
not be determined solely by the actuator type, such as suction, cutting, or soft grasping,
but rather by crop-specific requirements, including target accessibility, detachment be-
havior, and protection of non-target growing tissues. This section reviews end-effector
structures and mechanization approaches for fruit, whole-plant leafy vegetables, and se-

https://doi.org/10.3390/agriculture16131455


https://doi.org/10.3390/agriculture16131455

Agriculture 2026, 16, 1455

4 of 25

lective or repeated leaf harvesting, and derives the design requirements for repeated ma-
ture-leaf harvesting in perilla.

2.1. End-Effectors for Fruit and Fruiting Vegetable Harvesting

End-effectors for fruit and fruiting vegetable harvesting have been designed with
various structures according to crop-specific physical properties and cultivation environ-
ments. In strawberry harvesting, vacuum suction has been used to hold the fruit while
reducing compression damage, followed by cutting the stem above the calyx [5]. In tomato
and apple harvesting, multi-finger grasping and vacuum suction mechanisms have been
applied to stably enclose or support the fruit [6,7]. For crops that require stem cutting,
such as sweet pepper, hybrid end-effectors combining a grasping structure with a cutting
tool have also been investigated [8].

These systems mainly focus on grasping or supporting relatively independent har-
vest targets and detaching them near the stem, peduncle, or calyx. Accordingly, the design
emphasis is commonly placed on stable fruit holding, contact-force reduction, and detach-
ment reliability. However, in repeated mature-leaf harvesting, the harvest target is not an
isolated fruit but a thin, flexible leaf connected to the main stem through a short petiole.
In addition, adjacent leaves, immature leaves, and the central growing region are located
close to the target petiole. Therefore, fruit-harvesting end-effectors cannot be directly ap-
plied to perilla harvesting without additional structures for central-region protection, se-
lective petiole access, and low-damage leaf detachment.

2.2. End-Effectors for Whole-Plant Leafy Vegetable Harvesting

In leafy vegetable harvesting, crop-specific end-effectors have been developed by
considering the morphological characteristics of crops such as lettuce, broccoli, and cab-
bage. Birrell et al. [9] proposed Vegebot, which combines convolutional neural network
(CNN)-based vision recognition with a soft gripper for iceberg lettuce harvesting, and re-
ported that outer-leaf damage can reduce the marketability of harvested lettuce. For broc-
coli harvesting, end-effectors designed to grasp and cut the whole head have been studied
[10], and compact actuation structures have also been proposed to reduce interference in
densely planted environments [11]. In addition, pneumatic soft grippers have been ap-
plied to crops with irregular external shapes, such as cabbage [4].

Although these studies show the importance of low-damage handling and compact
end-effector design in leafy vegetables, most existing leafy-vegetable harvesting systems
are intended for whole-plant, whole-head, or whole-flower-head harvesting. Such ap-
proaches are suitable when the entire harvestable portion is removed in a single operation.
However, they are structurally difficult to apply to perilla harvesting, where only mature
outer leaves must be repeatedly detached while preserving immature leaves, the main
stem, and the central growing region on the same plant.

2.3. End-Effectors and Mechanization Approaches for Selective or Repeated Leaf Harvesting

Compared with fruit harvesting and whole-head leafy-vegetable harvesting, selec-
tive or repeated mature-leaf harvesting has been less extensively studied. This task is more
challenging because the end-effector must access an individual petiole within a dense leaf
arrangement, detach the target leaf without tearing or compression, and avoid damage to
non-target tissues required for subsequent growth.

An earlier machine-level approach for edible perilla leaf harvesting was reported by
Chang et al. [14]. Their system included a traveling mechanism, conveying equipment,
leaf-picking equipment, and harvest control equipment, and demonstrated the feasibility
of automated perilla harvesting. However, the field test reported a harvesting loss rate of
56.67% and a damage rate of 11.67%. The reported problems included unstable travel,
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reduced photosensor performance under sunlight, and difficulty harvesting low-posi-

tioned perilla leaves [14]. These results indicate that machine-level mechanization alone

has limitations in achieving reliable low-damage repeated harvesting, highlighting the

need for an end-effector-level strategy for selective petiole access, local plant stabilization,

and low-damage detachment.

Recent perilla-related studies have investigated vision-based target localization and

sensor-based plant-structure detection [15,16]. These studies demonstrated that robotic

access to the target leaf region and detection of plant structures around the harvesting

target are feasible. However, they provided limited quantitative evaluation of harvesting

damage under real-plant conditions and did not fully analyze how petiole-position vari-

ation, leaf overlap, and contact instability affect harvesting outcomes. Therefore, further

evaluation using real perilla plants is required to verify whether the end-effector can re-

peatedly harvest mature leaves while preserving the main stem and central growing re-

gion.

Table 1 compares representative harvesting end-effector architectures and mechani-

zation approaches with respect to their applicability to repeated mature-leaf harvesting in

perilla.

Table 1. Comparison of harvesting approaches and their applicability to repeated mature-leaf har-

vesting in perilla.

Limitation for

Category Representative Refs. Harv.est Handling Detachment Evaluation Fo- Perilla Har-
Crop Unit Strategy Method cus .
vesting
Not
Fruit St designed f
r1.11. s/ Strawberry, Whole Suction, grasp- em or Success rate, es1gne. of
fruiting [5-8] j : peduncle . selective
tomato, apple fruit ing . fruit damage
vegetables cutting mature-leaf
harvesting
Leafy Whole . Outer-leaf Not suitable for
Lettuce, Wrapping, soft .
vegetables, cabbage [4,9] plant, rasbin Basal cutting damage, mar- repeated leaf
whole-head 8 head grasping ketability harvesting
Leafy Whole . Accessibility, Limited
. Wrapping . .
vegetables, Broccoli [10,11]  flower . Stem cutting cutting non-target pro-
+ cutting .
flower-head head accuracy tection
Perill C i High1 d
e.r1 a . Multiple onyeylng Mechanical Efficiency, loss, 1gh foss an
machine-level Perilla [14] + picking . low
. leaves . picking damage .
harvesting mechanism selectivity
Previous
. Vision/ Approach/sens- . Limited
1 Target leaf Detect -
p.e 1"1 y Perilla [15,16] arge. “? sensor-based ing erection st real-plant dam-
vision/ region . L cess .
. detection validation age evaluation
sensor studies
Central L -scal
Proposed . en rjd Petiole Success rate, arger-scale
. . This Twoma-  protection . greenhouse
perilla Perilla ) tensile damage, .
. work ture leaves + petiole grasp- . s validation re-
harvesting . separation  repeatability .
ing quired

As shown in Table 1, previous systems mainly targeted relatively independent fruits,

whole harvestable organs, or machine-level perilla harvesting. In contrast, repeated ma-

ture-leaf harvesting in perilla requires simultaneous central-region protection, petiole-

level access, and low-damage tensile separation.

https://doi.org/10.3390/agriculture16131455


https://doi.org/10.3390/agriculture16131455

Agriculture 2026, 16, 1455

6 of 25

2.4. Requirements for Repeated Mature-Leaf Harvesting

As reviewed above, fruit and fruiting-vegetable end-effectors mainly focus on grasp-
ing and detaching relatively independent harvest targets, whereas existing leafy-vegeta-
ble end-effectors generally handle the whole plant, whole head, or whole flower head as
a single harvest unit. In contrast, repeated perilla harvesting requires selective removal of
mature leaves while preserving immature leaves, the main stem, and the central growing
region within the same plant.

Therefore, an end-effector for repeated mature-leaf harvesting must satisfy the fol-
lowing requirements. First, it must provide adaptive access to individual petiole positions
because petiole height and orientation vary among plants and nodes. Second, it must pro-
tect the central growing region, including the apical meristem and immature inner leaves,
because these structures determine subsequent leaf regrowth. Third, it must minimize in-
terference with adjacent leaves and non-target tissues during grasping and detachment.
Fourth, the detachment mechanism should avoid unnecessary cutting components near
the central region, because cutting tools may increase the risk of damaging immature
leaves or the main stem in dense leaf arrangements.

Based on these requirements, a dual-module architecture was selected in this study.
The central growing region protection and stem-support module provides local stabiliza-
tion and physical protection around the main stem, whereas the petiole grasping module
performs position-adaptive petiole grasping and tensile separation. This functionally sep-
arated structure physically decouples central-region protection from petiole detachment,
which is difficult to achieve using a single-module gripper, a fully soft pneumatic design,
a continuum manipulator without a dedicated stabilization mechanism, or a general cut-
ting-based mechanism. The detailed structure and operating principle of the proposed
end-effector are described in the following section.

3. Materials and Methods

3.1. Growth Structure and Conventional Harvesting Method of Perilla Leaves

This section summarizes the growth structure, planting arrangement, and conven-
tional harvesting method of perilla leaves that directly affect the end-effector design. The
petiole of a target leaf protrudes approximately 30-40 mm from the main stem, and the
narrow spacing between adjacent leaves can easily cause physical interference during har-
vesting. The leaf blade is extremely thin and flexible, with a thickness of approximately
0.2-0.4 mm; therefore, even a small contact pressure can cause visible damage such as
tearing, bending, or compression. In addition, the main stem of the perilla plant has a
quadrangular cross-section, and two leaves grow opposite each other at each node along
the stem (Figure 2a). In conventional manual harvesting of perilla leaves, the petiole is
grasped near the petiole-stem junction and pulled downward to naturally detach the leaf
at the junction. During this process, skilled workers stabilize the central stem with one
hand to prevent main-stem movement and damage to the central growing region, while
individually removing mature outer leaves with the other hand (Figure 2b).

ping point

Pull down

g—

Before separation After separation
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(a) Perilla plant structure (b) Conventional manual harvesting method

Figure 2. Physical characteristics and conventional harvesting method of perilla leaves. (a) Morpho-
logical traits of the leaf and petiole. (b) Manual harvesting by stabilizing the stem and pulling the

target leaf downward at the petiole-stem junction.

This practice indicates that perilla leaves can be detached by tensile force without the
use of a cutting tool. A previous study on automated harvesting of green perilla leaves
reported that the shear force required to cut perilla petioles ranged from 7.13 to 17.42 N,
with an average value of 12.13 N [21]. Although the present study used tensile separation
rather than cutting, this reported range provides a useful reference scale for designing a
petiole detachment mechanism. Based on the manual harvesting principle described
above, the end-effector developed in this study was designed to incorporate a central sup-
port structure and a petiole tensile-separation mechanism.

The planting arrangement was also considered in the design of the harvesting ap-
proach. In this study, the perilla plants used for the real-plant experiment were arranged
with an inter-plant spacing of approximately 20 cm, referring to practical leaf-perilla cul-
tivation guidelines [13,22]. Because lateral insertion between neighboring plants may in-
crease the risk of collision with adjacent leaves and stems, the proposed end-effector was
designed to approach the target node vertically from above. This top-down approach re-
duces the need for the end-effector to physically pass through the narrow lateral space
between neighboring plants and allows the central protection and petiole grasping mod-
ules to access the target node from the upper side.

These physical characteristics, planting constraints, and manual harvesting practices
suggest that the end-effector must reduce damage to the thin leaf blade, adapt to plant-to-
plant variation in petiole position, and reliably detach the petiole—stem junction while
protecting the central growing region. Accordingly, selective harvesting of perilla leaves
requires an end-effector structure that integrates central-region protection, petiole grasp-
ing, position-adaptive access, and low-damage separation functions.

3.2. Design of the Dual-Module End-Effector

This section describes the overall structure and main actuation methods of the dual-
module end-effector designed for selective harvesting of perilla leaves. Based on the de-
sign requirements derived from the growth structure and harvesting method of perilla,
the proposed end-effector consists of a Central Growing Region Protection and Stem-Sup-
port module (CPS module) and a Petiole Grasping module (PG module). The dual-mod-
ule architecture was adopted to physically separate the function of central-region protec-
tion and stem support from that of petiole grasping and tensile separation.

As shown in Figure 3, the developed end-effector integrates the CPS module and the
PG module within a compact structure. The CPS module protects the central growing re-
gion and provides lateral support to the main stem, whereas the PG module is mounted
on a scissor-lift mechanism and moves vertically independently of the CPS module. The
overall dimensions of the end-effector are 180 mm x 130 mm x 95 mm, and the device is
mounted at the end of an Indy7 robotic arm. The CPS module is actuated by a screw-
driven motor mechanism, while the PG module combines pneumatic soft pads with a mo-
tor-driven scissor-lift mechanism.
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H:130 mm

(a) Approach

W: 180 mm

Central Protection and
Support Module

End-Effector Petiole Grasping Module

Figure 3. Overall structure of the proposed dual-module end-effector. The system consists of the

central protection and stem-support module and the petiole grasping module.

The operation sequence of the end-effector consists of five steps, approach, stem sup-
port, gripper positioning, petiole grasping, and tensile separation, as illustrated in Figure
4. First, the robotic arm approaches the upper region of the target leaves. The CPS module
then provides lateral support around the main stem, after which the PG module moves
downward and positions the grasping pads around the petioles using the photoelectric
sensor. Finally, the pneumatic pads grasp the petioles, and the scissor-lift mechanism fur-
ther descends to apply tensile force to the petiole-stem junction, thereby separating the
leaves from the plant.

RREREX

(b) Stem fixation (c) Positioning (d) Petiole grasping  (e) Tensile separation

Figure 4. Sequential operation of the proposed end-effector: (a) approach, (b) stem fixation, (c) pet-
iole positioning, (d) petiole grasping, and (e) tensile separation. The arrows indicate the movement

direction of each module during the harvesting sequence.

3.2.1. Central Growing Region Protection and Stem-Support Module

The CPS module protects the central growing region, including the apical meristem
and immature inner leaves, during end-effector descent and stabilizes the main stem for
the subsequent petiole-grasping process. The module is positioned at the center of the
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end-effector and consists of two symmetric supports that close around the main stem (Fig-
ure 5).

Toothed Profile

80 mm

Stem Clamp

Lead Screw
Mechanism

FSR Sensor

(a) Actuation module (b) Stem stabilization module

Figure 5. Structure of the central protection and stem-support module. (a) Actuation module. (b)

Stem stabilization module with FSR sensors.

Structure and actuation. The CPS module uses a lead-screw-driven opening and
closing mechanism, in which the two support structures move toward the stem as the
motor rotates (Figure 6). During closure, the stem is guided into the toothed inner groove
shown in Figure 5b, and the two supports engage with each other to restrict excessive
lateral movement of the stem. Soft silicone pads are attached to the contact surfaces to
reduce local pressure concentration on the stem and central growing region.

Motor

=

Screw rotation

Closing motion

(a) Open state (b) Closed state

Figure 6. Opening and closing motion of the stem stabilization module: (a) open state and (b) closed

state.

FSR-based contact-triggered stopping control. An FSR-402 force-sensitive resistor
sensor (Interlink Electronics, Camarillo, CA, USA) is attached to the center of each contact
surface. In this module, the FSR sensors are not used to regulate the exact magnitude of
the grasping force. Instead, they serve as trigger sensors to detect the initial contact be-
tween the supports and the stem during screw-driven closure and to stop the motor ac-
cordingly. Therefore, the CPS module employs contact-triggered stopping control rather
than precise force control.

The FSR sensors produced low-level fluctuations even under no-contact conditions
because of electrical noise and minor mechanical vibration. The ADC output range of the
OpenCR board used in this study was 0-1023, and the no-contact noise level was typically
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observed between 0 and 2. Preliminary observations showed that ADC values lower than
4 did not always provide stable stem support, whereas values greater than approximately
20 increased the risk of visible compression on the stem or central growing region. Based
on this response, the contact detection threshold was set to an ADC value of 5. This thresh-
old was sufficiently higher than the noise range while allowing the motor to stop before
excessive compression occurred. This threshold was validated during the real-plant har-
vesting experiment using the stems included in this study; however, additional calibration
may be required for substantially different stem diameters, stem stiffness, or cultivar-de-
pendent growth characteristics. The CPS module was not intended to rigidly clamp the
stem; rather, it was designed to provide lateral support and reduce stem movement dur-
ing petiole tensile separation.

3.2.2. Petiole Grasping Module

The PG module grasps the petiole of the target leaf and detaches the leaf from the
main stem through the additional downward motion of the scissor-lift mechanism. The
module consists of left and right petiole grasping units, scissor-lift mechanisms, photoe-
lectric sensors, and FSR sensors. The left and right PG units are independently actuated
to accommodate differences in petiole height, angle, and growth position between two
opposite leaves.

Scissor-lift structure and operating principle. The scissor lift converts the rotation
of the upper motor into the linear motion of the left and right sliders, which is then trans-
formed into the vertical motion of the grasping unit (Figure 7). The vertical displacement
of the scissor lift, h;;r, can be expressed as a function of the link angle as follows:

hiife = 2Lyini (sin 6y — sin ) 1)

where hyf; is the vertical displacement of the scissor lift (mm), Ly, is the link length,
and 6, and 6 are the initial and current link angles with respect to the horizontal plane,
respectively.

Slider 2

Slider 1 I
-

(a) Lifting (b) Lowering

Figure 7. Vertical actuation of the petiole grasping module using the scissor-lift mechanism: (a) lift-
ing and (b) lowering. The arrows indicate the upward and downward movement directions of the

petiole grasping module.

In this study, the scissor lift was designed with L, = 30 mm and an initial com-
pressed angle of 6, = 75°. When the motor-driven mechanism reduces 6 to 25° the lift
provides an approximate vertical displacement of 33 mm. This operating range includes
the additional downward displacement required for leaf separation, defined as Ahg,, =
15 mm, and accommodates plant-to-plant variation in petiole position.
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Operation sequence and photoelectric sensor-based stopping control. The PG
module descends while maintaining a gap between the two elastic pads in suction mode.
The BTFIM-TDTL2 photoelectric sensor placed between the pads detects the moment
when the petiole blocks the optical axis, and this signal is used to stop the downward
motion of the scissor lift. The pneumatic system is then switched to inflation mode, caus-
ing the pads to expand inward and grasp the petiole. This control strategy allows the
grasping position to be adjusted according to the petiole height of each plant.

Although perilla leaves generally grow as two opposite leaves at each node, the
height and angle of the left and right petioles can differ because of plant-to-plant variation,
leaf rotation, or partial overlap. Therefore, the two PG units are controlled independently
during positioning. One harvesting attempt targets two opposite mature leaves at the
same node, but the left and right PG units independently detect and position around each
petiole before grasping and tensile separation are performed within the same harvesting
sequence.

Grasping unit and suction-inflation-based actuation principle. The grasping unit
consists of two opposing silicone elastic pads (Figure 8). In this study, suction mode was
defined as the state in which air is evacuated from inside the pads to secure a gap between
them, whereas inflation mode was defined as the state in which air is supplied into the
pads to grasp the petiole. In suction mode, the pads contract outward, creating an inser-
tion space for the petiole (Figure 8a). In inflation mode, the pads expand inward and grasp
the petiole (Figure 8b). An FSR sensor was attached to the inner center of one pad to meas-
ure the contact pressure during grasping.

Petiole gripping pad

Force-sensitive resistor
(FSR)

|

Air inlet port

Soft silicone pad
Photo sensor

(a) Suction mode (b) Inflation mode

Figure 8. Pneumatic operation of the petiole grasping unit: (a) suction mode for opening the gap

between the pads and (b) inflation mode for petiole grasping.

The elastic-pad-based grasping method can reduce contact-pressure concentration
compared with a mechanism that directly pinches the petiole using rigid links. It can also
accommodate variations in petiole thickness and cross-sectional shape.

Pressure-sensor-based setting of grasping pressure. In the proposed grasping
method, the force applied to the petiole is determined by the pneumatic pressure supplied
to the pads during the inflation mode. If the supplied pressure is too high, the pads ex-
pand excessively and apply excessive pressure to the petiole, which may cause petiole
bending or leaf damage. Conversely, if the pressure is too low, the pads do not expand
sufficiently, making stable petiole grasping difficult.

Therefore, to determine a pressure level that enables stable grasping without visible
damage, an FSR-402 pressure sensor was attached to the center of the grasping surface to
measure the contact response during petiole grasping. The supplied pressure was in-
creased stepwise from 0.000 MPa in increments of 0.005 MPa during the inflation mode.
For each pressure condition, the ADC output of the FSR-402 sensor and the occurrence of
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visible deformation on the harvested leaf surface after grasping and separation were rec-
orded. Each condition was repeated ten times.

As shown in Figure 9, no visible leaf damage was observed in any trial when the
supplied pressure was 0.050 MPa or lower. At pressures of 0.055 MPa or higher, petiole
bending or compression of the leaf blade began to occur. Therefore, the grasping pressure
was set to 0.050 MPa, which was the maximum pressure level at which no damage was
observed. Under this condition, the ADC output of the FSR-402 sensor was approximately
18.
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Figure 9. FSR-402 sensor output under different supply pressures during inflation mode (n = 10,
mean * SD). The selected non-damaging pressure was 0.050 MPa. The colored area indicates the

pressure range in which no visible leaf damage was observed.

In the suction mode, air was evacuated from the inside of the pads to generate a neg-
ative pressure of approximately -0.07 MPa, allowing the two pads to contract outward
and create an insertion gap for the petiole. The maximum gap between the two pads in
the suction mode was approximately 13 mm. Based on this gap, the module was designed
to reliably accommodate perilla petioles with diameters of approximately 2—4 mm. Thus,
the selected grasping pressure was validated within the petiole diameter range observed
in this study, whereas additional testing is required for wider petiole-size distributions
and different growth stages.

Off-center FSR response and fallback grasping strategy. Because the FSR-402 sensor
is located at the inner center of one elastic pad, the sensor output can be affected by the
petiole insertion angle and contact position. If the petiole is not positioned on the active
area of the FSR sensor, the sensor response may be weak or absent even when the petiole
is physically grasped by the pneumatic pads. Therefore, the FSR signal in the PG module
was used primarily for grasping-pressure calibration and contact monitoring, rather than
as the sole criterion for successful petiole grasping.

During operation, the photoelectric sensor first detects petiole presence and stops the
downward motion of the PG module. After the pneumatic pads are inflated, the FSR out-
put is monitored. If no FSR response is detected within 1 s after inflation, the system ap-
plies the experimentally determined non-damaging pneumatic condition of 0.050 MPa for
a fixed grasping duration of 3 s. This fallback strategy allows the end-effector to continue
the grasping sequence even when the petiole is not located at the center of the FSR active
area.

Tensile separation method. After the petiole is grasped, the scissor lift is further low-
ered by Ahg,,, applying a tensile force to the petiole and detaching the leaf at the petiole—
stem junction. In this study, a tensile separation method was adopted without using an
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additional cutting device, utilizing the structural weakness of the petiole-stem junction.
This approach simplifies the end-effector structure and reduces the risk of damage to
neighboring leaves and the central growing region that may occur when a cutting mech-
anism is used. The additional downward displacement, Ah,,,, was set to 15 mm based
on preliminary actuation tests to ensure stable petiole separation. In this study, the tensile
detachment force during end-effector operation was not directly measured. Therefore, the
scissor-lift displacement was selected based on preliminary actuation tests and the re-
ported petiole force scale in previous perilla harvesting research [22].

3.3. Experimental Setup and Evaluation Protocol

To evaluate the harvesting performance and low-damage characteristics of the de-
veloped end-effector, experiments were conducted using both perilla plant models and
real cultivated perilla plants. The model-plant experiment was performed first to verify
the integrated system operation and harvesting sequence. The real perilla experiment was
then conducted in an indoor cultivation environment to quantitatively assess harvesting
performance and damage characteristics under actual plant conditions.

3.3.1. Experimental Setup

The experiments were conducted using a six-axis collaborative robot, Indy7 (Neu-
romeka, Seoul, Republic of Korea), with a payload capacity of 7 kg and a repeatability of
#0.1 mm. The developed end-effector was mounted on the end flange of the robot arm
(Figure 10).

Air inlet port

Indy7 robot arm

Petiole gripping pad

FSR sensor

Central support
module

Intel RealSense D455

Photo sensor

Motor

(a) End-effector prototype (b) Experimental setup

Figure 10. Experimental setup for perilla leaf harvesting. (a) Fabricated dual-module end-effector.
(b) Robot-mounted setup with the Indy7 robotic arm and Intel RealSense D455 camera.

An RGB-D camera, Intel RealSense D455 (Intel Corporation, Santa Clara, CA, USA)
was used as the vision sensor and mounted near the robot end-effector to estimate the
position of the target leaves. The target harvesting coordinates were obtained using an
instance-segmentation and keypoint-based recognition pipeline. The estimated image co-
ordinates were combined with depth information and transformed into the robot coordi-
nate system to generate the approach position.

For end-effector actuation, an external compressed-air supply and a vacuum ejector,
SCPSi (J. Schmalz GmbH, Glatten, Germany) were used. A negative pressure of approxi-
mately —-0.07 MPa was applied in suction mode, whereas a positive pressure of 0.050 MPa,
determined in Section 3.2.2, was applied in inflation mode. Petiole detection was per-
formed using a BTF1IM-TDTL2 through-beam photoelectric sensor. Sensor signal acquisi-
tion and the control of the motors and solenoid valves were implemented using an
OpenCR board (ROBOTIS, Seoul, Republic of Korea).
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The overall harvesting operation followed the sequence shown in Figure 4. After the
robot approached the target position estimated by the vision system, petiole grasping and
separation were automatically performed through the sensor-based control of the end-
effector.

3.3.2. Vision-Based Target Localization and Processing Time

The vision system was used to estimate the target leaf region and provide coarse tar-
get coordinates for robotic approach motion. Instance segmentation was performed using
a YOLOvVS8-seg model to identify individual perilla leaves, and keypoint detection was
performed using a YOLOvS8-pose model to estimate the central points of the target outer
leaves and inner leaves. The estimated image coordinates were combined with depth in-
formation from the Intel RealSense D455 camera and transformed into the robot coordi-
nate system.

Recognition performance was evaluated using both controlled mock-leaf conditions
and real perilla images collected under the indoor experimental condition. For the mock-
leaf evaluation, three representative conditions were prepared: aligned leaves, rotated
leaves, and overlapped leaves. As summarized in Table 2, the YOLOvS8-seg model
achieved mAP(50-95) values of 0.93, 0.92, and 0.88 under the aligned, rotated, and over-
lapped mock-leaf conditions, respectively. The YOLOv8-pose model achieved mean OKS
(Object Keypoint Similarity) values of 0.92, 0.91, and 0.89 under the same conditions. For
real perilla images, the YOLOv8-seg model achieved an mAP(50-95) of 0.92, and the
YOLOv8-pose model achieved a mean OKS of 0.91. These results indicate that the vision
model maintained stable target-leaf recognition under both mock-leaf and real-plant con-
ditions, although partial overlap slightly reduced recognition performance.

The repeatability of the detected target coordinate was evaluated by repeatedly rec-
ognizing the same mock plant while maintaining the robot at the same initial pose. The
variation in the estimated coordinate of the detected inner-leaf center was approximately
+0.3 mm. This value represents the repeatability of the detected coordinate output under
a repeated mock-target condition, rather than an independently measured absolute local-
ization error. Therefore, the vision system was used for coarse target localization, while
final petiole-level positioning was adaptively adjusted by the photoelectric sensor-based
stopping control of the PG module.

The vision processing time was measured from image acquisition to the generation
of the target position in the robot coordinate frame. This time included instance segmen-
tation, target-leaf cropping, keypoint estimation, keypoint coordinate restoration, depth
extraction, and robot-coordinate transformation. Visualization, image saving, and robot
motion were excluded from this measurement. The average processing time was approx-
imately 120 ms/frame for aligned leaves, 125 ms/frame for rotated leaves, 180 ms/frame
for overlapped leaves, and 145 ms/frame for real perilla leaves.

When overlapping foliage was present, the visible upper mature leaf with a clearly
detected contour and keypoint was selected as the harvesting target. This strategy was
adopted because the developed end-effector approaches the target node vertically from
above. Vision-based detection errors, such as mask mixing between adjacent leaves, were
reduced by keypoint-based target validation after segmentation. When the target contour
or keypoint reliability was insufficient, the target was excluded from the harvesting se-
quence.
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Table 2. Vision recognition performance and processing time under mock-leaf and real-perilla con-

ditions.
- Segmentation Processing Time
Condition miP (50-95) Mean OKS (ms /Fragme)
Mock, aligned leaves 0.93 0.92 Approximately 120
Mock, rotated leaves 0.92 0.91 Approximately 125
Mock, overlapped leaves 0.88 0.89 Approximately 180
Real perilla leaves 0.92 0.91 Approximately 145

3.3.3. Simulated Harvesting Experiment

Before conducting experiments with real perilla plants, a simulated harvesting ex-
periment was performed using perilla plant models to verify the stability of the complete
harvesting sequence, including vision recognition, robot approach, end-effector actuation,
petiole detection, grasping, and separation. The plant models were fabricated using com-
mercially available artificial plant materials, and the leaf size, petiole length, leaf thick-
ness, and within-node leaf arrangement were configured to reflect the main morphologi-
cal dimensions of real perilla plants (Figure 11a,b).

60 mm

o.zmxyd i~
— / " 3em
T Petiole
‘€ Stem
50 mm
(a) Top-view structure (b) Side-view structure

(c) Aligned mock leaves (d) Rotated mock leaves (e) Overlapped mock leaves
Figure 11. Perilla plant model used for the simulated harvesting experiment. (a) Top-view structure.
(b) Side-view structure. (c) Aligned mock leaves. (d) Rotated mock leaves. (e) Overlapped mock
leaves. The arrows indicate the target leaf orientation and harvesting direction, and the circles indi-

cate the petiole-stem connection regions.

To implement repeatable petiole separation in the mock-plant experiment, each mock
petiole was connected to the mock stem using a detachable magnetic connection. A 2 mm
diameter magnet was placed at the petiole-stem connection to allow the mock leaf to de-
tach when tensile force was applied by the PG module. This structure was used to approx-
imate the detachable behavior of the petiole—stem junction and to enable repeated har-
vesting tests under controlled mock-leaf conditions. However, because the magnetic con-
nection does not fully reproduce the mechanical and biological properties of a real perilla
petiole, the mock-plant experiment was used primarily to verify the integrated harvesting
sequence rather than to evaluate leaf damage characteristics.

The simulated harvesting experiment included three representative leaf conditions:
aligned leaves, rotated leaves, and overlapped leaves (Figure 11c—e). These conditions
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were prepared to evaluate whether the developed end-effector could perform the com-
plete harvesting sequence under different target-leaf arrangements. The aligned condition
represented a basic target arrangement in which the two opposite leaves were positioned
symmetrically. The rotated condition represented a case in which the target leaves were
rotated relative to the robot approach direction. The overlapped condition represented a
case in which adjacent leaves partially occluded the target leaves. In the overlapped con-
dition, the visible upper leaf with a clearly identifiable contour was selected as the target
to reflect the top-down approach strategy of the developed end-effector.

A total of 30 harvesting attempts were conducted using the perilla plant models. Ten
attempts were performed for each leaf condition: aligned leaves, rotated leaves, and over-
lapped leaves. In each attempt, two opposite model leaves were selected as the harvesting
targets; therefore, a total of 60 target leaves were evaluated in the simulated harvesting
experiment. Harvesting success was recorded at both the attempt and leaf levels. Attempt-
level success was defined as the successful grasping and separation of both target leaves
in a single operation, whereas leaf-level success was defined as the successful grasping
and separation of each individual leaf. Because this experiment was intended as a prelim-
inary validation of the integrated system operation, damage evaluation was not per-
formed. The operation time was measured from the initial robot position to the comple-
tion of leaf detachment and return to the initial position. Operation time was calculated
for each of the 10 attempts per condition and reported as mean + standard deviation.

3.3.4. Real Perilla Harvesting Experiment

The real perilla harvesting experiment was conducted under indoor cultivation con-
ditions in the laboratory. Edible perilla plants (Perilla frutescens var. japonica) were trans-
planted into horticultural substrate and cultivated for approximately four weeks under
LED plant growth lights. The cultivation environment was maintained at a temperature
of 23 + 2 °C, a relative humidity of 60 + 10%, and a photoperiod of 14 h per day. At the
time of the experiment, all plants had developed at least four true leaves, and mature
leaves with a blade length of 14 cm or more were selected as target leaves (Figure 12).

(a) Cultivated perilla plants - (b) Harvesting experiment

Figure 12. Cultivated perilla plants used for the real harvesting experiment. (a) Indoor-grown

plants. (b) Harvesting experiment.

The plants used in the real-plant experiment were arranged with an inter-plant spac-
ing of approximately 20 cm, as described in Section 3.1. During harvesting, the end-effec-
tor approached the target node vertically from above rather than laterally entering the
narrow space between neighboring plants. This top-down approach was adopted to re-
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(a) Stem fixation

duce the risk of collision with adjacent plants and to improve compatibility with dense
planting conditions.

In this experiment, one harvesting attempt was defined as one complete operation of
the end-effector targeting two opposite mature leaves at the same node. Because the de-
veloped end-effector was designed to harvest two opposite mature leaves within one har-
vesting sequence, up to two leaves were targeted in each attempt. The left and right PG
modules were independently actuated to accommodate differences in petiole height and
orientation. Therefore, harvesting performance was recorded at both the attempt level and
the leaf level.

To evaluate repeated harvesting capability, the experiment was conducted in two
sessions separated by two weeks. In the first session, 14 harvesting attempts were per-
formed on 14 plants, resulting in 28 target leaves. After the first harvesting session, the
same plants were maintained under the same cultivation conditions for two weeks to al-
low new leaves to develop. In the second session, 2 of the 14 plants were excluded because
their newly developed leaves did not reach the mature-leaf criterion at the time of the
second harvest. Therefore, 12 plants were selected for the second session, and 12 harvest-
ing attempts were performed, resulting in 24 target leaves. Overall, 26 harvesting attempts
and 52 target leaves were evaluated across the two sessions.

The real perilla harvesting procedure was performed as shown in Figure 13. Each
attempt consisted of stem support by the CPS module, petiole positioning by the PG mod-
ule, pneumatic grasping, and tensile separation. Operation time was measured from the
initial robot position to the completion of leaf detachment and return to the initial position.
The operation time was calculated for each attempt and reported as mean + standard de-

viation.

(c) Inflation oe
(pad opening) (petiole grasping)

(d) Tensile separation

Figure 13. Sequential operation during real perilla leaf harvesting: (a) stem fixation, (b) suction
mode for pad opening and petiole positioning, (c) inflation mode for petiole grasping, and (d) tensile

separation.

3.3.5. Evaluation Metrics and Statistical Analysis

Harvesting performance and damage characteristics were evaluated using four met-
rics: attempt success rate (ASR), leaf harvest rate (LHR), target-leaf damage rate (TLDR),
and non-target damage rate (NTDR). One harvesting attempt was defined as one complete
operation targeting two opposite mature leaves at the same node. ASR was defined as the
percentage of harvesting attempts in which both target leaves were successfully grasped
and detached in one complete operation, whereas LHR was defined as the percentage of
target leaves that were successfully harvested among all target leaves.

(1) Attempt Success Rate, ASR

Nattempt_success

ASR = x 100 @)

Ntotal_attempt
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(2) Leaf Harvest Rate, LHR

Nharvested_leaf

LHR = x 100 3)

Ntarget_leaf
where Ngetempt success denotes the number of attempts in which both target leaves were

successfully harvested, Nioiar attempe denotes the total number of harvest attempts,
Nharvested_teas denotes the number of harvested leaves, and Nigpget 1eay denotes the total
number of target leaves.

Visible damage was evaluated separately for harvested target leaves and non-target
plant regions. Target-leaf damage was defined as visible tearing, bending, or compression
remaining on the harvested leaf after end-effector operation. In this study, “low-damage”
was operationally interpreted based on the visible target-leaf damage rate after harvesting,
because visible tearing, bending, or compression directly affects the marketability of har-
vested perilla leaves. TLDR was calculated as the percentage of harvested target leaves
showing visible damage.

(3) Target Leaf Damage Rate, TLDR

Ndamaged

TLDR = X 100 (4)

Nharvested_leaf
where Nggmagea denotes the number of harvested leaves showing visible damage, and

Nparvested_teas denotes the number of harvested leaves.

Non-target damage was defined as visible compression or damage occurring in the
central growing region, immature leaves, or main stem. NTDR was calculated as the per-
centage of harvesting attempts in which visible damage was observed in any non-target
plant region. When damage occurred in more than one non-target region during a single
attempt, it was counted as one damaged attempt.

(4) Non-target Damage Rate, NTDR

Nnt_damaged

NTDR = x 100 )

Ntotal_attempt
where Ny gamagea denotes the number of harvest attempts in which visible damage was

observed in the central growing region or main stem, and N¢q1 attempe denotes the total
number of harvest attempts. Even when damage occurred in both regions during a single
attempt, it was counted as one damaged attempt.

Continuous variables, including operation time and vision processing time, were re-
ported as mean + standard deviation. Proportional outcomes, including ASR, LHR, TLDR,
and NTDR, were reported with 95% confidence intervals. Because the number of harvest-
ing attempts was limited, Wilson score confidence intervals were used for binomial pro-
portions. Fisher’s exact test was used to compare harvesting success rates between the first
and second harvesting sessions, with statistical significance set at p < 0.05.

3.3.6. Failure Classification

Harvesting outcomes were classified as complete success, partial failure, complete
failure, target-leaf damage, or non-target damage. Complete success was defined as suc-
cessful grasping and detachment of both target leaves in one attempt. Partial failure was
defined as successful harvesting of only one of the two target leaves in one attempt. Com-
plete failure was defined as failure to harvest both target leaves. Damage was evaluated
separately using TLDR and NTDR, as defined in Section 3.3.5.

Target-leaf damage was recorded when visible tearing, bending, or compression oc-
curred on the harvested target leaves. Non-target damage was recorded when visible
compression or damage occurred on the central growing region, immature leaves, or main
stem. Failure and damage causes were further classified based on visual observation and
experimental records, including petiole slippage during tensile separation, unstable con-
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tact between the pneumatic pads and the petiole, partial contact between the elastic pad
and the leaf blade, contact between the CPS module and immature leaves or the central
growing region, and main-stem damage. This classification was used to support system-
atic root-cause analysis of harvesting failures and damage cases.

4. Results and Discussion

This section presents the harvesting performance, operation time, damage character-
istics, and failure cases of the developed dual-module end-effector. The experiments were
conducted using both perilla plant models and real cultivated perilla plants, as described
in Section 3.3. Harvesting performance was analyzed using the ASR and LHR metrics de-
fined in Section 3.3.5, whereas damage characteristics were evaluated using TLDR and
NTDR. The results are discussed in terms of harvesting reliability, repeated harvesting
capability, low-damage characteristics, and remaining limitations of the developed sys-
tem.

4.1. Simulated Harvesting Performance

The simulated harvesting experiment was conducted to verify the complete harvest-
ing sequence of the developed end-effector before testing with real perilla plants. The ex-
periment included three mock-leaf conditions: aligned leaves, rotated leaves, and over-
lapped leaves. Ten harvesting attempts were performed for each condition, resulting in a
total of 30 attempts and 60 target leaves.

Table 3 summarizes the harvesting performance and operation time under the three
mock-leaf conditions. In the aligned-leaf condition, the two opposite target leaves were
positioned symmetrically with respect to the robot approach direction. In the rotated-leaf
condition, the target leaves were rotated relative to the robot approach direction. In the
overlapped-leaf condition, adjacent leaves partially occluded the target region, and the
visible upper target leaf was selected according to the top-down approach strategy de-
scribed in Section 3.3.2.

Table 3. Simulated harvesting performance and operation time under different mock-leaf condi-

tions.
. Harvest Target  Harvested ASR o LHR o Operation
Condition Attempts Leases Leaves (%) 95% CI (%) 95% C1 "l};me (s)
Aligned leaves 10 20 20 100.0  72.2-100.0 100.0  83.9-100.0 9.1+04
Rotated leaves 10 20 20 100.0  72.2-100.0 100.0  83.9-100.0 9.3+0.3
Overlapped leaves 10 20 19 90.0 59.6-98.2 95.0 76.4-99.1 9.6x04
Total 30 60 59 96.7 83.3-99.4 98.3 91.1-99.7 9.3+0.4

The developed end-effector successfully completed the harvesting sequence under
most mock-leaf conditions. In the aligned and rotated conditions, all harvesting attempts
were successful, resulting in 100.0% ASR and LHR. In the overlapped condition, one har-
vesting attempt resulted in a failure, yielding an ASR of 90.0% and an LHR of 95.0%. This
failure occurred when the mock petiole, which was connected to the mock stem using a
detachable 2 mm diameter magnetic connection, slightly shifted during the harvesting
motion. The magnetic connection induced a reattachment force after partial separation,
causing the grasped leaf to deviate from the intended separation trajectory and to be
dropped during the harvesting process.

The mean operation time was 9.1 + 0.4 s for aligned leaves, 9.3 + 0.3 s for rotated
leaves, and 9.6 + 0.4 s for overlapped leaves. The slightly longer operation time under
rotated and overlapped conditions was mainly attributed to additional target alignment
and petiole-position adjustment during the approach and grasping sequence. These re-
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sults indicate that the developed end-effector could maintain stable operation even when
the target leaf arrangement differed from the basic aligned condition.

Because the mock leaves differed from real perilla leaves in surface texture, moisture
content, and petiole flexibility, this experiment was interpreted as a preliminary valida-
tion of system integration and operational stability. Therefore, the low-damage character-
istics of the developed end-effector were further evaluated using real cultivated perilla
plants, as described in the following sections.

4.2. Real Perilla Harvesting Performance

Harvesting performance under real perilla conditions was analyzed using the ASR
and LHR metrics defined in Section 3.3.5. Table 4 summarizes the harvesting performance
of the developed end-effector during the two real perilla harvesting trials.

Table 4. Harvest performance of the developed end-effector under real perilla conditions.

Experiment Plants ~ arvest  Target  Harvested oo o) gsoicr LHR(%) 95%CI
Attempts Leaves Leaves

Real, 1st trial 14 28 25 85.7 60.1-96.0 89.3 72.8-96.3

Real, 2nd trial 12 24 22 917  64.6-985 917  742-97.7

Real, total 26 52 47 88.5 71.0-96.0 90.4 79.4-95.8

In the first real-plant trial, 12 of 14 harvesting attempts were completely successful,
and 25 of 28 target leaves were harvested. Accordingly, the ASR and LHR were 85.7% and
89.3%, respectively. In the second trial, 11 of 12 attempts were completely successful, and
22 of 24 target leaves were harvested, resulting in ASR and LHR values of 91.7% and 91.7%,
respectively. Across the two real-plant trials, the developed end-effector achieved an ASR
of 88.5% and an LHR of 90.4%.

The 95% Wilson confidence intervals for the total ASR and LHR were 71.0-96.0% and
79.4-95.8%, respectively. The relatively wide intervals reflect the limited number of har-
vesting attempts, but they provide a transparent estimate of uncertainty in the observed
performance.

Fisher’s exact test showed no significant difference in harvesting performance be-
tween the first and second real-plant trials (ASR: p = 1.000; LHR: p = 1.000). This result
indicates that the harvesting performance was maintained across repeated harvesting ses-
sions under the tested indoor conditions. The higher numerical success rate in the second
trial may be attributed to improved accessibility around the petioles after some outer ma-
ture leaves had been removed during the first trial. In addition, the 91.7% ASR maintained
in the second trial, despite targeting newly developed leaves on the same plants, suggests
that the developed end-effector can adapt to morphological changes after the first harvest.

A total of five target leaves were not harvested during the real-plant experiment, cor-
responding to the remaining 9.6% of target leaves. These unharvested leaves were associ-
ated with three harvesting failures: one partial failure and two complete failures. The par-
tial failure occurred when one grasping pad failed to hold the petiole stably, whereas the
complete failures were primarily associated with slippage of the petiole during tensile
separation. These results indicate that contact stability between the pads and the petiole
is a key factor affecting harvesting success.

4.3. Damage Evaluation of Target Leaves and Non-Target Regions

Damage to harvested target leaves and non-target plant regions was analyzed using
the TLDR and NTDR metrics defined in Section 3.3.5. Visible damage was defined as me-
chanically induced tearing, bending, or compression that remained visually identifiable
after end-effector contact. Temporary surface marks that recovered immediately after con-
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tact were not counted as damage. All harvested leaves were recorded using a camera for
post-harvest inspection.

Table 5 summarizes the damage evaluation results observed during the real perilla
harvesting experiment. Among the 47 harvested leaves, slight compression on the leaf
blade surface was observed in only one leaf, while no tearing or bending occurred. Ac-
cordingly, the TLDR was 2.1%, with a 95% Wilson confidence interval of 0.4-11.1%. The
observed compression was a minor surface deformation caused by partial contact be-
tween the elastic pad and the leaf blade near the petiole during petiole grasping. This case
was included as damage based on a conservative evaluation criterion.

Table 5. Damage evaluation of target leaves and non-target regions during real perilla harvesting.

. Total . . . Total Damaged Damage

Eval R T B % CI

valuated Region Cases earing Bending Compression Cases Rate (%) 95% C

Harvested
47 1 1 2.1 4-111
target leaves (TLDR) 0 0 0

Central growing region 26 0 0 3 3 11.5 4.0-29.0
Main stem 26 0 0 0 0 0.0 0.0-12.9
Total non-target 26 0 0 3 3 115 4.0-29.0

damage (NTDR)

The damage cases were also checked by harvesting session. In the first trial, one com-
pression case was observed on a harvested target leaf, and two compression cases were
observed in the central growing region. In the second trial, one compression case was
observed in the central growing region, while no target-leaf damage was observed.

The representative appearance of harvested leaves is shown in Figure 14. Overall,
most leaves were detached at the petiole—stem junction without severe compression,
bending, or tearing of the leaf blade.

For non-target regions, three compression cases were observed in the central growing
region over 26 harvesting attempts, resulting in an NTDR of 11.5%. No visible damage
was observed on the main stem. Because no attempt involved simultaneous damage to
both the central growing region and the main stem, the overall NTDR was also 11.5%.

s0060
YL

Figure 14. Representative appearance of harvested perilla leaves after end-effector operation.

The compression observed in the central growing region appeared to be a mild sur-
face mark caused by partial contact between immature leaves and the support structure
during CPS module closure. This damage was limited to the plant surface, and newly
developed mature leaves were observed on the same plants after the first trial, suggesting
that its effect on subsequent growth was limited under the tested conditions. In contrast,
no main-stem damage was observed, indicating that the FSR-based contact-triggered
stopping control effectively prevented excessive compression during stem support.

4.4. Failure Analysis and Discussion
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Table 6 summarizes the main failure and damage cases observed during the real
perilla harvesting experiment. The failure cases were classified based on visual observa-
tion and experimental records, as defined in Section 3.3.6.

Table 6. Failure and damage cases observed during real perilla harvesting.

Numb Ob d
Category o fucr;;s: Pheni)en?;ion Probable Cause Suggested Improvement
. Both target leaves Peti.ole slippage during Improve Pafi material arfd
Complete failure 2 tensile separation due to  surface friction characteris-
were not harvested . . - .
insufficient friction tics
1 £ 1 I f
Partial failure 1 On y one of two target Unstable contact betv.veen mprove pad sur acg }?attern
leaves was harvested one pad and the petiole and contact stability
Partial tact bet th
Slight compression on ar 1a. comact between the Refine pad shape and
Target-leaf damage 1 elastic pad and leaf blade . i
harvested leaf blade . grasping position
near the petiole
. Mild compression on Contact between immature Improve CPS guide geome-
Central growing . .
. . 3 immature leaves or leaves and CPS try and contact-trigger
region compression . . .
central region structure during closure threshold tuning
FSR-based stoppi
. No visible main-stem ased sTopping Maintain contact-triggered
Main-stem damage 0 control prevented

damage stem-support strategy

excessive compression

The observed failures were primarily associated with insufficient frictional interac-
tion between the grasping pads and the petiole. In particular, complete failures occurred
when the petiole slipped during tensile separation, even after successful grasping. Partial
failure occurred when one of the two PG modules failed to maintain stable contact with
the petiole. These results indicate that, although the scissor-lift mechanism and pneumatic
pads enabled low-damage grasping, the frictional properties of the pad material and the
resulting contact stability play a critical role in harvesting reliability.

Damage cases were mainly related to unintended contact between the end-effector
and non-target tissues. Target-leaf compression occurred when part of the leaf blade con-
tacted the elastic pad during petiole grasping, while central growing region compression
resulted from incidental contact with the CPS module during closure. These observations
suggest that further improvements in pad geometry, surface texture, and approach-posi-
tion control could enhance both harvesting success and damage performance.

In addition, oblique or off-center petiole insertion remains a limitation of the current
sensing configuration because the FSR-402 sensor is located at the center of one elastic pad.
Although the fallback grasping strategy reduced missed detections, improving the effec-
tive sensing area and guiding structure would further enhance robustness to variations in
petiole orientation.

No photoelectric-sensor stopping failure was separately identified in the real-plant
experiment. However, the reliability of this stopping mechanism was evaluated only un-
der the tested indoor and mock-leaf conditions, and further validation under greenhouse
illumination and wider petiole-angle variation is required.

4.5. Limitations and Future Improvements

The experimental results show that the developed dual-module end-effector
achieved an ASR of 88.5% and an LHR of 90.4% under real perilla conditions, while the
TLDR was limited to 2.1%. In particular, no main-stem damage was observed, and the
minor compression observed in the central growing region did not appear to hinder sub-
sequent leaf development under the tested conditions. These results indicate that the sep-
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arated structure of the CPS and PG modules is suitable for repeated selective harvesting
of mature perilla leaves while preserving the central growing region.

However, the experimental scale of this study was limited to 26 real-plant harvesting
attempts and 52 target leaves, and the experiments were conducted under indoor cultiva-
tion conditions. Therefore, the present results should be interpreted as a preliminary val-
idation of the applicability of the developed system under real perilla conditions rather
than as evidence of fully generalized performance. Further validation is required under
commercial greenhouse conditions, considering variations in illumination, plant spacing,
leaf density, stem posture, and cultivar-dependent morphology.

The current system was evaluated using a controlled top-down approach and a lim-
ited range of leaf arrangements, and the tensile force applied during petiole separation
was not directly measured. Future work should integrate a force/torque sensor or an inline
load cell to quantify the tensile detachment force and further optimize the scissor-lift dis-
placement and pad—petiole contact condition. Although mock-leaf tests included aligned,
rotated, and overlapped conditions, severe occlusion and highly irregular plant structures
may still reduce target recognition and petiole access reliability. The current vision system
provides coarse target localization, while final petiole-level positioning is compensated
by photoelectric sensor-based stopping control. Future work should improve robustness
by integrating more reliable 3D target localization, adaptive approach-path planning, and
real-time feedback from tactile or proximity sensors.

Finally, this study did not include a detailed economic analysis or long-term green-
house operation test. The tensile-separation approach used in this study eliminates the
need for a cutting device and may reduce mechanical complexity and safety risks com-
pared with cutting-based mechanisms. However, commercial feasibility should be evalu-
ated through extended field trials, including harvesting throughput, maintenance require-
ments, crop recovery after repeated harvesting, labor-saving potential, and system cost.

5. Conclusions

In this study, a petiole tensile-separation end-effector with central growing region
protection was developed and evaluated for the repeated selective harvesting of perilla
leaves. The developed end-effector consists of a central protection and stem-support (CPS)
module and a petiole grasping (PG) module. The CPS module protects the central grow-
ing region and provides lateral support to the main stem, whereas the PG module grasps
the petiole using pneumatic soft pads and detaches the leaf through tensile separation at
the petiole-stem junction.

In the mock-plant experiment, the developed end-effector was tested under aligned,
rotated, and overlapped leaf conditions, and a total of 30 harvesting attempts were con-
ducted. The system achieved an attempt success rate of 96.7% and a leaf harvest rate of
98.3% under the tested mock-leaf conditions, confirming the operational feasibility of the
dual-module structure before real-plant validation. In the real perilla experiments, the
end-effector achieved an attempt success rate of 88.5% and a leaf harvest rate of 90.4%
across two harvesting trials. The remaining unharvested leaves were mainly associated
with incomplete petiole grasping or petiole slippage during tensile separation, indicating
that pad—petiole contact stability is a key factor for further improving harvesting reliabil-
ity.

The target leaf damage rate was limited to 2.1%, and no visible main-stem damage
was observed. Although mild compression occurred in the central growing region in some
attempts, newly developed leaves on the same plants reached the mature-leaf criterion
after the first harvesting trial. In addition, the second trial maintained an attempt success
rate of 91.7%, suggesting that the developed end-effector can support repeated selective
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harvesting while preserving the future growth potential of the same plant under the tested
indoor conditions.

These results demonstrate that petiole tensile separation combined with central
growing region protection is a feasible structural approach for low-damage and repeated
selective harvesting of perilla leaves. Future work will focus on improving pad material
and surface friction characteristics to reduce petiole slippage, refining the CPS and PG
module geometries to minimize unintended contact with immature leaves, and validating
long-term harvesting performance under commercial greenhouse conditions with greater
variation in illumination, plant density, stem posture, and growth stage.
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